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Abstract. The effects of the divalent cations strontium malian K channel clones (Elinder, Madeja & Arhem,

and magnesium on Shaker K channels expressed ih996). The net charge of the loops connecting transmem-
Xenopusoocytes were investigated with a two-electrodebrane segments S1 and S2 (S1-S2), and segment S5 an
voltage-clamp technique. 20nmof the divalent cation the pore region (S5-P) showed positive correlations.
shifted activation (conductances. potential), steady- However, the total charge of all four extracellular loops

state inactivation and inactivation time constastpo-  also showed a positive correlation. To take the analysis
tential curves 10-11 mV along the potential axis. Thefurther we have studied two other channels, xKv1.1 and
results were interpreted in terms of the surface charg&haker, the charge profiles of which deviate from those
theory, and the surface charge density was estimated ¥ the other channels studied. In the preceding paper
be -0.27e nm 2. A comparison of primary structure data (Elinder & Arhem, 1998) we analyzed xKv1.1 and con-

and experimental data from the present and previougjuded that the functional charges do not belong to the
studies suggests that the first five residues on the extrag1.g2 loop. We could not, however, discriminate be-

cellular loop between transmembrane segment 5 and th@ueen the hypothesis that the net charge of the S5-P loop
pore region constitutes the functional surface chargesg the major determinant of the functional charge density

The results further suggest that the surface charge degq the hypothesis that the net charge of all four extra-
sity plays an important role in controlling the activation .q|ular loops is the major determinant.

voltage range. In the present investigation we have analyzed this
issue by studying divalent cation induced shifts of gating
Key words: Shaker K channel — Voltage clamp — kinetics for Shaker K channels expressedXanopus
Xenopusoocytes — Surface charges oocytes. As in previous investigations (Elinder et al.,
1996; Elinder & Arhem, 1998) we chose®Sand Md¢*
as cations because these have been shown in other prep:
rations to shift gating kinetics less than other divalent
cations and been proposed to screen surface charge

Surface charges on voltage-gated ion channels have beggihout binding (Hille et al., 1975; Arhem, 1980; Cukier-
suggested to play a significant role in channel functionman & Krueger, 1990).

(seeGreen & Andersen, 1991; Hille, 1992). The factthat  1he rationale for the present investigation is indi-

the Debye length in Ringer solution is muzch shorter thanyaieq in Fig. 1. Regression lines for the relation between
the channel dimensions (9 ¥s.80 x 80 A seeHille, experimentally estimated charge densities and the net
1992; Li et al.,, 1994) implies that charges located ingparge of all four extracellular loops and that of the S5-P
different extracellular loops contribute differently to the loop are plotted for the six Kv channels previously in-
surface charge density sensed by the gating mechanisf,qyioated (Elinder et al., 1996; Elinder & Arhem, 1997).

{n :er?rti\g%us g:.‘:ﬁ:ﬂ?;f'ogs\tyneqaft%%nghgrCgr;zlﬁg.?gsbg;@ssuming that all the extracellular loops contribute
W Xper y estl 9 i gually to the functional charge density of the Shaker

the charge of specific extracellular loops of five mam'channel, the charge density is predicted to be —@44

nm 2 (net charge is —7.8; see arrows and dashed line).
I Assuming that exclusively the S5-P loop contributes to
Correspondence taP. Arhem the functional surface charge density, it is predicted to be

Introduction
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CaCl, and 0.82 MgS@) supplemented with penicillin (1.g/ml) and

Predicted charge density (e nm'z) - ] ! :
streptomycin (10wg/ml). The electrophysiological experiments were

-0.50 -0.25 0.00 made 2-8 days after injection of mRNA.
t i f ! e
TSR S ELECTROPHYSIOLOGY
e e g
////’/ //// % The investigations were performed with a two-electrode voltage-clamp
=] - 54+ 8 technique (CA-1 amplifier, Dagan, Minneapolis, MN). Microelectrodes
rad © were made from borosilicate glass and filled with & XCI solution.
7 All loops g The resulting resistance varied between 0.5 andv®0 The amplifi-
4 er's capacitance and leak compensation was used. The currents were
-7 low pass filtered at 2 kHz. All experiments were carried out at room
10 temperature. The control Ringer solution consisted of (in)ml15

NaCl, 2.5 KCI, 2.0 CaCland 5.0 TRIS buffer adjusted to pH 7.2.

Fig. 1. Predicted charge densities for the Shaker channel based oﬁ'the_r strontium or magnesium &N92+)’ was added to the Ringer
regression lines (dashed) for the relation between experimentally ob§olut|on. The reason for using these ions is that they are suggested to
tained charge density and net charge of all extracellular loops, and ne;
charge of the S5-P loop for the K channels investigated in Elinder et al:
(1996) and Elinder & Arhem (19%]. The extracellular S5-P loop is
igfglr;(.ed in the Table. The total sequence is given in Schwarz et aI'DATA ANALYSIS

xert pure screening and no bindirsgéElinder et al., 1996; Elinder &
rhem, 1998).

The K peak conductand8, (V) was calculated as

—_0.10e nm 2 (n(_et charge is jb; seearrows and dashed g (v) = 1 (v)/(V - E), @
line). The relatively large difference between the pre-

dicted values should make it possible to evaluate thevherel, (V) is the K peak currenty is the absolute membrane poten-
validity of the two alternatives by experimentally esti- tial, andEy is the equi!ibrium potential, assume_d to be -80 mV.
mating the charge density of the Shaker channel. The_ ;hfh‘;hgrrgi:;re‘sgwga"t‘ﬁ ‘Zi‘g:;‘;‘.ted by fitting the experimental
results of the investigation showed unexpectedly that the . '
estimated surface charge density was exactly halfway n

between the two predicted densities. This may seem iNe? = 26,80RTY, Glexp—zFoR T ™) - 1], %)
conclusive with respect to the predictions above. How- =

ever, if the S5-P hypothesis is modified by assuming thajyhere., is the dielectric constant of the mediury s the permittivity
the putative functional charges only constitute a part ofof free space, is the bulk concentration arglis the valence of thith
the S5-P loop, the correlation with the experimental es-onic species in the extracellular solution,is the number of ionic

timations is satisfactory. species, andy, is the external membrane surface potentalT,andF
A preliminary report of these findings has been pub_have their usual thermodynamic significances. The validity of Eq. 2 for
; ; the present investigation is discussed in Elinder and Arhem (1998).
lished (Elinder & Arhem, 1997).
Results

Materials and Methods

MOLECULAR BioLoGY EFFECTS OFSF" AND Mg**
MRNA for ShakerB channels (Schwarz et al., 1988) was prepared afigure 2 shows effects of 20 mmMg?* on Shaker K
described by Goldin (1992). Templates for transcription were generate¢urrents associated with Voltage clamp steps from -60 to
by linearizing circular plasmid cDNAs of ShakerB channels (Bluescript +10 mV in steps of 10 mV. The peak current at —20 mV
KSIl) with EcoRI. Transcription reactions were performed with T7 : 0
polymerase at 37°C for 1 hr (Stratagene T3 or T7 mCAP mRNA (4th curve from top) is much more re(guce.d (.by .90 )
Capping Kit). The resulting mRNA were dissolved in gband were tha,‘n that at +10 mV (tOp curve, by 35 A))’ mdlcatmg a
stored at ~70°C until injection. Oocytes of the South African clawed Shift of voltage dependent parameters along the potential
frogs (Xenopus laeviswere used as the expression system. Adult fe- aXiS. This is more clearly seen in FigA3vhere control
male frogs were embedded in ice for 1-2 hr. Stage V and VI oocytegunfilled circles), 20 nw Mgz+ (filled circles), and re-
were surgically removed and denuded of overlying follicle cells by covery (unﬂ”ed Squares) values for the peak conduc-
agitation for 1-2 hr in 2 mg/ml collagenase type Il (Sigma) ifSee  {3ce are plotteds. potential. A comparison between the
?E'Z buffer (in nu: 82.5 NaCl, 2 KCl, 1 MgC}, and 5 HEPES, pH . qheq curve, which is the control curve (i.e., mean of
.5). The in vitro-synthesized mRNA was injected (10-20 ng/cell) . . .. .
using a Nanoject injector (Drummond Scientific, Broomall, PA). The 90”"0' and recovery) ZShlfted 13 mV in positive dlre_c-
oocytes were maintained at 18-20°C in a modified Barth's solution (intion, and the 20 m Mg“" values demonstrates the shift

mwm: 88 NaCl, 1 KCI, 2.4 NaHCQ 15 HEPES, 0.33 Ca(Ng,, 0.41  effect. The shift value used (13 mV) is the difference
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Fig. 2. Effects of 20 nm Mg?* on Shaker K channels. Currents associated with voltage clamp steps from —60 to +10 mV in steps of 10 mV. Holdi
potential is —60 mV. Low-pass filtered at 2.0 kHz. Capacitive spikes are truncated.

between the control and the 20vnMg?* curves at 25% mean shift induced by 20mSr**/Mg?* and measured at
of the maximum value of the control curve (at 10 mV). the 7 msec (the current being sufficiently large to be
The 25% level was chosen to minimize the influence ofreliably measured but not too fast) was 10.2 £ 1.0 mV (
scaling effects on the measured valgedElinder etal., = 5), thus close to the mean shift of the conductance
1996; Elinder & Arhem, 1998). curve described above. Figur€ 3hows the effects of 20
The investigation was based on experiments withmv Mg?* on the steady-state inactivation curve. The test
various concentrations of both®rand Mg** on a large  step to =10 mV was preceded by 1-sec steps to the po-
number of oocytes. We did not find any systematic dif- tentials indicated. The dashed line indicates the control
ference in shift value between the two cations. The quaneurve shifted by 13 mV, that is the shift of the con-
titative analysis was based on results from five oocytesductance curve (Fig./. As may be seen it closely
selected for their stable responses and good recoverpllows the 20 nw curve in accordance with the results
in control solution. The mean shift é&m) of the open  above.
probability curve (at the 25% level) caused by 2&m Figure D shows the effect of 20 m Mg?* on the
SrP*/Mg** was 10.8 + 0.7 mVr{ = 5). recovery from inactivation. The measurements were
This shift value can be used to estimate the chargenade with a conventional double pulse protocol: an ac-
density with the Grahame equation (Eq. 2), provided thdivating 20 msec step to +10 mV, a step of variable
shift was caused by screening mechanisms and not bguration (10—-160 msec) to —60, -80, and -100 mV, and
binding. As discussed in the previous paper (Elinder &a third step to +10 mV. As shown, the tested concentra-
Arhem, 1998) this assumption requires that the voltagetion Mg®* has almost no effect (<10%) on the recovery
dependent parameters of the activation are shiftedime constant. However, because of the weak voltage
equally and that the voltage-dependent parameters of thdependence of the recovery, only small effects are ex-
inactivation are shifted equally. Binding often causes thepected from a pure screening mechanism. This is in the
shift of the time constant curves to deviate from that offigure illustrated by the dashed line, indicating the con-
the steady-state activation or inactivation curves (Hille,trol curve shifted by 13 mV (i.e., the shift of the con-
1992; Elinder & Arhem, 1994). Assuming further that ductance curve in Fig.A. In conclusion, the results
inactivation is coupled to activation in Shaker channelsconcerning the shifts of voltage-dependent parameters
(as proposed by Zagotta and Aldrich (1990)), puresuggest that the induced shift mainly is caused by a
screening predicts that all voltage-dependent parametessreening mechanism and not by binding to the surface
are shifted equally. charges, thus validating the use of the Grahame equatior
The results of the present study was found to beg(Eq. 2).
compatible with this pure screening prediction. Figure
3B shows the inactivation time constant plottesl po-
tential for the same cell as in FigA3The dashed line is ESTIMATION OF THE FUNCTIONAL SURFACE
the control curve shifted by 13 mV, that is the shift of the CHARGE DENSITY
conductance curve (Fig.A3. As seen, the dashed line
closely follows the 20 m Mg?* curve, supporting the Using the mean shift of the conductance curve at 20 m
view that the effect mainly is screening induced. TheSr**/Mg?* calculated above (10.8 mV) the Grahame
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Fig. 3. Shift of voltage-dependent parameters along the potential axis induced by R0gAT. (A) Peak conductanoces. potential in control (open
circles), Mg™ (filled circles) and control solution at recovery (open squares). The dashed line is control curve (i.e., average of control and reco
values) shifted 13 mV.R) Inactivation time constants. potential. Same symbols as iA)( (C) Steady state inactivation curve. Same symbols as
in (A). (D) Time constant of recovery from inactivatims. potential. Same symbols as iA)( Pulse protocols described in the text.

Table 1. Data on S5-Pore sequences and experimental charge density estimations for the
seven Kv channels analyzed

Type of S5-P sequence Net charge Experimental
channel of S5-P charge density
C) (enm™)

Shaker EAGSENSF KSIP -1 -0.27

rkvl.1 EAEEAESH FSSIP -35 -0.37

xKv1.1 EAEEDESH FTSIP -4.5 -0.45

rkv1l.5 EADNHGSH FSSIP -1 -0.17

rkv1.6 EADDVDSL FPSIP -4 -0.28

rkv2.1 EKDEDDTK FKSIP -2 -0.17

rkv3.4 ERIGARPSOPRGNDHTDFKNIP +0.5 -0.11

The values for the experimental charge densities are taken from the present study (Shaker),
Elinder et al., 1996; rkv1.1, rkv1.5, rKv1.6, rkv2.1 and rkv3.4, and Elinder & Arhem, 1998;
xKv1.1l. Glutamate ) and aspartate) are assigned a charge of -1, lysi@ &nd arginine

(R) +1, and histidineKi) +0.5. The sequences are taken from Schwarz et al., 1988; Baumann
et al., 1988; Ribera & Nguyen, 1993; Swanson et al., 1990; Grupe et al., 1990; Frech et al.,
1989; Schiter et al., 1991.

equation gives a surface charge density of @2 2. the two alternatives is the best explanation. However,

This value is halfway between the values predicted forbecause of the short Debye length under the present con
the S5-P hypothesis and the total-loop hypothesis (—0.1@itions, a more plausible explanation is that the determi-

e nm 2 and -0.44e mm ? respectivelyseelntroduction  nant only comprises part of the S5-P segment. This will

and Fig. 1). This seems to suggest that a combination dbe developed in the Discussion.
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Discussion Charge density (e nm'z)

[+)
MOLECULAR IDENTITY OF THE FUNCTIONAL -0.50 0.25

SURFACE CHARGES °

The present investigation thus did not allow a separation -4
between the two hypotheses concerning the main deter- o st
minant of the functional charge density with the help of -
the criteria set out in the Introduction. On the other hand, o
by plotting the experimentally estimated surface charge -0+
densities for the channels in the present (filled circle) and
in the preceding investigations (unfilled circles; Elinder
et al., 1996; Elinder & Arhem, 1998)s. the total net
charge of the extracellular loops (FigAdandvs.the net B 1
charge of the S5-P loop (FigB} some support for the 0.2 °
S5-P loop hypothesis, advocated in the preceding inves-
tigation of xKv1.1 channels (Elinder & Arhem, 1998),
can be obtained. The fit is better in the S5-P case than in ° 2
the all-loops casert = 0.87vs.0.80). at
There are several possible reasons for the discrep-
ancy between the two conclusions. In the absence of a %
detailed tridimensional picture of the channel the inves- 5
tigation has to be based on a number of more or less
realistic assumptions. The channels studied are assumed
to have a similar external topology. The Gouy-Chapman
theory and the Grahame equation (Eq. 2) are assumed to 1-
be applicable. The individual charges of the loops are in®® 0.2
practice assumed to contribute equally to the electrostatic
field at the voltage sensor. Of these assumptions the last
one seems to be the weakest. The Debye length in Ringer . 2T
solution geelntroduction) is sufficiently short to make o o o -3
this assumption questionable. (For the validity of the
Gouy-Chapman theory and the Grahame equatee,
McLaughlin, 1989; Peitzsch et al., 1995; and Elinder & 5
Arhem, 1998') We therefore alsp considered limited SeCT:ig. 4. Relation between the experimentally obtained charge density
tions of the S5-P loop as putative surface charge detersg the net charge of the four extracellular loof}f the S5-P loop
minants. The Table shows the S5-P loop sequences ang) and of the first five amino acids of the S5-P lod) for the Shaker
the experimentally estimated charge densities of thehannel (filled circles) and the Kv channels Evestigated in Elinder et
i i I. (1996; unfilled circles) and Elinder & Arhem (1998; unfilled
g?:;grilsa:ze?hfeogtrg\e”gﬂ;rellnegg)srllggﬁ(l){]ssls (E(Tﬁl]tc?ef: OeT ;legircl(es)._ The amino acid sgquences of the investigat(ed SS_—P qups are
1996: Elinder & Arhem, 1998). The best correlation Waslshown in the_ Table._ References to full sequences are listed in the
. I . . . egend. Continuous lines are least-square fitted linear curves through
found for the section containing the first five residues e yigin. Siopes are 18.6 #a), 9.2 nn? (8), and 9.0 nif (C) and
(Fig. 4C). Furthermore, the COI’I’e|ZztI0n was better than,z yajues 0.804), 0.87 @) and 0.92 C).
that of the full length S5-P loop datef(= 0.92vs.0.87).
We also systematically investigated sections of the other

loops in a similar way. In no case was a correlation tha& I
. the activation range of voltage-gated K channels. In a
was better or even close to that of the S5-P pentapeptldg 9 ge-9

Total net charge (e)

S$5-P net charge (e)

S$5-P(1-5) net charge (e)

sequence found. In conclusion, we suggest that this loo revious paper (Elinder et al., 1996) we found a clear
quenc g S ggest orrelation between the midpoint potential, the potential
section is the main determinant of the functional surface

at which 50% of the channels are activated, and the sur-
face potential in Ringer solution (determined by Eq. 2)
for five mammalian K channels. The present investiga-
A PHYsIOLOGICAL ROLE OF SURFACE CHARGES? tion of Shaker and xKv1.1 channels (Elinder & Arhem,
1998) brings new data to the issue. The surface potential
The present investigation is also of relevance for the ideat the voltage sensor for the Shaker K channel in control
that the surface charge density is important in regulatindringer solution is —45 mV, which corresponds to a

charge density of Kv channels.
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140 ~ half activated at about 0 mV in the absence of internal
> .
(S and external surface charges. This would suggest that
1o %’ nonelectrical forces on the voltage sensor are symmetri-
b= cal.
-80 60 40 o -20 3
: : e g
b= Conclusions
9 420 _§.
s In summary, the present investigation suggests that the
* dao first five N-terminal residues of the S5-P loop form the

main determinant of the functional surface charges in
voltage gated K channels. This suggestion entails its own
Fig. 5. Relation between midpoint and surface potentials for the chan-eXtens_lon_' _The ch_arges Wlthm_ the limited segm_er_1t may
nels of the present and previous investigations (Elinder et al., 19968how individual differences W'Fh r_eSpeCt to the"_ influ-
Elinder & Arhem, 1998). The xKv1.1 and Shaker channel denoted byence on the voltage sensor. This will be explored in more
filled circles. The continuous curve is the least-square fit with a fixed detail in a following investigation. Finally, the present
slope of 1.0. investigation strengthens the view that the surface charge
density plays a role in regulating the activation range of
voltage-gated K channels.

Surface potential (mV)

charge density of —0.28 nm 2. The midpoint potential
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