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ABSTRACT. Mutations in the putative selectivity filter region of the voltage-gated Maannel, the so-

called DEKA-motif, not only affect selectivity but also alter the channel’s gating properties, suggesting
functional coupling between permeation and gating. We have previously reported that charge-altering
mutations at position 1237 in the P-loop of domain Il (position K of the DEKA-motif in the adult rat
skeletal muscle Nachannel, rNgl.4) dramatically enhanced entry to an inactivated state from which the
channels recovered with a very slow time constant on the orderl60 s (Todt, H., Dudley, S. C. J.,

Kyle, J. W., French, R. J., and Fozzard, H. A. (1989phys. J. 761335-1345). This state, termed
“ultra-slow inactivation”, may reflect a complex molecular rearrangement of the channel’s pore region
that involves both the extracellular and the cytoplasmic pore. Here, we tested whether charged DEKA-
motif residues other than K1237 were also important determinants of a channel's gating properties.
Therefore, we constructed the charge-neutralizing mutations D400A, E755A, and K1237A and studied
the effects of these mutations ops! We found that, compared to wild-type riNla4 channels, mutant
D400A and K1237A but not E755A channels exhibited enhanced entry into ultra-slow inactivation.
Selectivity for Na over K, as judged from shifts in reversal potentials, was preserved in D400A, reduced
in E755A, and completely lost in K1237A. These data suggest that an electrostatic interaction between
the positively charged residue K1237 and the negatively charged residue D400 stabilizes the structure of
the pore and thereby prevents.IMoreover, the interaction between K1237 and E755 appears to provide
the basis for selective permeation of Naver K.

Voltage-gated Nachannels mediate the Naonductance  Na' channel, rNgl.4). A recent molecular model of the Na
responsible for the rapidly rising phase of the action potential channel pore suggests electrostatic interactions between the
in nerve and muscle cells. Like other voltage-gated ion positively charged DIlI residue Lys-1237 with the negatively
channels, the main Nachannel subunify, consists of four charged residues Asp-400 (DI) and Glu-755 (Dll) to be the
homologous domains (DI, DII, DIIl, and DI\A,each of key for selective Na conductance and exclusion of other
which is composed of six transmembrane segments-(S1 cation speciesg).

S6). The extracellular loops between S5 and S6 of each  pegjges selectivity, interactions of Lys-1237 with Asp-
domain are proposed to fold back into the membrane to form 400 and Glu-755 may also determine the structural stability
the outer mouth of the pore and part of the ion-conducting of the pore. Thus, we could recently show that charge-altering
pathway. These loops are called P-loops, and they determingy tations at position Lys-1237 (e.g., DIII-K1237E) and at
the channel’'s selectivity 2J. Specifically, for the Na position 1529 (DIV-A1529D) drastically enhanced entry of
channel, a restricted number of P-loop amino acid residuesihe channels into an inactivated state from which recovery
are believed to form a narrow constriction of the pore, the g very slow (time constants in the order-of.00 s ¢, 7).
so-called selectivity filter —5). These residues are Asp- This state termed “ultra-slow inactivation” 4 can be

400 (DI), Glu-755 (DII), Lys-1237 (DIll), and Ala-1529  gjiciteq by prolonged depolarizations of several 100ys. |
(DIV; DEKA motif; numbers of the adult rat skeletal muscle may reflect a collapse of the conduction pathway that
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but not DII-E755A, enhanced entry intgs| suggesting that
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inactivated by a 300-s depolarizing voltage step. This

an electrostatic interaction between Lys-1237 and Asp-400 prepulse duration, rather than longer ones, was normally

suffices to stabilize the structure of the pore.

EXPERIMENTAL PROCEDURES

A detailed description of the experimental procedures is
given in our previous work?).

Mutagenesis of rN4.4. The oligonucleotide-directed point
mutations DI-D400A, DII-E755A, and DIII-K1237A were

chosen in order to avoid unacceptably long experimental
durations. After the prepulse, the potential was returned to
—120 mV, and recovery from inactivation was monitored
by repetitive 20-ms test pulses t20 mV at 20-s intervals.
The first test pulse was applied 20 s after the prepulse to
allow for recovery from faster forms of inactivation (fast
and slow inactivation). The time courses of recovery from
lus of normalized peak inward currents were fit with the

introduced using four-primer PCR. An oligonucleotide biexponential function

containing a mutation was designed with a change in a silent

restriction site to allow rapid identification of the mutant. A
vector consisting of the rN&.4 coding sequence flanked by
Xenopugylobin 5 and 3 untranslated regions was provided

I/l = —A, exp(t/t)) — A, exp(-t/r,) + C

wherel, is the peak inward Nacurrent of the test pulse

as a gift by R. Moorman. This was used as the template for qyring recovery); is the peak inward Nacurrent of a test
mutagenesis, and PCR fragments were isolated and subclonegy|se under fully available conditions, (always constrained

to this template using directional ligations. Incorporation of
the mutation was confirmed by DNA sequencing of the entire
polymerized regions. The vector was linearized $gl
digestion and transcribed with SP6 DNA-dependent RNA
polymerase using reagents from the mCAP RNA Capping
Kit (Stratagene, La Jolla, CA). The rat bragfa subunit of
the Na channel was also subcloned into pAlterXG and,
transcription was prepared fronBanH1-linearized template
using SP6 RNA polymerase.

Stage V and VIXenopusoocytes were isolated from
female frogs (NASCO, Ft. Atkinson, WI), washed with®Ca
free solution (90 mM NaCl, 2.5 mM KCI, 1 mM Mggl1
mM NaHPQ, and 5 mM HEPES titrated to pH 7.6 with 1
N NaOH), treated with 2 mg/mL collagenase (Sigma, St.
Louis, MO) for 1.5 h, and had their follicular cell layers
manually removed. As judged from photometric measure-
ments, approximately 56100 ng of cRNA was injected into
each oocyte with a Drummond microinjector (Broomall, PA).
Either native or mutant subunit cRNA alone or mixed with
rat brainf; subunit was injected. In some experiments on
DI-D400A channels, the injected molar cRN#3; ratio was
1. Oocytes were incubated at iC for 12 h to 3 days before
examination.

Electrophysiological Recording&®ecordings were made
in the two-electrode voltage clamp configuration using a TEC
10CD clamp (npi electronic, Tamm, Germany). The clamp

to 10 s) andr, (always constrained between 120 and 150 s)
are the time constants of distinct components of recovery
from inactivation (slow inactivation and,d, respectively),
A; and A, are the respective amplitudes of these time
constants, an@ is the final level of recoveryA, was taken
as a measure of the fraction of channels that recovered from
lus.

Current-voltage relationships were fit with the function,

Gmax'(v - Vrev)'(l - (1/(1 + exp((\/ - VO.S)/K))))

where V is the step potentialGnax is the maximum
conductanceVys is the voltage at which half-maximum
activation occurredy,., is the reversal potential, artd is
the slope factor.

Data are expressed as mednSE. Statistical comparisons
were made using two-tailed Studentests. Ap < 0.05
was considered as being significant.

RESULTS

Recaery from s in Wild-Type and Mutant rN4d.4
Channels.Figure 1 shows the growth of inward currents
through wild-type and various mutant rila4 channels with
subsequent 20-ms test pulses at 20-s intervals. From a
holding potential of —120 mV, the channels were first
inactivated by a 300-s depolarizing prepulse to eith&éd

amplifier had a series compensation circuit. For accurate or —50 mV. Recovery from inactivation after returning to

adjustment of the experimental temperature £20.5 °C),

—120 mV was monitored through repetitive test pulses to

an oocyte bath cooling system (HE 204, Dagan, Minneapolis, —20 mV (see Experimental Procedures). Figure 2 sum-
MN) was used. Oocytes were placed in recording chambersmarizes the time courses of recovery from inactivation in
in which the bath flow rate was about 100 mL/h, and the wild-type and mutant channels. Here, the data points of a
bath level was adjusted so that the total bath volume wasseries of experiments as shown in Figure 1 were normalized
less than 50@L. Electrodes were filled wit 3 M KCland  to the respective final current level after full recovery. It can
had resistances of less than XMUsing pCLAMP6 (Axon  be observed that wild-type and DII-E755A currents quickly
Instruments, Foster City, CA) software, we acquired data at recovered from inactivation independent of the prepulse
71.4 kHz after low-pass filtration at 2 kHz-@ dB). Curve  voltage. DI-D400A channels, inactivated by a prepulse to
fitting was performed using ORIGIN 5.0 (MicroCal Soft- —10 mV, showed a similar quick time course of current
ware, Inc., Northampton, MA). Recordings were made in a recovery (open circles). After50-mV prepulses, however,
bathing solution that consisted of (in millimolar): 90 NaCl, the recovery time course of DI-D400A currents was con-
2.5 KCl, 1 BaC}, 1 MgCh, and 5 mM HEPES titrated to  siderably slower (open squares). Finally, recovery of DIII-
pH 7.2 with 1 N NaOH. BaGlwas used as a replacement K1237A currents was dramatically delayed after beth0-
for CaCl in order to minimize C& -activated Ct currents. mV (open circles) and-50-mV (open squares) prepulses.
Data Evaluation If not otherwise specified, recovery from  The data points were fit with two exponentials reflecting two
lus was tested with the following experimental protocol. channel populations recovering from slow inactivation and
From a holding potential of~120 mV, the channels were Iyg, respectively (see Experimental Procedures). The channel
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Ficure 1: Ultraslow inactivation in wild-type and mutant rida4 channels. Growth of inward currents during recovery frggin wild-
type, DI-D400A, DII-E755A, and DIII-K1237A channels expressedenopus laeis oocytes. From a holding potential f120 mV, the
channels were inactivated by a 300-s depolarizing steplid mV (upper panel) o~-50 mV (lower panel). Thereafter, the potential was
returned to—120 mV, and recovery from inactivation was monitored by repetitive 20-ms test pulseZteV at 20-s intervals. The first
test pulse was applied 20 s after the prepulse. The horizontal straight lines indicate the zero current levels.

from lys in mutant DI-D400A after—50-mV prepulses and

in mutant DIII-K1237A after both—10-mV and—50-mV
prepulses. The largest fraction of channels recovering from
lus was found in DIII-K1237A after—10-mV prepulses.
These results show that mutations DI-D400A and DIII-
K1237A, but not DII-E755A, enhance entry intgs! As for
DIV, replacement of alanine by glutamic acid also increases

0 50 100 160 200 260 300 0 80 100 160 200 260 300

C time (s) D time (s) entry into s, as shown previously7( 8).
. DII-E755A :

Recaery from Us Following a 1200-s Prepulse in DI-
D400A and DIII-K1237A ChannelsTo test whether a
prepulse duration of 300 s was sufficient to drive a maximum
fraction of channels intayk and whethers is an absorbing
state in any of our mutants, 1200-s prepulses were applied
: ' ' ' 0 in a number of experiments. This was done for those mutants
Ry M Y e which exhibited considerable amounts @, IDI-D400A, and

DIII-K1237A using prepulse voltages which produced

Ficure 2: Time courses of recovery from ultraslow inactivation. .
Shown are the time courses of recovery from inactivation of a series maximum Us (—50 mV for DI-D400A and—10 mV for

of experiments as presented in Figure 1. The data points (means DIII-K1237A). Figure 3 shows that the time course of
SE, n values between 3 and 8) were normalized to the respective recovery from ;s after a 1200-s prepulse was only modestly
final Curfggltﬁ\gfc?iﬁef{\;Jvlg)rceﬁgxﬁg ar(l)d L]:ilta(tis:r!ig Lier‘gg\)le\'\r’ii;h t¥\r/8m delayed compared to that after a 300-s prepulse (Figures 1
exponen ; ;

sIoF\)/v inactivation andui (see Experimgngl Procedures). Thg data and .2) n m“t‘?‘”t DI-D400A. Accordingly, the channel
points at zero time were artificially set to zero. For direct [ractionrecovering fromJs after a 1200-s prepulse, 0.42
comparability, 7, and 7, were always fixed at 10 and 120 s, 0.01 = 3), was only slightly larger than the corresponding
respectively. Open circles represent recovery from inactivation after fraction after a 300-s prepulse, 0.310.04 (1 = 6). This

—10 mV prepulses, and open squares represent recovery&er  indicated that development afdwas almost complete after
mV prepulses. 300-s depolarizations in DI-D400A channels. In contrast,
when 1200-s inactivating prepulses instead of 300-s prepulses
were applied to mutant DIII-K1237A channels, the channel
fraction recovering from Js was dramatically increased
(Figure 3) from 0.55+ 0.05 (= 4) to 0.95+ 0.02 f = 3).
Thus, development of ) was slower in DIII-K1237A than

in DI-D400A channels. Moreovery4 is an absorbing state

a Given are the channel fractions (meabhSE ()) recovering from N o : _ :
lus after 300-s prepulses t610 mV and—50 mV. These were obtained (~100% occupancy) in mutant DII-K1237A but not in

from biexponential fits of the recovery time courses as described in Mutant DI-D400A.

Table 1: Ultraslow Inactivation in Wild-Type and Mutant rjlad
Channel3

rNa/1.4 wild-type DI-D400A DII-E755A DIII-K1237A

—10mV 0.13+0.02(4) 0.120.03(6) 0.090.02(5) 0.55& 0.05 (4P
—50 MV 0.164 0.02 (4) 0.31+0.04 (69 0.12+ 0.01(3) 0.42+ 0.05 (8p

Experimental Procedures. For direct comparability,and v, were Voltage-Dependence afdin DI-D400A and DIII-K1237A
always fixed to 10 and 120 s, respectively, aadthe amplitude of, Channels.The channel fractions recovering fromslwere

was taken as a measure of the fraction of channels that recovered fmmdependent upon the prepulse voltages used in mutant DI-
lus. ® Significantly different from wild-type ff < 0.05) D400A and DIII-K1237A channels (Table 1). Thus, com-

pared to—50-mV prepulses;-10-mV prepulses produced
fractions recovering fromgk, resulting from this fitting less |is in DI-D400A, whereas moreyk in DIII-K1237A
procedure, are given in Table 1. It can be noticed that, channels. To examine the voltage dependenciegHinl
compared to wild-type, significantly more channels recovered these mutants in more detail, 300-s prepulses to voltages
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Ficure 3: Ultraslow inactivation elicited by 1200-s prepulses in
mutant rN@1.4 channels. Growth of inward currents during recovery
from Iys in DI-D400A and DIII-K1237A channels (left panel). The

experimental protocol was identical to that used in Figure 1, except

that 1200-s prepulses, instead of 300-s prepulses, were applied. To

generate maximumgy}, a —50-mV prepulse was applied to DI-
D400A channels and a10-mV prepulse was applied to DIII-
K1237A channels. The horizontal straight lines indicate the zero

current levels. The right panel summarizes the time courses of

recovery from inactivation of a series of experiments as shown in
the left panel. The solid lines represent biexponential fits with
andz; fixed at 10 and 150 s, respectively.
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Ficure 4: Voltage dependence afdin mutant rNgl.4 channels.

To assess the voltage dependencies,9frl DI-D400A and DlIII-
K1237A channels, the membrane potential was depolarized from
—120 mV to the indicated prepulse voltages for 300 s and the time
course of recovery at120 mV was monitored for each prepulse
voltage as described in Figure 1. The time course of recovery from
lys was then fit with a biexponential function (see Experimental
Procedures) to estimate the fraction of channels recovering from
lus. This fraction (Facivaing Was plotted as a function of prepulse
voltage for mutant DI-D400A (open circles) and mutant DIII-
K1237A (filled squares) channels.

between—80 and+10 mV were applied, and recovery from
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-
o
1

o
oo
Il

I
[
1

N
kN
Il

(N
1

normalized peak current
o

°
o
1

50 100 150 200 250

time (s)

Ficure 5: Ultraslow inactivation in mutant DI-D400At+
channels. Growth of inward currents during recovery fram |
(upper panel). DI-D400Ao-subunits were coexpressed with rat
brain;-subunits inXenopus lagis oocytes (molar cRNA,/f ratio

= 1). The experimental protocol was identical to that used in Figure
1. A 300-s prepulse te-50 mV was applied. The horizontal straight
line indicates the zero current level. The lower panel summarizes
the time courses of recovery from inactivation of a series of
experiments as shown in the upper panel. The solid line represents
a biexponential fit withr; andz; fixed at 10 and 120 s, respectively.

o4

previously found that coexpression of the Nehannels;-
subunit inhibited entry of channels intgsl(8). In this study,

we suggested that binding of the fast inactivation gate to its
cytoplasmic receptor inhibits;é, which may finally result

in a U-shaped voltage dependence &f (see Discussion).
The f1-subunit is known to stabilize fast inactivation (for
example, see ref§ 10) and may thereby inhibiik. Because
DI-D400A channels also showed a U-shaped voltage de-
pendence ofJs, we reasoned that th-subunit may inhibit
entry into Us also in this mutant. To test this, we coexpressed
the rat braing;-subunit with DI-D400A a-subunits and

lus was tested. The time course of recovery for each prepulsestudied their |s properties. Figure 5 shows the growth of

voltage was then fit with a biexponential function (see

inward currents through DI-D400A+- $; channels with

Experimental Procedures) to estimate the fraction of channelssubsequent test pulses at 20-s intervals (upper panel).

recovering from |s. This fraction was finally plotted as a
function of prepulse voltage in Figure 4. The voltage
dependencies ofy§ showed a striking difference between
mutant DI-D400A and DIII-K1237A channels. It was U-
shaped in DI-D400A (open circles) with a local maximum
at —50 mV, whereas S-shaped in DIII-K1237A (filled
squares) channels.

Effects of Coexpression of thig-Subunit on s in DI-
D400A Channelsln the mutant DIV-A1529D, which also
exhibited a U-shaped voltage dependenceygf We have

Compared to DI-D400Aa-only channels (Figure 1), the
current decay following channel activation of DI-D40GA

p1 channels was dramatically accelerated. This confirmed
functional association ¢f;-subunits with DI-D400Aa-sub-
units. Moreover, the channel fraction recovering fromih
DI-D400A + 1 channels after a 300-s prepulset60 mV,
0.18+ 0.02 fh=5), was significantly reduced compared to
the corresponding fraction of DI-D400A-only channels,
0.31+ 0.04 (= 6). Thus, coexpression of tha-subunit
inhibited entry into |is also in DI-D400A channels.
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FiGure 6: Current-voltage relationships of wild-type and mutant
rNa,1.4 channels. From a holding potential €120 mV, 20-ms
test pulses to voltages betwee0 and+40 mV were applied to
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contacts with thea-helices of the S6 segments. Recent
molecular dynamics simulations suggest that the fluctuating
nature of the pore may be essential for the process of
selectivity of permeationl3—15). Nevertheless, some degree
of stabilization of the delicate structure of the outer vestibule
has to be present. In potassium channels, the three-
dimensional structure of the outer vestibule is stabilized by
intra- and intersegment H-bond4.6). Analogously, in
voltage-gated Nachannels, stabilization may be provided
by interactions between residues of different P-loapk (
17). Obviously, such interactions are most important at the
level where the P-loops converge to form the selectivity filter
given by the DEKA-motif. Experimentally, interactions
between P-loop residues have been demonstrated by sys-
tematically introducing pairs of cysteines throughout the
pore-lining segments. Thus, the mutant DI-Y401C (/IN&)
spontaneously formed a disulfide bond when paired with DII-
E758C, suggesting that the pore loop residues of DI and DlII
are in close proximity 18). Furthermore, DI-Y401C paired

activate the channels. The peaks of the elicited inward currents werewith DIV-G1530C created a high affinity binding site for

then plotted against the test pulse voltage to obtain curnesitage
relationships, typical examples of which are shown for wild-type,
DI-D400A, DII-E755A, and DIlI-K1237A channels. The solid lines
represent fits using the function given in Experimental Procedures.

Table 2: Reversal Potentials of Wild-Type and Mutant N4
Channel3

Nal.4 wild-type  DI-D400A  DII-E755A  DIII-K1237A
View 43.7+1.9(6) 43.1+1.1(4) 33.6£2.9(5) —1.4+1.1(6p

2 The reversal potentiald/fe, values, means SE (); mV) were
determined by fitting currentvoltage relationships using the fitting
procedure described in Experimental Procedut&gnificantly dif-
ferent from wild-type f < 0.05).

Reversal Potentials of Wild-Type and Mutant rNa4
ChannelsTo test the effects of mutations DI-D400A, DII-
E755A, and DIII-K1237A on channel selectivity, we com-
pared the currentvoltage relationships of mutant channels
with those of wild-type channels. From a holding potential
of —120 mV, 20-ms test pulses to voltages betweed0

cadmium (.8). As for the DEKA-motif, an interaction among
its residues is suggested by the fact that the mutant DEAA
is permeable to larger organic cations than the mutants
DAAA, AEAA, and AAAA (17). In DEAA, electrostatic
repulsion may act to widen the pore to a greater diameter
than in mutants with only one charged residue or in AAAA.
On the other hand, in DEKA, the positively charged DlIlI-
K1237 may partially cancel the repulsive action between
negatively charged DI-D400 and DII-E755, causing the
aperture to constrictl(7). Taking these data into account,
Lipkind and Fozzard proposed a model of ion permeation
through the selectivity filter: the DIII-K1237 side chain is
proposed to be in immediate contact with DII-E755 with
formation of hydrogen bond or salt bridge, while DI-D400
could interact with DIII-K1237 through a water bridgé) (
During permeation, the Naon may displace the ammonium
group of DIII-K1237 from its interaction with the carboxyls.
Clearly, mutations in this region of delicately balanced
interactions may not only result in altered permeation

and+40 mV were applied to activate the channels. The peaks Properties but also in structural changes of the outer vestibule,
of the elicited inward currents were then plotted against the Which, in turn, may alter the gating properties of the channel.
test pulse voltage to obtain currentoltage relationships, Mutations in the Outer Vestibule Alter Channel Gating.

typical examples of which are shown in Figure 6. It can be We have previously reported that charge-altering mutations

observed that the voltages at which the'Marrents reversed
their direction (reversal potential¥;., values) significantly

(DII-K1237E, DIlI-K1237S), but not the charge-preserving
mutation DIII-K1237R, at position Lys-1237 in DIII1f,

differed between mutant and wild-type channels. Whereasdrastically enhanced entry of rda4 channels into an

DI-D400A channels had a very similaf., as wild-type
channels, thé/., values of DII-E755A and DIII-K1237A
channels were significantly shifted toward more negative
potentials (Table 2). This shift was moderate in DII-E755A
channels and dramatic in DIII-K1237A channels, suggesting

inactivated state with abnormally slow recovery kinetigs, |
This indicated that the positive charge of Lys-1237 is
essential for preventing the conformational change reflected
by lys. The present study further confirms this view by
adding DIII-K1237A to the list of charge-altering Lys-1237

a weak and a strong effect of the respective mutation on mutations which enhanced. Interestingly, the notion that

Na" channel selectivity.

DISCUSSION
The Outer Vestibule Is a Highly Flexible Structur.

a positively charged amino acid in the selectivity filter of
Na* channels serves the purpose to stabilize the structure is
also supported by recent mutagenesis studies in the bacterial
Na* channel fromBacillus halodurangNaChBac). Here,

number of studies have demonstrated that the P-loops ofthe only positive charge in the NaChBac pore loop is distal

voltage-gated Nachannels are highly flexible structureisl(
12). This high degree of flexibility most likely results from
the fact that these loops fold back into the pore lumen

to the presumed selectivity filter (R199). Neutralization
(R199A) or replacement with a negatively charged amino
acid (R199D) yields a channel that is either nonconducting

surrounded by the S6 segments and may have only weakor too purely conducting to yield measurable curret8)(
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Besides DIII-K1237, the DEKA-motif residue of DIV,
DIV-A1529, may also be important for preserving the pore
structure. Accordingly, mutation DIV-A1529D was shown
to enhance entry intoy$ (7, 8). It is possible that this

Biochemistry, Vol. 44, No. 42, 2003.3879

is considered to be lined by the S6 segments) in slow
inactivation gating. Furthermore, the unique functional role
of the gating apparatus of DIV in inactivation gating also
appears to apply to the voltage sensors in this domain. Thus,

mutation electrostatically destabilizes and weakens thethe voltage sensors in domains Il and IV appear to be

interaction between DIII-K1237 and DI-D400 which nor-
mally stabilizes the pore.

The main new finding of the present study is the
demonstration that mutation DI-D400A of the DI P-loop,
but not DII-E755A of the DIl P-loop, destabilizes the pore

responsible for the voltage-sensitive conformational changes
linked to inactivation 28, 29).

Therefore, we propose thaklis generated by an abnormal
movement of the DIV-S6 helix during inactivation. This
abnormal movement may result from an interaction of the

structure as represented by a higher likelihood to enter into DIl P-loop with the adjacent DIV-S6 helix caused by an

lus. Thus, enhanced,$, compared to wild-type channels,

lateral movement of the DIIlI P-loop as a consequence of

can be generated by charge-altering mutations not only atthe DIII-K1237E mutation (Figure 7B). A similar effect is

position 1237 and 1529%( 8) but also at position 400. The

likely to be the cause fork produced by DIII-K1237A, as

only exception appears to be mutation DII-E755A which had shown in this study.

no effect on |s. In the following section, we develop a

How can the effect of the mutations in DI, DII, and DIV

mechanistic model that may account for the experimental P-loops be reconciled with this model? Molecular modeling

data.

Proposed Mechanism ofid Recently, we demonstrated
that the local anesthetic agent lidocaine inhihits produced
by the mutation DIII-K1237E, by acting as a foot-in-the-
door of the inner vestibule of the channgD). This action

places the DIV-S6 segment in close contact not only to the
DIl P-loop but also to the DIV P-loopg). Thus, abnormal
movements of the DIV P-loop, as perhaps generated by the
mutation DIV-A1529D, may be transmitted to DIV-S6,
offering an explanation for the substantial propensity of DIV-

of lidocaine occurs by binding to residue F1579 located A1529D channels to enter intgd (Figure 7C).

approximately in the middle of the DIV-S6 segment. We
proposed that s represents a conformational change of the

In the case of the mutation DI-D400A, it can be presumed
that this mutation increases the flexibility of the DI P-loop.

DIV-S6 segment resulting in a long-lived nonconducting state This motion could be transmitted to the DV-S6-segment via
of the channel (“collapse of the inner vestibule”). Since the the DIV P-loop, which itself has been shown to be

mutation which generated,d (K1237E) is located in the

extraordinarily flexible {1; Figure 7D). As mentioned above,

outer vestibule of the channel, the conformational change DI-Y401C paired with DIV-G1530C created a high affinity

produced by the mutation DIlI-K1237E must somehow be

binding site for cadmium1@), indicating that the P-loops

transmitted to the DIV-S6 segment. This transmission must of DI and DIV are in close contact with each other. Thus, it

occur during inactivation, sincgd can only be induced by

is not unreasonable to assume that conformational changes

prolonged depolarizations. Furthermore, the structural changein the DI P-loop, as perhaps induced by the mutation DI-

imposed by charge-altering mutations of residue DIII-K1237
in the outer vestibule is most likely associated with a
widening of this region, as the DIII-K1237A channel
becomes permeable to a number of large catidas Z1).

Molecular modeling places DIII-K1237 close to residue
11575 of thea-helix of DIV-S6 (6). The mutation DIII-

K1237E may induce a lateral movement of residue DIII-
E1237 by electrostatic repulsion from the neighboring
residues DI-D400 and DII-E755. During inactivation, this
lateral displacement of DIII-E1237 may elicit a conforma-

D400A, may be transmitted to the DIV P-loop. Similarly,
the DII-E755A mutation may be expected to increase the
mobility of the DIl P-loop. However, this increase in motion
may not easily be transmitted to the DIV-S6 segment because
the DIII-K1237 next to DIV-S6 still can form an interaction
with DII-E755 thus restricting the mobility of this residue,
which, in turn, may protect the DIV-S6 segment from the
increased mobility of the DIl P-loop (Figure 7E).

Impact of the DEKA Mutations on Seledty. The reversal
potentials shown in Table 2 indicate that selectivity of

tional change of the DIV-S6 segment, perhaps via interaction permeation is unchanged in DI-D400A, reduced in DII-

with residue 11575, which ultimately results in entry into
the long-lived inactivated state represented Ry. We

E755A, and abolished in DIII-K1237A. These data are
consistent with previous studies?, 30). Hence, DI-D400A

recently presented evidence for such an interaction: in theproduces s but does not interfere with selectivity of

background of the mutation DIII-K1237E, the additional
mutation 11575E abolished,d. In this double mutant, the
electrostatic repulsion between DIII-E1237 and DIV-E1575

permeation, whereas DII-E755A has no effect gp but
reduces selectivity of permeation. It is hard to speculate on
the mechanistic basis of this divergent effects of the

may have prevented the interaction between the DIl P-loop mutations on selectivity and gating. Perhaps some degree

and the DIV-S6 segment that gives rise g (22). Thus,

of flexibility of the P-loop structure has to be present for

the DIV-S6 segment may have a fundamental role in the the proper function of the selectivity filted8—15). In the
generation of long-lived inactivated states. As mentioned wild-type channel, DIII-K1237 is proposed to predominantly

above, such a role for the DIV-S6 segment in slow

interact with DII-E755 6). This interaction is lost in DII-

inactivation was suggested by the fact that binding of E755A and is probably replaced by a new interaction

lidocaine to F1579 strongly modulategk! Apart from this

between DIII-K1237 and DI-4006]. It is possible that the

finding, a number of mutations in S6 segments have beeninteraction of DIII-K1237 and DI-D400 in DII-E755A

reported to affect slow-inactivated stat@8{26). Further-
more, in K,1.4 channels, slow inactivation is associated with
a decrease in intracellular agueous pore volug®, @gain
emphasizing a significant role of the inner vestibule (which

reduces the flexibility of the pore, which, on one hand,
protects from entry intogs but, on the other hand, reduces
the selectivity of the channel. In DI-D400A, the “physi-
ologic” interaction between DIII-K1237 and DII-E755
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Ficure 7: Cartoon of the outer vestibule of the voltage-gated Na
channel. Top view, showing the S6 segments of domaifi¥/ |

and the amino acids DI-D400, DII-E755, DIII-K1237, and DIV-
K1237, which are considered to form the selectivity filter. The

Hilber et al.

S-shaped in DIII-K1237E and DHK1237S channelsl],

but U-shaped in DIV-A1529D channelg, 8). In Hilber et

al. (8), we found that stabilization of the fast-inactivated state
(e.g., by coexpression of the Nachannel 5;-subunit)
inhibited entry into |s. We concluded that binding of the
fast inactivation gate (IFM motif in the DIII-DIV linker31,

32) to its cytoplasmic receptor might stabilize the channel
pore and thereby prevenid The probability of channels to
undergo fast inactivation increases at more positive potentials,
and thus, inhibition of §s by fast inactivation (especially at
strongly depolarized potentials—50 mV) may contribute

to produce a U-shaped voltage dependence in DIV-A1529D
channels. This could indeed be confirmed in experiments
where we disrupted fast inactivation by the additional
mutations 11303Q/F1304Q/M1305Q in DIV-A1529D chan-
nels and observed enhancegs lat strongly depolarized
potentials 8).

In the present study, we explored the voltage dependencies
of lys in two new mutants which exhibited considerable
amounts of |5, DIII-K1237A and DI-D400A. As expected,
DIlI-K1237A channels showed an S-shaped voltage depen-
dence very similar to the voltage dependencies of DIlI-
K1237E and DIII-K1237S channelsl); In contrast, DI-
D400A channels had a U-shaped voltage dependence with
a local maximum at-50 mV, thus, comparable with that
previously observed in DIV-A1529D channelg, @). The
reason for the striking difference in the voltage dependencies
of Iys between DIlI-Lys1237 mutations and mutations DIV-
A1529D as well as DI-D400A is unknown and can only be

domains are arranged clockwise, as supported by studies of thespeculated about. It is remarkable that the DIll-Lys1237

interactions of the guanidinium toxins apdconotoxin 40—42).

The close relationship between S6 segments and P-loop residue

corresponds to a model using the KcsA crystal structure as
framework for a molecular model of the pore of the voltage-gated
Na" channel §). Regions of the channel which interact with each
other thereby producingud are indicated by shading. Possible

electrostatic interactions between DEKA residues are indicated by

arrows. (A) Wild-type, electrostatic interactions between residues
DIlI-K1237, DI-D400, and DII-E755 stabilize the structure of the
selectivity filter. (B) Mutation DIII-K1237A, the electrostatic
interactions between residues DIII-K1237, DI-D400, and DII-E755

mutations drive a large channel fraction intg (~1 after

2200-s depolarizing prepulses; this stu@®), whereas the

respective fractions in DIV-A1529D~0.6; 7) and DI-
D400A (~0.4; this study) are considerably reduced. Thus,
it seems that the DIlI-Lys1237 mutations more severely
destabilize the pore structure than mutations DIV-A1529D
and DI-D400A, and this may finally result in basically
different voltage dependencies afsl It is possible that
binding of the fast inactivation gate to its cytoplasmic

are lost, resulting in a displacement of the DIIl P-loop. This receptor stabilizes the pore structure and inhibits ih

displacement produces an interaction between the DIll P-loop and

the DIV-S6 segment, resulting ind. (C) Mutation DIV-A1529D,

the negative charge in DIV produces an electrostatic repulsion
between the P-loops of DIV and DI resulting in an interaction of
DIV P-loop and DIV-S6, giving rise toys. (D) Mutation DI-
D400A, the electrostatic interaction between DI-D400 and DIlI-
K1237 is lost, resulting in a displacement of the DI P-loop which
produces an interaction between the P-loops of DI and DIV, which,
in turn, gives rise to an interaction between the DIV P-loop and
DIV-S6. This interaction between the DIV P-loop and DIV-S6
causes the mutant channel to enter intg lpon prolonged
depolarizations. (E) Mutation DII-E755A, the electrostatic interac-
tion between DII-E755 and DIII-K1237 is lost. However, DI-D400
still interacts with DIII-K1237 thereby stabilizing the structure of
the selectivity filter. Hence, this mutations does not give rise to
|US-

remains unchanged, which may explain why the selectivity
in this mutant is not affected.

Different Voltage Dependencies @klin DI-D400A and
DIII-K1237A ChannelsWe have previously shown that the
time constants of recovery fropdwere similar in channels
which contained charge-altering mutations in the DEKA
motif residues of DIll and DIV. In contrast, the voltage
dependencies ofy$ showed a striking difference: it was

mutations DIV-A1529D 8) and DI-D400A (this study)
which, compared to the DIll-Lys1237 mutations, less
severely destabilize the pore. This may result in a U-shaped
voltage dependence ofd (see above). On the other hand,
binding of the fast inactivation gate to its receptor in the
Dlll-Lys-1237 mutations, which more severely destabilize
the pore, may not sufficiently stabilize in order to signifi-
cantly preventJs. This may result in a “normal” S-shaped
voltage dependence ofd

If these considerations are true, stabilization of the fast-
inactivated state should have no effect @g ih the DIII-
Lys-1237 mutations, whereas it inhibitsslin DIV-A1529D
and DI-D400A. Accordingly, no considerable effect/@f
subunit coexpression (which stabilizes the fast-inactivated
state; for example, see reds10) on lys was found in DIlI-
K1237E (). In contrast/:-subunit coexpression significantly
inhibited lys in DIV-A1529D (8) and DI-D400A (this study).
These findings are in line with the idea that a U-shaped
voltage dependence ofd is observed in mutations which
only modestly destabilize the pore structure. Mutations more
severely destabilizing the pore seem to produce an S-shaped
voltage dependence ofd



Selectivity Filter Residues and Pore Stabilization

Apart from voltage-gated Nachannels, U-shaped voltage
dependence of inactivation has also been observed in delayed

rectifier K channels and in N-type calcium channe38{

35). In these channels, the occupancy of slow-inactivated

2.

Biochemistry, Vol. 44, No. 42, 2003.3881

Guy, H. R., and Conti, F. (1990) Pursuing the structure and
function of voltage-gated channelBrends Neurosci. 13201~
206.

3. Terlau, H., Heinemann, S. H.,"&tmer, W., Pusch, M., Conti, F.,

states is maximal at intermediate potentials, because at these

potentials specific closed states are populated. These “par-
tially activated” closed states are connected to slow-

inactivated states, which may be populated if the membrane
potential is held at intermediate values long enough to allow g

entry into slow inactivation 33—35). Activation of ion

channels is considered to arise from an opening of the inner
pore of the channel by a concerted movement of the S6 ©-
segments36). Thus, closed states on the way to the final
open state most likely are associated with certain conforma-
tions of the S6 segments before the “bundle crossing” is

opened. Interestingly, in Kchannels, U-type inactivation

is modulated by mutations of cytoplasmic parts of the

channel, either in the S6 segments or the T1 domaih (

38). These data are in good agreement with our previous
finding that in Nal.4 lidocaine interferes with ultraslow
inactivation by acting as a foot-in-the-door of the inner
vestibule 20) and strongly support the notion that some types
of slow inactivation result from a conformational change at

the inner vestibule of the channel.

The conclusions of the present study are based on the
examination of the kinetic effects of charge-altering muta-
tions. Therefore, possible molecular interactions revealed by
these mutations can be considered to be of electrostatic
nature. However, some functions of the outer vestibule are
not limited to electrostatic interactions but may require the
identity of certain amino acids at defined positions. For
example, it has been demonstrated that the exclusion®f Ca
ions by the 1237 site in the DEKA-motif is mainly based
on electrostatic interactions, whereas the exclusion of K
requires the identity of a lysine at position 1237. Thus, the

conservative mutation K1237R is not permeable t&"Gait
readily conducts K ions @0). On the other hand, the

mutation K1237R does not increase the likelihood of entry
into lys (1). By contrast, the charge-altering mutations

K1237E, K1237S1), K1237C @9), and K1237A (this study)

all render channels susceptible tg.IThis suggests that the
propensity to enterk is mainly determined by electrostatic

interactions.

In summary, the presented data and data from previous
studies suggest that mutations of DEKA residues from all

domains except DIl enhance entry int@.I This effect most

likely occurs by interaction of the P-loops with the DIV-S6
segment, ultimately resulting in a conformational change of
the inner vestibule, which is reflected by entry into the long-
lived inactivated stateyk. Further studies will be necessary

to confirm this proposed mechanism.
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