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External Tetraethylammonium As a Molecular Caliper for Sensing the
Shape of the Outer Vestibule of Potassium Channels

Frank Bretschneider, Anja Wrisch, Frank Lehmann-Horn, and Stephan Grissmer
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ABSTRACT External tetraethylammonium (TEA™) blocked currents through Kvi1.1 channels in a voltage-independent
manner between 0 and 100 mV. Lowering extracellular pH (pH,) increased the K for TEA™ block. A histidine at position 355
in the Kv1.1 channel protein (homologous to Shaker 425) was responsible for this pH-dependent reduction of TEA™ sensitivity,
since the TEA™ effect became independent of pH,, after chemical modification of the Kv1.1 channel at H355 and in the H355G
and H355K mutant Kv1.1 channels. The K, values for TEA™ block of the two mutant channels (0.34 + 0.06 mM, n = 7 and
0.84 = 0.09 mM, n = 13, respectively) were as expected for a vestibule containing either no or a total of four positive charges
at position 355. In addition, the pH-dependent TEA* effect in the wt Kv1.1 channel was sensitive to the ionic strength of the
solution. All our observations are consistent with the idea that lowering pH, increased protonation of H355. This increase in
positive charge at H355 will repel TEA™ electrostatically, resulting in a reduction of the effective [TEA™], at the receptor site.
From this reduction we can estimate the distance between TEA™ and each of the four histidines at position 355 to be ~10
A, assuming fourfold symmetry of the channel and assuming that TEA™ binds in the central axis of the pore. This
determination of the dimensions of the outer vestibule of Kv1.1 channels confirms and extends earlier reports on K* channels
using crystal structure data as well as peptide toxin/channel interactions and points out a striking similarity between
vestibules of Kv1.1 and KcsA channels.

INTRODUCTION

Many kinds of potassium channels can be blocked by exwith [TEA™],, as is the case for Kv1.3 (Grissmer et al.,
tracellular tetraethylammonium (TEA with concentra- 1990), TEA" block prevents C-type inactivation (Grissmer
tions that block half the channels ranging from 0.2tb00 and Cahalan, 1989) and the effect of [TEJ to block
mM (Hille, 1992). The most critical residue conferring current through this channel depends on, giKiavanaugh et
sensitivity to block by [TEA'], was identified (MacKinnon al., 1991), suggesting that the protonation of this histidine
and Yellen, 1990; Kavanaugh et al., 1991, 1992) to be &H404 in mKv1.3; H401 inrKv1.3) can influence TEA
tyrosine at the C-terminal end of the P-region of Kv chan-block presumably through electrostatic repulsion. Similarly,
nels (see Fig. 1). Replacement of this tyrosine in Kv1.1 withwe present evidence in this paper that the protonation of
valine makes the channel resistant to [T§4 whereas the another histidine (H355) in Kv1.1, at the entrance of the
introduction of a tyrosine in Kv1.2 in place of a valine made external vestibule of the channel, can effect TEBlock.
this normally [TEA"]-insensitive channel now sensitive to From these findings we conclude that the distance between
block by [TEA"], (Kavanaugh et al., 1992; Chandy and TEA™ and each of the four histidines at position 355-i%0
Gutman, 1995). Similarly, replacing the threonine in theA. Some of the results have been reported in preliminary
Shakerchannel (position 449) by a tyrosine greatly en-communications (Bretschneider et al., 1997a,b; 1998).
hanced sensitivity of the channel to block by [TER. In
addition, there is also a direct relationship between th
numbers of subunits containing tyrosine and the sensitivit ATERIALS AND METHODS
of the channels to be blocked by [TEA, indicating that  Cells
four subunits interact simultaneously with [TER, to form , _ , .

. _ . . . . All experiments were carried out on single cells of a rat basophilic
a hlgh_aﬁm'ty bmdmg site (HegmbOtham and MacKinnon, leukemia cell line, RBL-cells (Eccleston et al., 1973). Cells were obtained
1992; Kavanaugh et al., 1992; Chandy and Gutman, 1995)som the American Type Culture Collection (Rockville, MD). The cells
In that case where TEA can bind and interact with the were maintained in a culture medium of EMEM supplemented with 1 mM
tyrosines, TEA block is without effect on C-type inacti- L-glutamine and 10% heat-inactivated fetal calf serum in a humidified, 5%

vation (Molina et al., 1997)_ If histidines interact directly CO, incubator at 37°C. Cel[s _Were plated to grow qoncqnﬂuently 'onto
glass one day before use for injection and electrophysiological experiments

(Rauer and Grissmer, 1996).
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P are given as mean values SD with n = number of investigated cell&
[———» without SD are derived from the equation described in the legend to Fig.
Kvl.l EAEEAESHFSSTPDAFWHAVVSMTTVGYGDMYPVTIGGK 186 3 F, whereasK, with SD represent means &f, of individual measure-
KV1.2  ~-D-RD-Q-Prommcmomemmmemee o YO, S 413 ments of different cells derived from the same equation but taking the
MKVL1.3 --DDPS-G-N--c-mmommemn Tomeemmm He-o oo o 411 exponenth = 1 (see legend to Fig. ¥). Statistical significance was
Shaker --GSEN-F-K----=v-=vn- Toe e T--GFW-- 456 verified by an unpaired Studenttgest withp < 0.01.
KcsA -RGAPGAQLITY-R-L--S-ETA------- L----LW-R 89

FIGURE 1 Putative pore (P) region of voltage-gag&itbkesrelated K Expression

channels and the KcsA channel. The bold residues toward the right repre-

sent the putative binding sites for [TEA,, Y379 in Kv1.1, V406 inKv1.2, = PBSTA plasmids containing the entire coding sequence ofnikel.1

H404 in mKv1.3 (H401 inhKv1.3), and T449 inShaker The other bold  wild-type (wt) cDNA (Chandy et al., 1990), and the pSP64T plasmids

residue in Kv1.1 is H355. (Krieg and Melton, 1984) containing the sequences for the mutint..3
H404Y channels (a generous gift from Dr. K. George Chandy, University
of California, Irvine, CA) were linearized with Pstl and EcoR1, respec-

NaOH. No differences in current were seen comparing mammalian Ringtively, and transcribed in vitro with the T#rKv1.1) and SP6r(Kv1.3

er's solution containing either citrate or MES at pBi2 and containing ~ H404Y) Cap-Scribe System (Boehringer Mannheim, Mannheim, Germany).

either MES or HEPES at pH7.0. To reduce ionic strength 130 NaCl was The resulting cRNA was phenol/chloroform-purified and could be stored at

isoosmotically substituted by glucose. A simple syringe-driven perfusion™ 75°C for several months.

system was used to exchange the bath solutions in the recording chamber.

The internal pipette solution for the whole-cell recordings contained (in .

mM): 134 KF, 1 CaCJ, 2 MgCl,, 10 HEPES, 10 EGTA, adjusted to pH 7.2 Injection

W'ﬂEK/SH\;v:’S'thhO;Sngg'?rr('J% OFfLZJ’S ;3(;? err:gs:‘é (Buchs, Germany) as 1€ CRNA was diluted with a fluorescent FITC-dye (0.5% FITC-Dexiran

tetraethylammonium chloride. To get solutions with different TE€on- n 100 mM KCI) to a final conce_ntrat_lon (.Jf .JL.g/“!' RBL _ceII_s were
. h ; \ . ; ... injected with the cRNA/FITC solution filled in injection capillaries (Fem-
centrations, the normal mammalian Ringer’'s solution was mixed with

opep oy o4 TEssak saey o (n o 160 7700 Eppdrt romesn e Oy o1
TEA*, 4.5 KCI, 2 CaC}, 1 MgCl,, 10 HEPES. / )- P

Diethyl pyrocarbonate (DEPC) was purchased from FLUKA Chemie measured 3-6 h after injection.
AG (Buchs, Germany). DEPC was added to mammalian Ringer’s solution
at pH, 6.2 immediately before use to get final concentrations of 0.5-1 mM. .
Cells were perfused with DEPC containing solution fé6 min. Immedi- Generation of the H355G and H355K mutant
ately after this modification the TEAeffect was reevaluated at gid.2 in Kv1.1 channel

a solution containing no DEPC. T - . . . . . .
For substituting histidine either with glycine or lysine at position 355 in

mKv1.1 channels, the QuikChange site-directed mutagenesis kit (Strat-
: agene GmbH, Heidelberg, Germany) was used and the mutations were
Electrophysiology confirmed by sequencing single-stranded DNA with the Cy5-AutoRead Kit
Experiments were carried out using the whole-cell recording mode of th¢Pharmacia, Uppsala, Sweden).
patch-clamp technique (Hamill et al., 1981) as described before (Rauer and
Grissmer, 1996). Electrodes were pulled from glass capillaries (Clark
Electromedical Instruments, Reading, UK) in three stages, coated witRESULTS
Sylgard (Dow Corning, Seneffe, Belgium), and fire-polished to resistances +
measured in the bath of 2.5— 4MMembrane currents were recorded with Effect of [TEA™], on current through wt
an EPC-9 patch-clamp amplifier (HEKA elektronik, Lambrecht, Germany) Kv1.1 channels
interfaced to a Macintosh computer running acquisition and analysis soft- . .
ware (Pulse and PulseFit). Capacitative and leak currents were subtractdd® characterize the effect of extracellularly applied TEA
using the P/10 procedure. Series resistance compensatigdo§) was  On current through voltage-gated Kv1.1 channels, we mea-

employed if the current exceeded 1 nA. Filter frequency was normally 2.9%yred current in response to depolarizing voltage steps to 40
kHz. The holding potential in all experiments was eithelr20 or—80 mV. mV in the absence and presence of different TE®ncen-

We did not observe any differences in the pH-dependence of the' TEA . . .
block when using these two holding potentials. trations (Fig. 2). The control current in the absence of

. . . -
Nonlinear approximations and presentation of data were performed TEA "], activated fast, in the millisecond range, and
using the program Sigmaplot (Jandel, Corte Madera, CA). Averaged datshowed only little inactivation during the 50-ms pulse. This

A B
[TEAY, 003 01 03 1 3 160

FIGURE 2 Effect of external TEA on current

through Kv1.1 channels at pH7.4. (A) Whole-cell 803
currents elicited by 50-ms depolarizing voltage steps 0.1
from —80 mV (holding potential) to 40 mV are shown W 0.3

in the absence and presence of different external TEA 1
MMM\M

concentrations B) Peak K" currents of the same cell as - 3
shown in @) are plotted against the absolute time during ™™ 160
the experiment. 200 pA 200 pA

20 ms 5 min
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current through wt Kv1.1 channels obtained through cRNAwere superimposed and can be seen in Figh. 3Peak
injection of RBL cells was similar to current through Kv1.1 currents from these records were taken and converted into
channels stably expressed in a mammalian cell line dethe corresponding conductances by dividing the peak cur-
scribed earlier (Grissmer et al., 1994). Addition of TEf  rent amplitude with the driving force for [K] (E — E,
the bathing solution resulted in a dose-dependent reductiowith E, = —85 mV determined from tail currents, data not
in current amplitude (Fig. 21). TEA" had no apparent shown). Kv1.1 channels became activated with depolariza-
effect on activation or inactivation. The latter finding was tions more positive thar-50 mV and reached a maximum
confirmed by measuring Kv1.1 current in response to de€onductance at-0 mV (Fig. 3B). Maximum conductance,
polarizing voltage steps of up tL s duration in the absence gxmax Was independent of the applied voltage at potentials
and presence of different TEAconcentrations (data not more positive than 0 mV. To quantify the voltage-depen-
shown). This is in agreement with Molina et al. (1997) whodence of the current, the data were fitted with a Boltzmann
suggested that if tyrosines interact with [TER, which is  equation (Fig. 3B) with values for the steepness of the
the case for Kvi1.1 (Y379), [TEA], could not reach the site voltage-dependenck,(11 mV), and the voltage where half
for interacting with the C-type inactivation mechanism. the channels were activate&,,, (—34 mV) similar to

The current reduction by [TEA], was fully reversible earlier reports (Grissmer et al., 1994). Additional determi-
upon washout, even in a bathing solution containing 16(hations in 26 cells confirmed these valuks{ 11 = 3 mV
mM TEA™. This can be seen in Fig. B, where peak andE,,, = —34+ 8 mV). Application of 0.3 mM [TEAT],
currents after repetitive depolarizations (every 30 s) wergesulted in a potential-independent reduction in conductance
plotted against the absolute time during the experiment. ItigFig. 3 B). This is different from published data from
obvious from the records shown in Fig.2andB that 0.3 Newland et al. (1992) who found a slight but measurable
mM [TEA ], is sufficient to block~50% of the current voltage-dependencé & 0.11). A fit of a Boltzmann equa-
through Kv1.1 channels at 40 mV. tion to the data obtained in the presence of 0.3 mM [TEA

To investigate whether TEAblockade is voltage-depen- yielded values fok andE, , similar to those obtained in the
dent we depolarized cells to different voltages every 30 sabsence of [TEA],. Gxmax iN the presence and absence of
first in the absence then in the presence of 0.3 mMO0.3 mM [TEA], was 3.2 and 6.1 nS, respectively. Thus,
[TEA™],. The resulting currents obtained in each solution0.3 mM [TEA*], resulted in a voltage-independent reduc-

50 100

20 ms E(mv)
B D
(nS)2 ié I (nS)2 j ﬁ ‘
-50 O 50 100 -50 0 50 100 001 01

E (mV) [TEA9] (mM

FIGURE 3 Influence of pldon the effect of external TEAto block current through Kv1.1 channel#)(Whole-cell currents, elicited in response to

a set of 50-ms depolarizing voltage steps betwe&® and 100 mV in 20 mV increments every 30 s from a holding potential&¥ mV, are shown in

the absence and presence of 0.3 mM TE# pH, 7.4. B) Corresponding peak Kconductance-voltage relations for the KKurrents shown inA) are
plotted against the applied membrane potential. The lines through the points were fitted with the Boltzmann egu{&ion:gx {1 + exp[E» —

E)/K]}, with parameter values for the contro¥} and the TEA (V) data ofgym.x = 6.1 and 3.2 nS, respectively. Values fo(1l1 mV) andE,,, (—34

mV) were not significantly different between the two curves) \Whole-cell currents were elicited as describedAh@nly at pH, 6.2. ©) Corresponding

peak K" conductance-voltage relations for thé i€urrents shown in@) are plotted against the applied membrane potential. The lines through the points
were fitted as described iB) with parameter values for the control and the TEdata ofg,,,.x = 4.1 and 2.6 nS, respectively. Values fof11 mV)
andE,,, (—18 mV) were not significantly different between the two curvé&.Reak currents obtained in the presence of TEB were divided by the

peak currents in the absence of TEQ,,.,,) from (A) and C), respectively. The resulting ratiokl(,,,) were plotted against the applied membrane potential.
Data from @) at pH, 7.4 (J) and data from) at pH, 6.2 @). (F) Peak currents elicited as in Fig. 2 in pA.4 (¥) and 6.2 Q) in the presence of TEA

(1) were divided by the peak currents in the absence of THA,,). The resulting ratioslf] ,,,,) and standard deviations of 4—13 cells were plotted against
[TEA™], on a logarithmic scale. (In some cases standard deviations are smaller than symbols.) The lines through the points were fitted to modified Hill
equations of the fornvl ., = 1/[1 + ([TEA™)/K" with h in both cases 0.9% h < 1.01 andK, in pH, 7.4 of 0.34 and in pH6.2 of 0.5 mM.



2354 Biophysical Journal Volume 76 May 1999

tion of the maximum conductance to 52% of the controlratio of peak currents at 40 mV to evaluate the [THA
value. Similar results were obtained in 13 other cells witheffect. We therefore constructed dose-response curves from
53.1+ 2.5% conductance or current reduction after 0.3 mMexperiments similar to Fig. 2 at gH.4 and 6.2, as shown
[TEA™],. Interestingly, in most of our experiments, we did in Fig. 3F. Ratios of peak currents in the presenteafd

not observe a conductance decrease at potentials more pegsencel(,,,) of TEA" were plotted against the applied
itive than 60 mV in the absence or presence of [TEAN  TEA* concentration and a Hill equation was fitted to the
comparison to results described by Ludewig et al. (1993Hata with a Hill coefficient close to 1, suggesting that one
who described a voltage-dependent block of current througlfEA ™ molecule is sufficient to block the channel. From the
rkv1.1 channels (RCK1) by internal Mg. In those cases fit we also obtained values for [TEA'], block at pH, 7.4
where we did observe such a conductance decrease at Pegd 6.2 of 0.34 and 0.5 mM, respectively. Thus the effect of
itive potentials £60 mV), the conductance decrease WaS[TEA ], on current through Kv1.1 channels is weaker at
similar in solutions without and with [TEA],, indicating pH, 6.2 by a factor of~1.5 compared to the blocking effect
that [TEA"], block as well as the pfdependence of pH, 7.4. Means oK, values (see Methods) of 0.34
[TEA™], block (see below), were unaltered (data notq g 0 = 13) and 0.50+ 0.06 {1 = 6) obtained at pKi7.4

shown). _ , _ and 6.2, respectively, were significantly differemqt &
In additional experiments we investigated the effect of0 01)

+ , .01).
[TEA "], on current through Kv1.1 channels at péi2 (Fig. To characterize and identify the amino acid in the channel

3 C). Decreasing piifrom 7.4 to 6.2 by itself shifted the protein that is responsible for the weaker blocking effect of

voltage dependence. of act|vat|_on 247 mv (0 5) . TEA™ at low pH, we investigated this effect in more detail.
toward more depolarized potentials, an effect usually attrib; . . . : .

o . If the protonation of histidines is responsible for this effect,
uted to the neutralization of negative surface charges b

protons (Hille, 1992). In addition to this shift in voltage- ¥hemical modification of histidines with DEPC should abol-
dependence ,Iowerin.g pHesulted in a reduced conduc- ish the pH-dependent reduction of the TEAeffect. DEPC

tance decrease after application of 0.3 mM TE@ig. 3D) reacts with histidyl residues to yield an N-carbethoxyhisti-
compared to the reduction obtained at pH4 (compare dyI derivati\{e, thergby pre.ve'nFing the'protonation O_f the
Fig. 3D with Fig. 3B). ge.a in the presence and absence|m|dazole side chain of histidines (Miles, 1977). Fig. 4

of 0.3 MM [TEA*], at pH, 6.2 was 2.6 and 4.1 nS, respec- illustrates the results of such an experiment where we in-
tivelly Thus. 0.3 mM [TEAF] at D'LL 6.2 resulted in a Vestigated the effect of 500M DEPC on the TEA block-
. , 0. o .

voltage-independent reduction of the maximum conducind effect in pk, 6.2. Whereas 0.3 mM [TEA], blocks
tance to 63% of the control value. This value could becurrentthrough Kvl.1 channels to 52% and 61% of controls

confirmed in seven additional measurements with a meaf! PHo 7.4 and 6.2, respectively (superimposed traces of
conductance reduction of 62.8 3.1% after 0.3 mm Whole cell currents of one cell on the left side and in the
[TEA*],. This reduction is significantly weaker when com- middle of the figure), it blocks current to 52% of controls
pared to the reduction at pH.4 (to 53.1%p < 0.01). after pretreatment with DEPC in pH.2 (same cell). Sim-

F|g 3E C|ear|y shows the Vo|tage-independence of Cur_”ar results were obtained in five other cells with DEPC
rent reduction after 0.3 mM [TEA], at pH, 6.2 @) and 7.4  concentrations up to 1 mM with a current reduction after
(), respectively. Maximum current after the application of application of 0.3 mM [TEAT], to 51.6+ 1.5% and 52.8-
[TEA*], was divided by control current (data from Fig. 3, 2% at pH, 7.4 before and pi6.2 after DEPC treatment.
A and C) and the resulting ratio was plotted against theThe mean current reduction was not statistically different in
applied membrane potential. both cases. DEPC did not only abolish the_gt¢pendent

Since the [TEA'], effect seemed to be independent of the TEA™ effect but also slowed activation of Kv1.1 current, as
applied voltage for depolarizations between 0 and 100 m\has been described for Kcurrents in squid giant axons
at both pH (see Fig. 3C-E), in our analysis we used the (Spires and Begenisich, 1990). The loss of the-ppen-

pHo 7.4 pHo 6.2 pHo 6.2
[TEA", [TEAY, after [TEA*],
(mM) (mM) DEPC (mM)

FIGURE 4 Influence of DEPC treatment on [TER,

block of current through Kv1.1 channels. Whole-cell —-— 0
currents of one cell were elicited by 50- or 100-ms 03
depolarizing voltage steps to 40 mV and are shown —- =
before, during, and after the application of 0.3 mM

TEA™ at pH, 7.4 (eft), at pH, 6.2 (middlg, and at pH -

6.2 after washout of 50@M DEPC (cell was treated
with DEPC for 5 min at pd 6.2; right).
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dent TEA' effect after DEPC treatment indicated that in- ilar characteristics with respect to activation and inactiva-
deed histidines might be responsible for this effect. tion compared to wt channels and<g for TEA™ block of
0.84 = 0.09 mM = 13) (Fig. 5A). If the degree of
protonation of H355 is solely responsible for thejeffect,
Effect of [TEA"], on current through H355G and lowering pH, should not influence thé&, values of the
H355K mutant Kv1.1 channels H355G and the H355K mutant channels. This is indeed the
What residue could be responsible for the increasé jat ~ case, as can be seen in FigB5The K4 values for both
pH, 6.2? The investigations with DEPC gave a first indi- mutant channels either at gH.4, 6.8, or 6.2 are identical:
cation that histidyl residues could be involved in this effect.~0.8 mM for H355K and~0.3 mM for H355G (see Fig. 5
From the KcsA crystal structure data (Doyle et al., 1998) ad). Linear regressions through data poiritg ¢ersus pH)
well as several works using peptide toxins (Goldstein andf both mutants have slopes not different from zero, thereby
Miller, 1993; Ranganathan et al., 1996), it is known thatexcluding any pH dependency of TEA blocking effect in
position 355 is on the surface of Kv1.1 at the extracellularthis pH range. If we assume that tKg values of H355K
side of each homomer of Kv1.1 channels, would thereforeand H355G mutant channels represent the fully protonated
line the outer vestibule of the channel, and could interacand unprotonated H355 in Kv1.1 channels, successive pro-
with [TEA™],. Lowering pH, from 7.4 to 6.2 could change tonation of H355 should givi, values ranging between the
the degree of protonation of these histidine imidazol ringsporders of the mutant channels with a maximkigof 0.84
thereby changing their surface charge and the differenfKqmax S€€ also Fig. 3) and a minimunKy (Ky,,) of 0.34
electrostatic interactions between TEfA&nd more or less mM (Fig. 5, A and B). The fit through data points of wt
protonated histidines might explain the increakgdit low  channels (Fig. ) gave the expected values fi§f,,,, and
pH,. To test whether H355 plays a role in the péepen-  Kymin (S€€ legend to Fig. 5) and a value for half-maximum
dent [TEA'], effect we substituted H355 in Kv1.1 channels protonation (pK) of 5.9. Similar experiments as shown in
with glycine through site-directed mutagenesis and meaFig. 5 were performed in bathing solutions with low ionic
sured currents in this H355G mutant, as described before fatrength at different pgi(data not shown). Thi, values of
current through wt Kv1.1 channels. The mutation by itselfH355K and H355G mutants were reduced but still indepen-
did not change the electrophysiological properties of thedent of pH,. TheK, value of the wt channel (H355) at gH
current with respect to activation and inactivation (data not/.4 was similar to th& value of the H355G mutant and
shown). still pH,-dependent, as expected for an electrostatic inter-
[TEA*], blocked currents through the H355G mutantaction between the charge at position 355 and THEAiyar
Kv1.1 channels at pki7.4 with identical potency to currents et al., 1995).
through wt Kv1.1 channels, as can be seen in FigA,5
which shows the dose-response relation for [TEAto +
block current through H355G mutant Kv1.1 channels. Theif:::::]f I(‘I;:E:‘ ci;g:e(;:"ent through H404Y
half-maximum block was obtained with 0.34 0.06 mM )
(n=7) [TEA"], identical to Kv1.1 wt channels at gH.4.  To further substantiate our hypothesis that electrostatic in-
Furthermore, imitating a maximum protonation of H355 by teractions between residue H355 and TEdre responsible
substituting it with lysine (H355K) gave currents with sim- for TEA™’s pH, dependency, we investigated another volt-

0.01 0.1 1 10 7 6 5
[TEA*] (mM) pH,

FIGURE 5 Dose-response curves for the inhibition of currents through mutant Kv1.1 channels addpgdency of block by [TEA,. (A) Peak
current ratios obtained as described in Fig i Kv1.1 H355K or H355G mutant channels were plotted against the T&centration (5-13 cells). Data
were fitted as described in Fig.Bwith 0.99< h < 1.01 andK, for H355G (@A) of 0.34 and for H355K@®) of 0.84 mM. B) MeanK values and standard
deviations of Kv1.1 wt¥), H355G @A), and H355K @) channels were plotted against pH, values were obtained from the ratio of peak Kurrents
using the Hill equation (see legend to FigEp with h = 1 (5-13 cells). Straight dashed lines represent linear regressions of data pqi@} \ith
slopes not different from zero. The regression coefficient@®99. The curve represents a fit through data poiMiswith the equatiorKy = Kymin +

{[ Kamax — Kamind/[1 + (2OPPY10PHT} with Kgmin = 0.33,Kgmax = 0.84, pK, 5.9, andh = 0.96.
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age-gated K channel, with a glycine at the homologous also positively charged TEA therefore reducing the effec-
position to H355 in Kv1.1 (G380 in Kv1.3). To be able to tive [TEA™], at the receptor site. No change of the “true”
directly compare the TEA sensitivities between the two affinity to the TEA" receptor site (Y379 in Kv1.1; Y404 in
channels we used a mutant Kv1.3 channel that had a tythe mutant Kv1.3) is necessary for this explanation. This
rosine at position 404 (homologous to Y379 in Kv1.1 chan-assumption is supported by the following findings. 1) The
nel), the putative TEA binding site, and therefore high effect of TEA* depends only on pHin the wt Kv1.1
TEA™ affinity. Depolarization-evoked currents were similar channel, not in the H355G and H355K mutant Kv1.1 chan-
to currents through Kv1.1 channels (data not shown). Weyels or the H404Y mutant Kv1.3 channel with no histidine
calculatedK, values at plj 7.4 (white barsin Fig. 6) and  in the pore region. 2) Thi, values for TEA™ blockade are
6.2 (black barsin Fig. 6) from current reduction in 0.3 MM gimost identical for the wt Kv1.1 channel at pH 7.4, with
[TEA™], at different depolarizations and fourit} values |ittle protonation at H355, and for the H355G mutant Kv1.1
close to 0.3 mM independent of the applied voltage. Tozpannel and the H404Y mutant Kvl.3 channel (with a
visualize the lack of ptdependency in this mutant channel glycine at the position equivalent to H355 in Kv1.1 chan-
(with no prptonable histidine in_ the S5-S6 !inker) we plot- nel). In all three casek, values for TEA" blockade are
ted the ratiosype /Kapi7.429ainst the applied membrane _g 3 my, indicating that the mutations did not change the

potential (ight diagramin Fig. 6). These ratios were not ity for TEA™ to its receptor site. We therefore conclude
different from 1 as tested for voltages wher® cells had that aK, of ~0.3 mM represents the “true” affinity of

been examinedp( < 0.01). Furthermore, there was no TEA™ to its binding site at Y379 in Kv1.1 channels. Re-

difference in theK, value compared with those for the ducing pH, did not influenceK,y in mKv1.3 H404Y, Kv1.1

Kv1l.1 channels at pii7.4. These results confirmed our T
) . ) H355G, and Kv1.1 H355K mutant ch Is, indicating that
hypothesis that H355 in Kvl.1 channels determined the and kv mutant channets, indicating tha

pH,-dependence of the TEAblocking effect. The lack of affinity of TEA™ to the binding site is independent of gH

a pH, sensitivity on current through the H404Y mutant 3) Substituting the uncharged amino aC|d. glycme in the
- H355G mutant Kv1.1 channel into a positively charged
Kv1.3 channels was similar to results by Kavanaugh et al

(1991) who investigated currents in the range of,pH i)r/]sme (H3f55lt<) reduc¢|ed ITIE?; ?fﬂmty ~2'5'leg' This 'j‘
8-6.5 through RGK5 H401Y channelsk§l.3 channels, he Same factor as calculated from Kigya, andKgmi, €n

Y401 homologous to position 404 imKv1.3 channels) points of the titration curve of Kv1.1 wt channels (see Fig.
expressed in oocytes ' 5 B). Therefore, the weaker block in the H355K mutant

Kv1.1 channel compared to the H355G or unprotonated
wt Kv1.1 channel could be solely explained by charge
Estimation of distance between H355 and TEA* repulsion.

in Kv1.1 channels If our hypothesis is correct and the reduced blocking
From the data obtained with the mutant H355G and H355KEfect i caused by areduction in the effective [THALtits
Kv1.1 channels and the mutant H404Kv1.3 channels we Pinding site ([TEA']¢) compared to the bulk concentration

conclude that H355 in Kv1.1 channels can influence TEA ((TEA oy, this decrease in [TEA can then be calcu-
binding presumably by the prlependent protonation of lated through the ratios of th€, values obtained in pki7.4
the imidazole ring in H355. How can we explain this effect?@nd pH, Y (Y: 7.0, 6.8 6.6, 6.2, 5.5, and 5.0):

One possible explanation could be that the protonation of

H355 would create a local potential that would repel the [TEA" ]t/ [TEA" Jouk = Kaprz.d Kapry 1)

Kv1.3 H404Y

K
40.3 KapHe2
(mM) KapH7.4

0720 40 80 80 100 0720 40 60 80 100

E (mV) E (mV)

FIGURE 6 TEA" blocking effect on current through H404Y mutamkv1.3 channels in p§l7.4 and 6.2. Currents through Kv1.3 H404Y mutant
channels were elicited as described in Fig. 2 at different voltages in the absence and presence of 0.3 iyl Kiealues were obtained at each voltage

as described in the legend to FigB5Shown are mean values with standard deviations for fve- (60, and 80 mV), or three cell$eft). The K, value

at 20 mV was obtained from a single measuremkigy,, ¢ /Ky, 7.4ratios are plotted against the applied membrane potential at the right side. Shown are
mean values with standard deviations obtained from two to three cells except for the ratio at 20 mV, where only one cell was under investigation.
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Similar calculation can be done for the Kvl.1 mutant
channels:

[TEA+]eff/ [TEA+]bqu = Kgnzssd Kanassk (2

[TEA*], and the Outer Vestibule of K* Channels
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sensitivity of the [TEAT], block to apply a method for

determining the three-dimensional shape of this membrane
protein through electrostatic interactions between charged
amino acid residues in the channel protein on one side and

If a potential is responsible for the change in the effectivethe small blocker molecule (tetraethylammonium) with the

[TEA™], one can calculate this potenti# from the fol-
lowing equation:

[TEA+]eﬁ/[TEA+]bU|k = eXF(Z‘I’F/RT) (3)

with R, F,andT with their usual meaning arml= 1 (charge
of TEA™). For instance, with th& values of 0.34 mM at
pH, 7.4 and 0.5 mM at p§l6.2, the potential amounts to
~10 mV. This potential is presumably created by the pro

tonation at the four histidines at position 355. Calculation of
the potential difference in H355K compared to H355G (Eg.

2) gave a¥ ~23 mV. We tried to estimate the distance

between the charges at H355 (protonated histidines an

positive charge of lysines in H355K, respectively) and
TEA™ since a potentiall’ created at position 355 should
decrease with distancefrom the charge according to the
simplified equation from Gouy-Chapman (for surface po-
tential <kT/&:

W(x) = exp(—x/D) 4)

ge
4meegXy
wheree, is the dielectricity constant is the dielectricity
constant of water, taken as 80,is Debye lengthgq is the
degree of charge (see belove)js the elementary charge,

same charge on the other side. It is obvious that these two
charges will repel each other depending on how far apart
those two charges are. For the estimation of the distance
between the positive charges at position H355 in Kv1.1 and
TEA™, we made the assumption that by reducing, p¥é

did not change the affinity of TEA for its binding site,
presumably Y379. The finding that we observed a,pH
dependency of TEA block only in the wt Kv1.1 but not in

the H355G mutant Kv1l.1 as well as the H404Y mutant
Kv1.3 channel supports this assumption. In addition, the
affinity for TEA" was almost identical for the wt Kv1.1
annel at pH 7.4, with little protonation at H355 and for
the H355G mutant Kv1.1 channel and the H404Y mutant
Kv1.3 channel. In all three casas, values for TEA
blockade are~0.3 mM. The identicaK, values for TEA
block of the H355K mutant Kv1.1 channel and the fully
protonated H355 wt channel (0.84 mM in both cases, see
Fig. 5) can also be used to argue that the H355K mutant
channel 1) did not change the affinity of TEAfor its
binding site, 2) did not sterically hinder the docking of
TEA™ to its receptor site, and 3) only reduced the effective
[TEAT], at the site. We therefore concluded that the re-
duced TEA blocking effect at low pH on wt Kvi.1
channels is caused by a reduction in the effective TEA

andx is the distance from the center of charge. A correctionconcentration at its binding site. This reduction was caused

factor y = 0.8 was included in the equation to take into

by the creation of a potential at the TEAbinding site

account that¥ increases close to a protein/water interfacethrough protonation at all four H355. We assumed that all

(Stocker and Miller, 1994; Aiyar et al., 1995).is distance-
dependent and should reflect the proximity and shape of th

four H355 are equally protonated with a pkf 5.9 for
Ristidine (see Fig. B) similar to estimations used by others

dielectric interface between water and protein (Stocker angCreighton, 1984; Aiyar et al., 1995). Under our conditions

Miller, 1994). The Debye lengttD, in Eq. 4 depends on the

with a pH, of 5.8, all four H355 will then be approximately

ionic strength of the solution and can be calculated for ouhalf-protonated, i.e., each H355 carries on average approx-

solutions to be~7.37 A.

imately half a charge. That means at the TEBinding site

For the estimation of the distance between the charges @fe potential had been created by a total of approximately

position H355 and TEA through the potential created by
the protonation of the four H355 we need to know the

two charges (4< ~0.5). With a simplified Gouy-Chapman
equation we could then calculate and estimate the distance

pH,-dependent degree of protonation at H355. The degregetween the charge at each of the four H355 and TE#

of charge at H355 is described by the fdr this histidine.
For our calculations of] (degree of charge) we used the
experimentally derived pKvalue of 5.9 for H355 (see Fig.
5B). We can now solve Eq. 4 for differeqtn different pH,

be ~10 A (see Fig. 7). This calculation of the distance
between H355 and TEAwould still be below 10 A if we

used a pK of 6.2 for this histidine, as has been done by
others (Aiyar et al., 1995). If we assume a fourfold sym-

for x assuming that each histidine at position 355 COﬂtrib-metry of the channel with TEA at the central axis of the

uted equally to the generation #f. We estimated distances
between the charge at each of the four H355 and THEA
be 9.1-9.8 A.

DISCUSSION

Currents through Kv1.1 channels are blocked by [TEA
in a pH,-dependent manner. Our data suggest that a hist
dine in the outer vestibule of the channel (H355) is respon
sible for this pH-dependency. We have used this pH

channel pore, this places H355 in adjacent and opposing
subunits~14 and~20 A apart, respectively.

The distance of Y379 to TEAcan be estimated using the
data by Kavanaugh et al. (1991) on the jitpendent
TEA™ effect onrKv1l.3, with a histidine at the TEA
binding site (H401 imKv1.3 equivalent to Y379 in Kv1.1).
These authors described a chang&irfor TEA™ to block
keurrent throughrKv1.3 channels from-11 mM at pH, 7.5
to ~50 mM at pH, 6.5. If we perform the identical calcu-
lation as described above we obtain a distance between
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Q58/H355
\

Y82/Y379 P’
Ak

pore
1
P———— |
10 A axis through pore

FIGURE 7 Proposed interaction of amino acid residues and ‘TEA) Diagram of the external vestibule of a Kv1.1 channel illustrating the interactions
between [TEAT], and H355. B) Surface view of the KcsA channel from the tdpff) and slightly tilted (ight) using RasMol (version 2.6). Q58 of the
KcsA channel, equivalent to H355 in Kv1.1 (F4253hakey, is shown in blue. Y82 of the KcsA channel, the equivalent of Y379 in Kv1.1 (T4&hake)

is shown in red.

H401 inrKv1.3 and TEA" of ~5.5 A. This distance is in differences between KcsA and Kv1.1, one can easily picture
agreement with data obtained by others (Aiyar et al., 1995)379 interacting intimately with TEA, assuming a radius
on the dimensions of the inner part of the outer vestibule ofor TEA™ of ~4 A, and H355 interacting electrostatically
voltage-gated K channels. with TEA™. Another argument for the overall similarity in

A direct comparison of our data from the Kv1.1 channelstructure between KcsA and voltage-gatet ¢éhannels can
with the crystallization data from th®treptomyces lividans be made by the creation of a mutant KcsA channel with an
channel, KcsA, by Doyle et al. (1998) can readily be mademproved agitoxin2 sensitivity compared to the wt KcsA
since the homology between KcsA and Kvl.1 is remark-channel (MacKinnon et al., 1998).
able. Fig. 7B visualizes the top surface of KcsA with the  In addition to the similarities between KcsA and Kv1.1,
relevant residues highlighted. Q58 of KcsA in blue, equiv-our results on the three-dimensional structure of the external
alentto H355 in Kv1.1 (F425 iBhakey, is located~12-13  outer margin of the vestibule confirm and extend those
A from the central pore axis. Y82 of KcsA, in red, the observed from the interactions between other channel pro-
equivalent of Y379 in Kv1.1 (T449 i&hake) is positioned teins and larger peptide toxins. Different groups reported
closer to the pore than Q58,6—7 A from the central pore dimensions of the outer margin of the Kv1.3 channel of
axis. Allowing for slight side chain movements and minor 28—34 A (Aiyar et al., 1995) in diameter and25-30 A
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(Stocker and Miller, 1994)~26-30 A (Goldstein et al., Goldstein et al., 1994; Aiyar et al., 1995; Hidalgo and
1994), or 22-30 A (Hidalgo and MacKinnon, 1995) in MacKinnon, 1995) using peptide toxin mapping and crys-
diameter of theShakerchannel, respectively. One possible tallization (Doyle et al. 1998). Our finding has direct struc-
explanation for the small differences could be that thetural implications on Kv1.1 or related ion channels and will
channels might change their conformations differently whertherefore influence therapeutic drug design, especially in
binding peptide toxins compared to when interacting withthe context of the search for nonpeptide small molecule
small blocking molecules. Alternatively, there could be blockers/modulators of ion channels.
differences in the overall dimension and topology of the
outer V.eSthL”e .Of cIo;er related ion channels, as has beeﬂw authors thank Katharina Ruff and Christine Hanselmann for their
recognized earlier (Aiyar et al., 1995). excellent technical support, Dr. K. George Chandy (University of Califor-
Position 380 in Kv1.3 channels (analogous to positionnia, Irvine) for his generous gift of the H404Y mutant Kv1.3, and Dr.

355 in Kv1.1) was thought to sterically, not electrostati- Heike Jaer for help with the generation of the H355G mutant Kv1.1
cally, hinder only the docking of peptide toxins to the channel.
channels (Goldstein and Miller, 1993; Ranganathan et alThis work was supported by Deutsche Forschungsgemeinschaft Grants Gr
1996; see Fig. 6 of Aiyar et al., 1995). In a recent publica—84_8/_4'1 and Gr 848/4-2, and the BMBF (Interdisciplinary Center for
tion, however (Perez-Cornejo et al., 1998), it was showr'ncal Research, IZKF Ulm, B1).
that if position F425 (analogous to H355 in Kv1.1 and G380
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