Eur Biophys J (1998) 27: 99-104

© Springer-Verlag 1998

ARTICLE

M. K. Schott - C. Antz - R. Frank - J. P. Ruppersberg
H. R. Kalbitzer

Structure of the inactivating gate from the Shaker voltage gated K* channel

analyzed by NMR spectroscopy

Received: 25 August 1997 / Accepted: 7 November 1997

Abstract Rapid inactivation of voltage-gated K™ (Ky/)
channels is mediated by an N-terminal domain (inactivat-
ing ball domain) which blocks the open channel from the
cytoplasmic side. Inactivating ball domains of various K,
channelsareal so biologically activewhen synthesized sep-
arately and added as a peptide to the solution. Synthetic
inactivating ball domainsfrom different K,, channelswith
hardly any sequence homology mediate quite similar ef-
fects even on unrelated K, channel subtypes whose inac-
tivation domain has been deleted. The solution structure
of the inactivating ball peptide from Shaker (Sh-P22) was
analyzed with NMR spectroscopy. The NMR dataindicate
anon-random structure in an agueous environment. How-
ever, while other inactivating ball peptides showed well-
defined three-dimensional structures under these condi-
tions, Sh-P22 does not have a unique, compactly folded
structure in solution.
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Introduction

The molecular mechanism of rapid inactivation of the so-
called “A-type” K* channels was first studied in Shaker
channels (Timpe et al. 1988; Pongs et al. 1988) from Dro-
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sophila melanogaster. Different Shaker K* channel sub-
types are products of the same gene that is alternatively
spliced to generate various N- and C-terminal variants
which show functional differences. Rapidly inactivating
Shaker channelshaveaparticular N-terminal domain miss-
ing in the slow inactivating variants (Timpe et al. 1988;
Iverson et al. 1988). It has been shown that treatment of
inside-out patches with trypsin, N-terminal deletions and
point mutations in this domain may destroy rapid inacti-
vation (Hoshi et al. 1990), and that rapid inactivation can
betransferred to a non-inactivating mammalian potassium
channel by exchanging its N-terminus with that of a rap-
idly inactivating Shaker channel (Stocker et a. 1991). In
amore detailed structure-function analysisit was possible
to identify two functional domains in the N-terminus of
Shaker channels (Hoshi et al. 1990). First, avery N-termi-
nal domain of 21 amino acids in length which is assumed
to bind to the open channel pore (“inactivating ball do-
main”). A deletion in this domain slows or destroys rapid
inactivation. Second, alonger sequence domain which ties
the inactivating ball domain (IB) to the first transmem-
brane segment and which was designated as “chain-do-
main”. Deletions in the chain-domain speed-up inactiva-
tion, presumably by bringing the IB closer to the channel
pore (Hoshi et al. 1990). When the Shaker 1B was synthe-
sized as a peptide and applied at micromolar concentra-
tions to the cytoplasmic side of an inside-out patch carry-
ing non-inactivating Shaker K* channels, it was ableto re-
storeinactivation (Zagottaet al. 1990). Thisindicated that
the ball-domain represents an autonomous protein struc-
ture which may interact with the channel pore of voltage-
gated K* (K\/) channels, independently of the chain do-
main. The sequence of the|B comprised ahydrophilic part,
which carries several positive charges, and a hydrophobic
part. Site-directed mutagenesis experiments have shown
that the positive charges are important for electrostatic at-
traction of the IB while the hydrophobic part mediates the
binding affinity of the I B to the mouth of the channel (Mur-
rell-Lagnado and Aldrich 19933, b).

Three types of rapidly inactivating mammalian K*
channels have been cloned so far (Stiihmer et al. 1989;
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Schréter et al. 1991; Pak et al. 1991) and named RCK4,
Raw3 and mShal. Additionally, it was found that [3-sub-
units of the K* channels mediate rapid inactivation when
they are coexpressed with a-subunits of non-inactivating
Ky channels (Rettig et al. 1994). By analogy with the
Shaker K* channels, amechanism of inactivation based on
an | B and achain-domain was al so assumed for the fast in-
activating mammalian A-type K™ channels. For Raw3 the
effect of a deletion of the N-terminal 28 residues was
tested; thisled to a phenotype which was indistinguishable
from the non-inactivating Raw2 channels (Rettig et al.
1992). Moreover, the inactivating potency of peptides
composed of thefirst 28 amino acids of the Raw3 sequence
and of the 37 amino acids of the RCK 4 sequencewastested
and compared with the corresponding peptides from
Shaker (Ruppersberg et al. 1991b). In these experiments
the two peptides derived from mammalian K* channels
were more potent than the peptide derived from Shaker
channels. Although al three peptides showed functional
similarity and appeared to be active at the same receptor
site, they display no sequence homology except for a se-
guence motif responsible for glutathione modulation in
RCK4 and Raw3 (Ruppersberg et al. 19914).

We recently determined thethree-dimensional structure
of the IBs of RCK4 and Raw3 (Antz et al. 1997); it turned
out that the IB of Raw3 shows a compactly folded “ball”
structure and that the IB of RCK4 contains awell-defined
helix-turn motif in addition to a N-terminal unstructured
region.

The present study investigates whether the functional
IB peptide of Shaker has awell-defined and unique struc-
ture in agueous solution. Circular dichroism (CD) meas-
urements of the Shaker IB showed that it is unfolded in
agueous solution but adopts some S-pleated structure in
the presence of detergents (Fernandez-Ballester et al.
1995). In contrast, Aldrich et al. (1990) reported that NMR
spectroscopy revealed that the peptide is unfolded but ex-
hibits a propensity to form a helical conformation, an ef-
fect which is strengthened in the presence of trifluoroetha-
nol. The aim of this paper is to present the data available
from NMR spectroscopy in more detail, in order to obtain
a more precise picture of the structural dynamics of the
Shaker IB.

Materials and methods
Peptide synthesis

Peptide Shaker-P22 (MAAVA GLY GL GEDRQ HRKKQ
QQ — CONH,; molecular mass 2485 Da) was synthesized
and purified by solid phase synthesis (Frank et al. 1988).

NMR measurements

The *H NMR spectra were recorded with a Bruker AMX-
500 NMR spectrometer operating at 500 MHz. 2.5 mg of

the Shaker -peptide was synthesized and dissolved in buf-
fer A or B. Buffer A consists of 1 mm DTE, 0.5 mm
EDTA, 0.8 MM NaN3 in 450 ml H,0, 50 ml D,0, pH 3.9.
Buffer B isabuffer devisedto simulate physiological intra-
cellularionic conditionsasfar aspossible (Freund and Kal -
bitzer 1995); it is composed of 47.0 mm K3PO,, 9.0 mm
KHCO3, 2.4 mm MgHPQO,, 0.3 mm K,SO,, 2.2 mm KCl,
4.5 mm Na,HPO,, 67.2 mm CD;COOD, pH 7.2in 450 ml
H,0O, 50 ml D,O. The pH values were measured with a
combination glass el ectrode. The values obtai ned were not
corrected for isotope effects. The spectrawere recorded at
282 K. The water signal was suppressed by selective pre-
saturation of 1.5 s duration. *H chemical shifts were re-
ferred to 2,2-dimethyl-2-silapentane-5-sulphonate (DSS)
used as internal standard. Spin-system identification and
sequential assignments were achieved by two-dimension-
a homonuclear NOESY, ROESY, DQF-COSY and
TOCSY experiments. NOESY spectra were recorded ac-
cording to Jeener et al. (1979) with mixing timesof 100 ms
and 300 ms and z-filtered ROESY spectra according to
Rance (1987) with mixing times of 150 ms and 200 ms.
TOCSY spectrawererecorded according to Braunschweil -
er and Ernst (1983) using a 60 ms MLEV-16 decoupling
sequence (Levitt et al. 1982) for isotropic mixing. DQF-
COSY spectrawere obtained with the basi c pul se sequence
described by Rance et al. (1983). Phase sensitive detection
in the e -direction was obtained by the time proportional
phase increments method (Marion et al. 1983). For echo
suppression a pair of spin lock pulses of 5 msand 2.5 ms
duration with orthogonal phases were applied before the
low-power water suppression pulse. Typical recording
times for two-dimensional spectrawere 12-48 h. H/D ex-
change rates were determined in a series of TOCSY-spec-
tra (256 x 4096 time-domain data points, one scan per
time-increment, total acquisition time per two-dimension-
al spectrum approximatly 9 min) recorded immediately af -
ter dissolving the protonated peptide in D,0.

Spectral assignment

The spectrawere processed with the program XWINNMR
(Bruker). Data evaluation was performed with AURELIA
(Neidig et al. 1995). Assignment of resonance lines was
performed according to the standard procedure (Wthrich
1986) using DQF-COSY and TOCSY spectrafor theiden-
tification of the spin systems and NOESY spectra for the
sequence-specific assignment. Amide-Ha coupling con-
stantsJ,n., Were determined from astrongly resol ution-
enhanced DQF-COSY spectrum with high digital resolu-
tion (spectral width 5050.50 Hz, 1024 * 8192 time domain
data points, sinefiltering in t; dimension, Gaussian filter-
ing in t, dimension, size of the frequency domain data
2048* 16384 real data points, base line correction accord-
ing to Saffrich et al. (1993)). The peak-to-peak separation
was determined with the program AURELIA (Neidiget al.
1995), the J-coupling constants were obtained by fitting
the corresponding DQF-COSY peaksto two antiphase L o-
rentzian functions. The digital resolution of the time-do-
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Table 1 *H chemical shifts of

: N a 9

Shaker P2 peptide a pH 7.2 Residue H H HA HY H Others

and 282 K Met-1 _b 4.04 214 263 €211
Ala-2 854 436 1.42
Ala-3 856 436 1.39
val-a 827 410 2.08 0.97
Alas 855 435 1.41
Gly-6 843 392
Leu-7 810 427 1.36 1.46 0.80/0.87
Tyr-8 833 461 2.93/3.15 5,715 £,,6.85
Gly-9 844  3.93
Leu-10 828 437 1.35 1.46 0.89/0.96
Gly-11 863  3.95/3.99
Glu-12 841 423 1.95/2.05 2.26
Asp13 860 457 2.75/2.69
Arg-14 837 422 1.78/1.86 1.60/1.75  3.19 £7.39
GIn-15 840 428 1.09/2.08 231 £, 6.99/7.67
His-16 832 460 3.02/3.12 5,711 €. 8.06
Arg-17 841 429 1.83/1.87 163/1.76 319 £7.39
Lys-18 847 427 1.70/1.76 142 1.78/1.84 £2.99, 7 7.69
Lys-19 850 430 1.71/1.79 1.45 1.81 £2.99 ¢ 7.69
Gin-20 856  4.30 2.00/2.11 2.39 €, 6.98/7.65
Gln-21 858 434 2.03/2.15 241 €, 6.98/7.65
GIn-22 857 432 2.02/2.14 2.40 €, 6.98/7.65

& Shifts (ppm) were measured relative to DSS

Resonance line not identified

main data used in the t, direction was 0.62 Hz/point and
0.31 Hz/point after Fourier transformation. Dihedral an-
gles pwere calculated with the Karplus equation using the
parameters from Pardi et al. (1984). The NOESY cross
peaks were integrated by the automated segmentation pro-
cedure of the program AURELIA. Distances were cal cu-
lated from NOESY spectra (with amixing time of 1200 ms)
applying theinitial slope approximation. A set of well-re-
solved methylene protons with the known separation of
0.176 nm was used as reference distance.

Exchange rates

The experimental pseudo-first order H/D-exchange rates
k; were determined by fitting the NH-Ha cross peak vol-
umes S; of a series of TOCSY spectra recorded at differ-
ent times t after dissolving the protonated peptide in D,O
to the equation S;(t) = S;(t = 0) exp(—k;t). The theoretical
exchange rates ko, for random-coil peptides were calcu-
lated as described by Bai et al. (1993) with a program ob-
tained from S. W. Englander; they are corrected for pH,
temperature, ionic strength, and amino acid sequence ef-
fects.

Results and discussion

The NMR experiments on the | B-peptide were performed
under various experimental conditions, in aqueous solu-
tion at low pH (buffer A) and in a “physiological” buffer
at nearly neutral pH (buffer B). The spinsystemswerecom-
pletely assigned under these conditions by one- and two-
dimensional NMR methods (low pH is favourable for the

1 " 2
MAAVAGLYGLGEDRQHRKKQQQ

Fig. 1 Sequential NOEs and local structure of Shaker-P22. The
strength of the intra residue H(i)-H"N(i) NOE d'?lf" the sequential
HY({)—HN(i + 1) NOE dy,, the sequential H#(i)-H"(i + 1) NOE d
and the sequential HN(i)-HN(i + 1) or Hi)-HN(i + 1) (for prolyl
peptide bonds) NOE dy, is represented by the thickness of the bar.
NOEs with NOESY-cross peaks in superposition free regions of the
spectrum are depicted by filled bars, broken lines indicate NOES
which are present but could not be quantified precisely

observation of the exchangeable protons, neutral pH and a
suitable ionic composition of the buffer is important to
show the biological relevance of the possible structures).
The chemical shifts obtained suggest that the conforma-
tion obtained in the “physiological” buffer is essentially
retained at low pH. The missing concentration dependence
of thelinewidthswith an average value of 5.9 Hz at 282 K
indicates that, in the millimolar concentration range used,
the peptide is dissolved in amonomeric state and aggrega-
tion can be neglected. The *H NMR chemical shifts of the
resonances of the Shaker peptide in the “physiological”
buffer are given in Table 1. Figure 1 gives on overview of
the most important NOES obtained during the sequential
assignment of the spin systemswhich simultaneously char-
acterizes the local structure (secondary structure) of the
Shaker IB. The pattern of sequential NOEs is dominated
by d,n, the NOE between the a-proton of amino acid i and
the amide proton of the following amino acids as is typi-
cal for more extended structures. Between Leu7 and Gly11
a stretch of additional amide-amide NOEs (dyy) are ob-
served, indicating a tendency for helical conformation in
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JHN-H!X
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Fig. 2 Amide-H? J-coupling constants 3J,y_4 in the Shaker 1B.
The coupling constants *Jn_, €Xperimentally determined for the
Shaker 1B (black columns) are compared with the random-coil val-
ues (grey columns) taken from Bundi and Withrich (1979). The
coupling constants were determined at 282 K and pH 7.2 in physio-
logical buffer and pH 3.9. No pH-dependent changes were observed.
An error of 0.5 Hz can be estimated from the limited digital resolu-
tion
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Fig. 3 Deviations of a-proton and amide proton chemical shifts
from random-coil values. AH® and ASHN represent the differences
of the experimentally determined H?- and amide chemical shiftsto
the standard random-coil values given by Wiuthrich (1986) deter-
mined at 282 K, pH 7.2 (black bars) and pH 3.9 (grey bars), respec-
tively

thisregion. Nointermediate or long range NOEs (inthela-
boratory aswell asintherotating frame), expected for well-
folded compact structures, could be observed. Most of the
experimentally determined coupling constants between
amide and a-proton, which indicate the average backbone
@-angle, correspond to the random-coil values reported by
Bundi et al. (1979) (Fig. 2). However, there are afew ex-

Table 2 Exchange Rates for Shaker-P22 peptide at pH 3.3 and
283K ?

Residue Kexp (107/s6C)  Kipeo (107%/seC) Ktheo/Kexp
Met-1 _b 1320.00 (#330.00)  —
Ala-2 _b 41.60 (+10.82) -
Ala3 0.75 (+0.08) 0.93 (+0.24) 1.2
Val-4 0.25 (x0.02) 0.18 (+0.05) 0.7
Ala5 0.75 (+0.08) 0.64 (+0.18) 0.9
Gly-6 0.86 (+0.09) 1.53 (+0.43) 1.8
Leu-7 0.52 (+0.05) 0.37 (+0.09) 0.7
Tyr-8 0.40 (+0.04) 0.30 (+0.08) 0.8
Gly-9 1.07 (+0.11) 1.65 (+0.46) 15
Leu-10 0.67 (x0.07) 0.37 (+0.09) 0.6
Gly-11 1.55 (+0.16) 0.95 (+0.28) 0.6
Glu-12 1.34 (+0.13) 1.96 (+0.51) 15
Asp-13 _b 7.88 (+2.13) -
Arg-14 2.62 (+0.79) 3.28 (x0.89) 1.3
Gln-15 2.70 (+0.81) 1.50 (+0.46) 0.6
His-16 _b 7.75 (+2.52) -
Arg-17 -b 6.26 (+1.82) -
Lys-18 1.72 (+0.52) 1.19 (+0.34) 0.7
Lys-19 2.25 (+0.67) 0.95 (+0.28) 0.4
GIn-20 2.26 (+0.68) 1.20 (+0.34) 0.5
Gln-21 2.26 (+0.68) 1.44 (+0.42) 0.6
GIn-22 2.26 (+0.68) 1.44 (+0.42) 0.6

@ Experimental exchange rates ky,e, and theoretical (random-coil)
exchange rates Ko, Were determined from the data from Bai et al.
(1993) as described in Materials and Methods. Note that the theoret-
ical rates are corrected for pH, temperature, ionic strength and side-
chain effects. Errorsin ke, are estimated from the exponential fit of
thedata; errorsin K, weredetermined by assuming an error of +1 K
for the temperature and +0.1 unit for the pH

Exchangeratescould not be determined with the method used since
the amide protons were already exchanged in the first spectrum of
the TOCSY time series

ceptions which significantly deviate from the random-coil
values, namely at positions 8, 13, 15 and 17, indicating that
in time-average the backbone adopts a non-random con-
formation. As a further help in the qualitative structural
analysis, the deviations ASH" of the amide proton chemi-
cal shiftsand AGH“ of the H®-chemical shiftsfrom the ran-
dom-coil values (Wiithrich 1993) aredepicted in Fig. 3. A
number of amide-proton shifts and more pronounced of
H?-shifts deviate significantly from the random-coil val-
ues; however no shift pattern typical for canonical secon-
dary structure elements can be identified (Wishard et al.
1995).

The H/D exchange rates of amide protons are usually
assumed to be small when the corresponding hydrogen
atomisinvolved in an internal hydrogen bond. For afew
amino acids the ratio of the theoretically expected rate
constant Ky.e, (Bai et al. 1993) to the experimentally de-
termined rate constant k,j, is clearly greater than 1, indi-
cating that these amide groups may be involved in tran-
sient internal hydrogen bonds. Thisis true for the amino
acids Gly6, Gly9, and Glul2 (Table 2). Clearly, the val-
uesof ke, found for Leul0, Gly11 and Lys19 aretoo high.
Anincrease in the exchange rate can be induced by aneg-
ative charge in the close vicinity. The magnitude of the
expected effect can be estimated from the random-coil val -
uesgivenby Bai etal. (1993): for examplereplacing Lys18



by an Asp residue would lead to an increase in Kye, from
1.4-10°s1t02.5103s™ . Thisisjust the order of mag-
nitude observed in our peptide. Only two negatively
charged groups are found in our peptide: the C-terminal
carboxyl group and the carboxyl group of Glul2. A pos-
sible interpretation of the data would be that in the time
average one (or both) of these groups come in the vicin-
ity of Leul0, Gly11 and Lys19, stressing again the idea
that the shaker peptide cannot be described by a random-
coil.

The NOEs listed in Fig. 1 were determined at a pH of
7.2. However, the observed NOE pattern is not changed
significantly at pH 3.9. The same is true for the chemical
shifts (see Fig. 3 for HN and H9-shifts) and the J-coupling
constant 3J,,yn,. These data indicate that the conforma-
tional equilibrium (“the structure”) is almost independent
of pH, apart from trivial pH-dependent chemical shift
changes caused by the protonation/deprotonation of func-
tional groupsin the side chains.

In summary, the results presented here suggest that the
Shaker |B adopts no well-defined spatial structure includ-
ing canonical secondary structure elements. However, itis
clearly aso not a random-coil structure, but is better de-
scribed as a dynamic equilibrium of locally non-random
structures. Thisisinlinewiththepreviously reported NMR
and CD-data (Fernandez-Ballester et al . 1995) and the mu-
tation experiments reported by Murrell-Lagnado and Al-
drich (1993a, b). Many of these mutations do not signifi-
cantly change the binding characteristics of the IB. It is
difficult to imagine how awell-ordered three-dimensional
structurecould beinsensitiveto all these mutations. In con-
trast, theinactivation ball of Raw3 iscompactly folded and
that of RCK4 contains a well-defined helix-loop motif
(Antz et al. 1997). Obviously, nature has solved the gen-
eral problem of closing the inner pore of voltage-gated
channels in different ways, ranging from the unordered
structure of the Shaker peptide to the well-defined tertiary
structure of the Raw3 peptide. On- and off-rates for the
Shaker 1B depend on different parts of the amino acid se-
guence: while the on-rate was mainly governed by the to-
tal electrostatic charge of the IB peptide, the off-rate could
be increased by mutations of hydrophobic amino acids
(Murrell-Lagnado and Aldrich 19933, b). This led to the
hypothesisthat the I B finds the channel by electrostatic at-
tractioninvolving thetotal positive chargeand possibly the
dipole moment of the B, and bindsto the channel by asite-
to-receptor interaction involving coordination of a hydro-
phobic domain. Wefound that the isolated Shaker |IB isnot
uniquely structured, indicating that a preformed, well-de-
fined three-dimensional structureof the peptideisnot man-
datory for an effective inactivation of the channels. How-
ever, compared to completely random structures the exis-
tence of some local structure in the Shaker 1B may have
the advantage of facilitating the entry of the peptide into
theinner pore. A well-defined structuremay still beformed
on contact with the receptor site of the protein. The ab-
sence or presence of apreformed three-dimensional struc-
ture probably influences the kinetic characteristics of the
inactivation process; indeed, preliminary experimentsin-
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dicate that the well-folded Raw3-1B is the most effective
inactivator even for channels, such asthe Shaker K,, chan-
nel, for which it is not designed.
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