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Role of Individual Surface Charges of Voltage-Gated K Channels

Fredrik Elinder and Peter Arhem
The Nobel Institute for Neurophysiology, Department of Neuroscience, Karolinska Institutet, S-171 77 Stockholm, Sweden

ABSTRACT Fixed charges on the extracellular surface of voltage-gated ion channels influence the gating. In previous
studies of cloned voltage-gated K channels, we found evidence that the functional surface charges are located on the peptide
loop between the fifth transmembrane segment and the pore region (the S5-P loop). In the present study, we determine the
role of individual charges of the S5-P loop by correlating primary structure with experimentally calculated surface potentials
of the previously investigated channels. The results suggest that contributions to the surface potential at the voltage sensor
of the different residues varies in an oscillating pattern, with the first residue of the N-terminal end of the S5-P loop, an
absolutely conserved glutamate, contributing most. An analysis yields estimates of the distance between the residues and the
voltage sensor, the first N-terminal residue being located at a distance of 5-6 A. To explain the results, a structural hypothesis,
comprising an a-helical N-terminal end of the S5-P loop, is presented.

INTRODUCTION

Fixed external surface charges of voltage-gated ion charef the S3—-S4 loop (close to the voltage sensor S4) is, not
nels have been shown to influence gating (Frankenhaeusenexpectedly, more influential (Tseng et al., 1997). It
and Hodgkin, 1957), conductance (Frankenhaeuser, 1968hould be noted, however, that, in the wild-type K channels
Sigworth and Spalding, 1980), and toxin binding (Baker andnvestigated here, the C-terminal residues of this loop are
Rubinson, 1975; MacKinnon and Miller, 1989). The loca- uncharged (see Gutman and Chandy, 1995). The largest
tion of the charges affecting conductance and toxin bindingnfluence on the voltage sensor has been noted for the S5-P
has been extensively studied (see Doyle et al., 1998 for bbop (Talukder et al., 1995). Finally, the P—S6 loop does not
structural model ba K channel), whereas much less is seem plausible as the main determinant of the functional
known about charges affecting gating. Because the Debyeharge density because of its small interchannel variability
length under physiological conditions (9 A, see Materialsand relative absence of charged residues.
and Methods) is much shorter than the dimensions of the In the present study, we extend the S5-P loop hypothesis
channel protein (Li et al., 1994, give the dimensions>X80 further by determining the role of the individual charges of
80 A? for the channel, thus 4 40 A? for a K channel the S5-P loop. This is done by correlating the experimen-
subunit), these charges are predicted to be located on thelly estimated surface potentials in previous investigations
channel, relatively close to the voltage sensor. and the primary structure data. The results suggest that the
In previous studies we have determined the functionaN-terminal end of the S5-P loop has arhelical structure,
surface charge density in seven K channels by analyzingeginning with an absolutely conserved glutamate, located
Mg?*- and Sf*-induced shifts of open probability curves. at a distance of 5-6 A from the voltage sensor of the
From a comparison between the net charge of the extracethannel. The method discussed here can be seen as a com-
lular loops and the experimental values obtained for theplement to toxin-binding/site-directed-mutagenesis ap-
charge densities of the different channels, we concluded thgtroaches to map structural details of voltage-gated channels.
the relatively short and semiconserved extracellular loop
between the fifth transmembrane segment and the pore
region (S5-P loop) comprises the functional surface chargeMM-EF“"“-S AND METHODS
affecting the gating (Elinder et al., 1996; Elinder andThe relation between charge density) @nd surface potentiak/(0)) is
Arhem, 1998; Elinder et al., 1998). This is well in line with described by the Grahame (1947) equation,
reported mutation experiments concerning the extracellular L
loops of K channels. Thus, charges on the S1-S2 loop o’ = ZsreoRTZci[exp(—ziFd/(O)R TH-1 @)
(Grupe et al., 1990; Tseng et al., 1997) and the N-terminal '
end of the S3-S4 loop (Mathur et al., 1997) seem to hav@heree, is the dielectric constant of the medium (80 in wateg)js the

small effects on the gating. A charge at the C-terminal enabermittivity of free space (8.8% 10~ **Fm™), ¢; is the bulk concentration
(see below) and is the valence of thith ionic species in the extracellular
solution.R, T (= 293 K), andF have their usual thermodynamic signifi-
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The Debye length (1) is described by Applying Eqg. 3 to the sequences in Table 1, assigning a
ceRT \05 charge of—1 to glutamate and aspartate, a charge-afto
Uk = (2”’) , (2) lysine and arginine, and a charge #D.5 to histidine, we
(F2ic2) obtain the system of equations,
and is 9 A in thepresent Ringer solution.

The nonanalytical solution of Eq. 4 (see below) constrained by the W0), = —¥, —Ws = —44
condition ¥,, = 0 was found by a least-square procedure. Arbitrarily P(0), = -V, -, -, -V +%¥, = —55
positive values foi’,,, were used as initial values and the root mean square

P(0); = -V, -V, -V, -V —V5+%LT; = —62

(rms) difference between calculatéd0) values and experimental values
was determined. Th&,, values were then changed one by one in small $(0), = -V, -, +¥2Ws +¥%¥g = —30
steps (each down to 0.1% of its value) until a change did not improve the

fit. Normally, the iterative procedure halted after 10—20 rounds ol WO)s = —, —Ws Y, —Ws = -4
values. Tests of this procedure by introducing new initial values showed {s(0) = —V, +V¥, -V, -V, -y -V, +¥; = —-30
that the set of¥,, values obtained were unique. $0);, = -V, +V, +W, = —20

4)
RESULTS _ . )

This system has a unique solutiol(= 37, V¥, = 42,
The following analysis is based on the assumption that they, = —13.5 ¥, = —3.5,¥, = 7,¥, = 25, and¥g = —20
functional surface potentialg/(0), calculated from the myv). A problem with this solution is that it includes nega-
metal ion-induced shifts for the different channels, repre- tive values, implying that a negative charge can act as a
sent the surface potentials at the voltage sensor. This dog®sitive charge on the voltage sensor. This is difficult to
not seem unreasonable because the Grahame equation (Ef@iderstand in terms of a mechanistic-electrostatic model.
1) has been shown to be valid under the present conditiondowever, because an analytic solution to the equations
(see Materials and Methods), and because contributionghove is very sensitive to deviations i§rf0), i.e., to mea-
from voltage sensor charges #¢0) are expected to be of surement errors, we introduce the conditiéy, = 0 and
similar size (shifts for all channels measured at an opeRpolve the system numerically by a least square procedure,
probability of 0.25, thus, when the channels are in open ominimizing the rms difference between experimental and
close-to-open states). Assuming further that the analyzegredictedys(0) values (see Materials and Methods; for an
S5-P loop has a similar secondary structure and locatioBvaluation of the sensitivity of the constrained case, see
with reference to the voltage sensor in all investigatedappendix). The resulting values af, = 38, ¥, = 22,

channels, we obtain the equation, V,=0,¥,=13,¥;=8,¥,=0,and¥, = 3 mV and
_ are plotted in Fig. 1 (rms difference 4.3 mV). As seen
(0 = %sz”‘”' (3) from Fig. 1, the relation between the voltage contribution at

the sensor and the site is described by a damped oscillation.
where W, is the potential contribution for an elementary The surface charge densities predicted from the values
chargee at themth residue of the S5-P loop, agg,, is the  above show good agreement with those experimentally ob-
valence of themth residue of thenth channel. Because a tained as demonstrated in Fig. 2.
previous study (Elinder et al., 1998) suggested that the We thus suggest that the N-terminal residues, most con-
functional surface charges mainly are located at the Nspicuously the absolutely conserved first residue glutamate,
terminal end of the S5-P loop, in the present analysis, ware the main functional surface charges of the K channel.
restricted the calculations to the eight first residues (showThe shape of the voltage contribution versus site curve
in Table 1). suggests that every third residue of the S5—P loop is inac-

TABLE 1 S5-P sequences and experimental data of channels analyzed in the present investigation

Residue Number Experimental

Charge Surface
Type of Density Potential
Channel 1 2 3 4 5 6 7 8 (e nm™?) (mV) References
Shaker E A G S E N S F -0.27 —44 Elinder et al., 1998
rkvl.1 E A E E A E S H -0.37 -55 Elinder et al., 1996
xKv1.1 E A E E D E S H —0.45 —62 Elinder and Arhem 1998
rkv1.5 E A D N H G S H -0.17 —-30 Elinder et al., 1996
rkvl1.6 E A D D \% D S L -0.28 —45 Elinder et al., 1996
rkv2.1 E K D E D D T K —0.17 —-30 Elinder et al., 1996
rkv3.4 E R | G A R P S -0.11 —20 Elinder et al., 1996

The first eight residues of the N-terminal end of the S5-P loop and experimental estimations of surface charge density and correspondingrdiaface pote
for the seven K channels discussed in the present investigation. Amino acid residues denoted by single-letter code. Negatively charged o&bidues in b
positively charged in italics (for assigned values see text). Sequence sources listed in Elinder et al. (1998).
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501 ] K channels, we have estimated the electrostatic contribution
y 3 of single residues in the S5-P loop to the surface potential
— 40 at the voltage sensor S4. In the following, we will use these
E 2 values to 1) discuss the exposure of these residues to the
= 30- s external solution in relation to results from other studies, 2)
8 estimate the distance between the exposed residues and the
S 204 voltage sensor, and finally, 3) discuss a structural hypothe-
] sis and its relation to a recent x-ray crystallographic struc-
o ture of a bacterial K channel. In the Appendix, we will
107 discuss the reliability of our calculations made in the Re-
sults section.
0 T - T - T 1
0 5 10 15 20
Distance from voltage sensor (A) The exposure pattern

FIGURE 1 Site-dependent surface potential contribution of charges inThe present results thus suggest that residues numbers 1, 2,
the N-terminal end of the S5—P loop. Figures denote residue numbers as %, 5 and 8 are exposed to the external solution, while
Table 1. Values calculated from data in Table 1 by a least square proceduresidues 3 and 6 are not. This is well in line with results
described in the text. The dashed line is the best fit of potential values fofrqm reported binding studies. Analyses of effects of

residue numbers 1, 2, 4,_ 5, an(_j 8 to Eg. 2, expressed in distance fron_1 tl arybdotoxin, ZA" and agitoxin2 on mutated channels
voltage sensor. Interresidue distance is assumed to be 1.5 A. The insé

shows amx-helical wheel with upper residuefilied symbol$, assumed to show that residues 1, 2, 4, 5 and 8 of the S5-P |00p are
be exposed to the extracellular solution, and the lower residopgsn( €Xposed to the toxin, while residues 3, 6, and 7 are not
symbol}, assumed to be nonexposed. The status of residue 7 is undetefMacKinnon et al., 1990; Talukder et al., 1995; Gross and
mined (see text). MacKinnon, 1996; Krovetz et al., 1997). It should be noted

that results for residues 2 and 6 contradicting the results
cessible to metal ion screening in the extracellular solutionmentioned above have also been reported (Gross and
An obvious explanation for such an effect pattern is anMacKinnon, 1996). However, as we will discuss below,
a-helical structure of the N-terminal end of the S5-P loop,these residues may be located at the border between ex-
although, of course, other conformations are possible. Thposed and nonexposed regions and therefore conflicting
implications of this suggestion are explored below. results are not unexpected.

DISCUSSION . .
Residue distances to the voltage sensor
By correlating primary structure data with surface potentials

calculated from experimental data for seven voltage-gate sing the calculated potential contribution values, it is

possible to roughly estimate the distance between the S5-P
. loop sites and the voltage sensor. We made use of the
Experimental charge equation below, describing the potentigl) at the distance

" 2 r from an elementary chargg assuming that the charge is
dens“y (elnm ) located at the border between a low-dielectric (membrane)
05 .03 0.1 and a high-dielectric (water) medium (McLaughlin, 1989)
I T T (]
/ o~ Y(r) = 2e exp(—«kr)/(darege,). (5)
o Jo1 Bg . "
/ o £ &, is the permittivity of free space (8.88 10 **Fm™ 1), ¢,
/6 | 3 is the relative dielectric constant of the aqueous phase (80),
yd O N, and « is the inverse of the Debye length in the aqueous
o 0 4-0.3 "E; ",'7'; phase (9 A in Ringer squFion3 see Mat.erialls and I\_/Igthods).
70 o S (The solution to this equation is shown in Fig. 1). Fitting the
o/ 2 o) estimated nonzerob,, values (exposed residues) to the
i - curve, the following distances (in A) are obtained: 5.3
s J.o5 (residue number 1), 7.4 (2), 9.7 (4), 12.1 (5), and 17.5 (8).

Clearly, the underlying assumptions for this calculation are
FIGURE 2 Experimentally estimated charge densities (see Table 1) versimplistic. Assuming a more complex structure around the

sus theoretical charge densities (predicted from the calculated potenti@ensor invoIving crevices in the channel protein the esti-
contribution values) for the seven channels in Table 1. The surface poten- ’ '

tial was derived from the potential contribution values and the chargematlon will change (the lower limit bemg set by the case of

density from the surface potential by Egs. 1 and 3. The dashed line denotd§€€ charges in 50|Uti9n' which reduces the vglues above by
a 1:1 relation. 50%). However, until more structural details of the S4
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region are available, the present calculation may serve dsop in these channels has a helical structure. In contrast to
guideline for future experimental tests. the KcsA channel, the presently analyzed channels are volt-
age regulated and a helical structure of S5—P may be of
relevance for the voltage-sensing S4 machinery, for in-
stance, by stabilizing the S5-P loop in a position not to
As mentioned above, an obvious explanation to the presemtisturb the S4 movemend-helices have significant dipole
results is the hypothesis of a helical structure of the N-moments (see Nakamura, 1996) and are thus stabilized by a
terminal end of the S5-P loop. Assuming that the longitu-negative charge in the N-terminal end and a positive charge
dinal axis of the helix is perpendicular to the voltage sensoin the C-terminal end. It is noteworthy that the negative
(giving an interresidue distance of 1.5 A), the site-specificglutamate residue at position 1 is conserved in all known Kv
potential contributionsl’,,, well fit Eq. 5 when the distance channels (Gutman and Chandy, 1995), and that, in four out
between residue 1 and the voltage sensor is 5.5 A (Fig. 1pf the seven channels investigated in the present report, the
The associated helical wheel in Fig. 1 shows that residues sidue at position 8 carries a positive charge.

and 6 are located at the border between exposed and non-

exposed regions, possibly explaining the conflicting results

discussed above. Figure 3 shows that only minor modificaConcluding remark

tions are required to include a helical S5-P looht | summary, we have presented results from a correlation
pane) in the structural model of th&hakerchannel pro-  5n31vsis yielding data on site-specific effects on the gating
posed by Durell et al. (1998)eft pane). Note that the first ot "channels, unexpectedly suggestingehelical struc-
two residues (1 and 2), shown to influence the voltaggyre of the S5-P loop. The results can also be used to predict
sensor most in the present investigation, are located relane fynctional surface potential (and consequently the sur-
tively close to S4. _ face charge density) of other channels, not yet experimen-
The helix suggestion seems to be contradicted by re_sultt%l"y analyzed. Using reported sequence data (Gutman and
from the recently presented crystal structure of a bacterial KShandy, 1995), most Kv1 channels (includiBbake) are
channel (KcsA fromStreptomyces lividajisn which the predicted to have a density of about0.3e nm 2 Kv2
N-terminal part of S5—P (called turret by Doyle et al., 1998)(inc|uding Shab) and Kv1.5 channels, a density of about
is a random coil rather than arhelix (Doyle et al., 1998). _ o nm~2: Kv3 (including Shaw), Kv4 (including Shal),
However, it should be pointed out that the KcsA channelyng ky1.7 channels, a density of abou®.1e nm 2.
contains a proline (at the top of the turret; position 5) and  previous electrostatic mapping investigations have fo-
prolines are known to break-helical structures. This pro-  ¢sed on the pore region rather than on the voltage sensor
line residue is _absent in all the K channels included in theregion and involved reciprocal mutations on the K channel
present analysis. Thus, it cannot be excluded that the S5-8,q the specific blocker charybdotoxin (Stocker and Miller,
1994). The present correlation analysis provides a novel
method to map structural details of voltage-gated channels,
Durell et al., 1998 Present complementing the toxin-binding/site-directed-mutagenesis
approach but avoiding possible complications caused by
mutation-induced structural changes. It should be directly
applicable to the mapping of internal surface charges influ-
encing gating and the charges affecting conductance.

A structural hypothesis

APPENDIX: RELIABILITY OF THE SOLUTION

The results above critically depend on the validity of the approach used.
How sensitive is the solution obtained (the damped oscillation in Fig. 1) to
experimental uncertainties? We approached this problem in two ways.
First, we investigated how sensitive the,-values were to an increased
deviation from the experimental values. We calculated valueg fovhen
FIGURE 3 Schematic diagram of the extracellular surface of a Kvthe rms value from the calculations above (4.3 mV) was allowed to
channel. One (of four) subunit is shown in more detail. Small circles on theincrease by 20% (to 5.2 mV). The bars in Fig. 1 indicate the limiting values
loop between S5 and S6 are the individual amino acid residues investigatesbtained. Although it is possible to construct a curve within the bars that
in the present study. The thick bar indicates the pore helix (see Doyle et alis not a damped oscillation, all individual solutions were damped oscilla-
1998). The ion-permeating pore is located in the middle of the channeltions of the same magnitude as that shown in Fig. 1 (data not shown).
Loops connecting S1 with S2 and S3 with S4 are added for clarity. The Second, we investigated how sensitive the-values were to changed
length of one side of the channel is about 7 nm. The left panel shows thexperimental values. We calculated values¥gy; when the experimental
principal features of the molecular model of Durell et al. (1998). Note thatsurface potentials were allowed to deviate by 10%. Thus, each experimen-
residue 1 is within S5. The right panel shows the modified model based otal value was assumed to be either 10% higher or 10% lower than that
the present results. Filled symbols denote exposed, and unfilled symbolgiven in Table 1. By solving the resulting equation system for all of the 128
denote nonexposed, residues. Note that the residue before the glutamate(in 2°) combinations, we could show that the site-dependent potential
position 1 is also included to show where S5 ends. contribution still is described by a damped oscillation of the same magni-
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tude as that in Fig. 1 (data not shown). In conclusion, the solution obtainedtlinder, F., M. Madeja, and P. Arhem. 1996. Surface charges of K

seems relatively insensitive to experimental uncertainties. channels. Effects of strontium on five cloned channels expressed in
Another, but related, question is how unique the set of amino acid Xenopusoocytes.J. Gen. Physiol108:325-332

sequences of Table 1 is in giving a solution that shows the found fit to theElinder, F., Y. Liu, and P. Arhem. 1998. Divalent ion effects on Shaker

experimental values? Can other sequences, located on other extracellularK channel suggest a pentapeptide sequence as determinant of functional

loops, give solutions of equally good or even better fits? To investigate surface charge density. Membrane Biol165:183-189.

this, we compared the rms value obtained above (4.3 mV) with corresponderankenhaeuser, B. 1960. Sodium permeability in toad nerve and squid

ing calculations for arbitrary amino acid sequences constructed with the nerve.J. Physiol. (Lond.)152:159-166.

help of the random generator of the computer. The arbitrary sequencesankenhaeuser, B., and A. L. Hodgkin. 1957. The action of calcium on the

were constructed on the assumption that all amino acid residues were gjectrical properties of squid axonk.Physiol. (Lond.)137:218-244.

equally frequent. Thus, 10% were assigned acharge]o_flo%acharge Grahame, D. C. 1947. The electrical double layer and the theory of

of +1, and _5_% a c_harge of0.5. The resglt of the calculations showed that‘ electrocapillarity. Chem. Rev41:441-501.

the probability to find another set of residue sequences that gives a solution ) o o

that better fits the experimental values than that of Table 1 is very smaII.G"OSS* A and R. MacKinnon. 199.6' Agitoxin footprinting tSshaker

Out of 10,000 sets of arbitrary sequences, only 20 yielded rms values potassium channel poréleuron 16:399—406.

smaller than 4.3 mV, that is, the probability of finding a set of sequencesGrupe, A., K. H. Schiter, J. P. Ruppersberg, M. Stocker, T. Drewes, S.

giving a solution of a better fit to the experimental data than that of Table Beckh, and O. Pongs. 1990. Cloning and expression of a human voltage-

1is 0.2%. Furthermore, the 1% best cases included rms values of up to 11 gated potassium channgl. A novel member of the RCK potassium

TR . channel family. EMBO J 9:1749-1756.

mV, far above 4.3 mV. Even more convincing is the case when making

corresponding estimations for five-residue sequences. Such an estimatiégutman, G. A., and K. G. Chandy. 1995. Voltage-gated ¢hannelsin

seems justified by the fact that charges at positions 6, 7, and 8 only Handbook of Receptors and Channels. Ligand- and Voltage-Gated lon

marginally contribute to the surface potential at the sensor, well in line with Channels. R. A. North, editor. CRC Press, Boca Raton, FL. 1-71.

the negligible increase of rms value when comparing the five-sequence€rovetz, H. S., H. M. A. VanDongen, and A. M. J. VanDongen. 1997.

residue case with the eight-residue case (4.4 mV versus 4.3 mV). The Atomic distance estimates from disulphides and high-affinity metal-

calculations showed that, out of 100,000 sets of arbitrary sequences, only binding sites in a K channel poreBiophys. J72:117-126.

three yielded smaller rms values than 4.4 mV, that is, the probability to findLi, M., N. Unwin, K. A. Stauffer, Y. N. Jan, and L. Y. Jan. 1994. Images

a set of sequences better fitted to the experimental values was 0.003%. TheOf purified Shakerpotassium channel€urr. Biol. 4:110-115.

1% best cases included rms values of up to 20 mV. In conclusion, thesacKinnon, R., and C. Miller. 1989. Mutant potassium channels with

estimations suggest that the specific amino acid sequences of the investi- altered binding of charybdotoxin, a pore-blocking peptide inhibitor.

gated S5-P loops are unique in giving a solution that fits the experimental Science245:1382-1385.

values. MacKinnon, R., L. Heginbotham, and T. Abramson. 1990. Mapping the
receptor site for charybdotoxin, a pore-blocking potassium channel
inhibitor. Neuron 5:767-771.
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