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ABSTRACT. Fast inactivation is restored in inactivation deletion mutant voltage-gated potassigm (K
channels by application of synthetic inactivation ‘ball’ peptide. Using Fourier transform infrared and
circular dichroism spectroscopy, we have investigated the structure of synth8t& ¢hannel ball peptide,

in a range of environments relevant to the function of the ball domain. The ball peptide contains no
o-helix or 5-sheet in reducing conditions in aqueous solution, but when cosolubilized with anionic lipid
or detergent in order to mimic the environment which the ball domain encounters during channel
inactivation, the ball peptide adopts a parfiadheet structure. Oxidation of the,B.4 ball peptide facilitates
formation of a disulfide bond between Cynd Cy3$* and adoption of a partig@l-sheet structure in agueous
solution; the tendency of the oxidized ball peptide to agbgheet is generally greater than that of the
reduced ball peptide in a given environment. THREADER modeling of tiig&Kball peptide structure
predicts g3-hairpin-like conformation which corresponds well to the structure suggested by spectroscopic
analysis of the ball peptide in its cyclic arrangement. A V7E mutaf8.K ball peptide analogue of the
noninactivatingShakerB L7E mutant ball peptide cannot adgfstructure whatever the environment,

and regardless of oxidation state. The results suggest that$14 Kall domain undergoes a conformational
change during channel inactivation and may implicate a novel regulatory role for intramolecular disulfide
bond formation in the K3.4 ball domain in vivo.

lon channels are found in most or all eukaryotic cells, malian homologues. The ball domain is attached to the
mediating ion transport across the cell membrane in order cytoplasmic side of the channel by an N-terminal chain
to control membrane potential, secretion, and signal trans-region and occludes the pore by occupying a site around the
duction. The complex processing and integration of nervous inner vestibule of the pore, probably by binding to residues
signals observed in neurons are facilitated by the diversein the S4-5 linker (3). Fast inactivation is restored in
range of gating properties of the ion channels in this cell inactivation deletion mutant channels by application of free
type, particularly the voltage-gated potassiuny)ichannels. synthetic peptide corresponding to the ball domain, indicating
Fast (N-type) inactivation of Kchannels occurs by a ‘ball  that it is the ball region alone which is necessary for fast
and chain’ mechanism whereby an N-terminal ‘ball’ domain inactivation @, 3).

(inactivation gate) is able to occlude the pore after channel  \\nereas i channel function has been extensively studied
opening to prevent further flow of potassium iors 8).  sing a combination of electrophysiological and molecular
Fast inactivation gives rise to a transient or A-type potassium ;s |ogical techniques, the study ofkchannel structure in
current, characteristic @hakerchannels and certain mam- relation to function is in its infancy. A common feature of

Ky channel inactivation ball domains is an N-terminal
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implicated in oxidative regulation of channel inactivati@). ( 8.5), with subsequent desalting and lyophilization before
Kv3.4 channel, found in the mammalian brain, is a fast- solubilization in buffer at pH 7.4. Oxidized ball peptide
inactivating channel incorporating two cysteines in its (wild-type or V7E mutant) gave a single band on an SDS
inactivation ball domain §-10). Previous electrophysi- PAGE gel in the absence of DTT (results not shown)
ological studies have shown that under oxidative conditions corresponding to the monomeric form of the peptide,
the Cys$ of the Ky3.4 ball domain can be immobilized by indicating that intramolecular rather than intermolecular
formation of a disulfide bond with a cysteine residue on the disulfide bridges were formed by oxidation of the peptide.
main body of the channel, and that this prevents N-type Detergent solutions were prepared to either 4 mM or 25
channel inactivation1(1). Furthermore, the two cysteines mM concentration in buffer before solubilization of peptide.
of the Ky3.4 ball peptide (Cysand Cy$?% can be linked to  Lipids, at a lipid:peptide molar ratio of 25:1, were either
‘cyclise’ the peptide in vitro12), but it is not known whether  cosolubilized in lyophilized form with lyophilized peptide
this occurs as a regulatory step in vivo. in buffer, or buffer-solubilized lipid was added to the buffer-
The Ky3.4 inactivation ball peptide has recently been solubilized peptide, with or without vortexing of the sample
shown using NMR spectroscopy to adopt a compact, rigid before or after cosolubilization. Peptide was used-a56
conformation with no classical secondary structure backbonemg/mL (FTIR) or 0.4-10 mg/mL (CD). To facilitate direct
characteristics in agueous solutiob3). In contrast, the = comparison of different CD spectra, peptide samples were
mammalian K/.1.4 ball peptide is shown in the same article weighed to an accuracy af <0.01 mg/mL (2% of total
to contain a stretch afi-helix, and theDrosophila Shaker =~ sample mass) prior to solubilization so thet values could
B ball peptide has been previously shown to be unstructuredbe accurately determined. Neither peptide concentration nor
in solution @, 5). To further investigate the structure of the mode of sample preparation affected spectroscopic results.
Kv3.4 inactivation ball in relation to its function, we have Infrared Spectroscopy Samples were loaded into a 10
used Fourier transform infrared (FTIR) and circular dichro- uL volume gas-tight Cafcell (path length Gim). Infrared
ism (CD) spectroscopy to investigate the effect of a range spectra were recorded using a 1750 Perkin-Elmer FTIR
of environments on the structures of 28 residue synthetic spectrometer continuously purged with dry air. Samples,
peptides corresponding to the,&4 ball domain and to a typically kept at 20°C, were scanned 100 times and the scans
V7E mutant of the K3.4 ball domain, analogous to the signal-averaged at a resolution of 4 €m For thermal
noninactivating L7EShakerB mutant ball peptide which  stability measurements, the temperature was varied from 20
cannot facilitate channel inactivatiod)( FTIR and CD to 80 °C with a heating rate of 0.28C/min. For each
spectroscopy are particularly useful for monitoring secondary temperature point, 50 scans were signal-averaged at a
structural changes of small peptides in a range of different resolution of 4 cm?, resulting in measurements everyQ.
environments 14), especially when using membrane- Double-sided interferograms were recorded and apodized
mimicking lipids and detergents which pose difficulties for using a raised cosine function prior to transformation of the
other higher-resolution structure determination techniquesdata. The programs IRDM (Perkin-Elmer) and GRAMS
such as NMR spectroscopy and X-ray crystallografds).( (Galactic) were used for data handling. Buffer spectra were
Spectroscopic results are compared to structure as predictedecorded under identical conditions to their corresponding
by the THREADER modeling prograni ). protein spectra and subtracted digitally to give a straight base
line in the 2106-1800 cn* area. Deconvolution of spectra
EXPERIMENTAL PROCEDURES was performed using GRAMS Deconvolve (FSD) function.
Sample Preparation Ky3.4 ball peptides (sequence: Typically a full width at half-height of 16 crit and a Gamma
MISSVCV/ESSYRGRKSGNKPPSKTCLKEE) were syn- factor of 3.5 were used with 70% Bessel smoothing. Second-
thesized using a Rainin PS3 automated peptide synthesizederivative spectra were calculated using GRAMS Derivative
(Protein Technologies, Inc., U.S.A.) by a stepwise solid- function with a 13 data point SavitzkyGolay smoothing
phase procedurd {) usinga-9-fluorenylmethyloxycarbonyl ~ window.
(Fmoc) protecting group strategyl8). The peptide was CD Spectroscopy Far-UV CD spectra (185260 nm)
cleaved from the synthesis resin using 95% (v/v) trifluoro- were recorded at 28C using a Jasco J-600 spectropolarim-
acetic acid (TFA) with scavengers and was purified isocrati- eter and a range of cell path lengths. The instrument was
cally on a reverse-phase HPLC column (25010 mm continuously purged with nitrogen to prevent ozone build-
internal diameter) using 0.1% (v/v) TFA and acetonitrile as up. Jasco and GRAMS software were used for data
eluents. Following purification, one major peak was ob- handling.
served when the eluent was monitored at 220 nm. The Spectral AssignmentsThe amide | region (17081600
fraction containing pure peptide was lyophilized in the cm™! wavenumbers) of the infrared spectra of proteins is
presence of 0.1 M HCI to remove the TFA in preparation sensitive to protein conformation, and different secondary
for structural studies. To verify purity, ball peptide was structure types give rise to characteristic frequencies of
checked by amino acid analysis and by mass spectrometryabsorbance within this region. FTIR amide | absorbance
using a Vestec Lasertec Benchtop Laser Desorption Time-bands were assigned to secondary structures according to
of-Flight Mass Spectrometer. Purg&4 ball peptide was  Jackson and MantscH9), after resolution enhancement
solubilized either in phosphate-buffered saline (pH 7.4) (PBS) using second derivation of the absorbance spectra. Three
made with BO for FTIR spectroscopy, or in 100 mM representative secondary structure absorbances were identi-
phosphate buffer (pH 7.4) for CD spectroscopy. Reduction fied in this manner. Absorbances around 1648 tmere
of ball peptide was ensured using immobilized dithiothreitol assigned to aperiodic structure; absorbances around 1633 and
(DTT). Oxidation of ball peptide was achieved by bubbling 1625 cn! were assigned tg-strand. To provide quantita-
air through a 1Q«M solution of the peptide in NaHC{pH tive assessment of the FTIR spectra, absorbance spectra were
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Ficure 1: FTIR spectroscopy of wild-type 3.4 inactivation ) . . o
peptide. (a) Amide | regions of deconvolved spectra of reduced FIGURE2: Far-UV CD spectroscopy of wild-type\B.4 inactivation

(solid line) and oxidized (dashed line),B.4 inactivation peptide  Peptide. (a) Far-UV CD spectra of reduced¥4 inactivation
at 20°C in (1) D,O PBS (pD 7.4) and (2) cosolubilized with peptide at 20C in 100 mM phosphate buffer (pH 7.4) (solid line),

lysophosphatidylcholine micelles, (3) with phosphatidylglycerol cosolubilized with lysophosphatidylcholine micelles (dotted line),
vesicles, (4) with 4 mM sodium dodecy! sulfate, or (5) with 25 O solubilized with 25 mM sodium dodecyl sulfate (dashed line).
mM sodium dodecy! sulfate. (b) Comparison of the absorbance of (0) Far-UV CD spectra of oxidized |3.4 inactivation peptide at
infrared light at 1633 cmt relative to the absorbance at 1648¢m 20 °C in 100 mM phosphate buffer (pH 7.4) (solid line), cosolu-
of reduced (open bars) and oxidized (solid bars) forms of tje&«  bilized with lysophosphatidylcholine micelles (dotted line), solu-
ball peptide in various environments. (c) Comparison of the Dilized with 25 mM sodium dodecy! sulfate (dashed line).
absorbance of infrared light at 1625 chrelative to the absorbance

at 1648 crm! of reduced (open bars) and oxidized (solid bars) forms function of the absorbance intensity at 1648 éifassignable

of the Ky3.4 ball peptide in various environments. to aperiodic structures). The figures illustrate the extent to
) . ) which the ball peptide adopts orderédstructure under
deconvolved and absorbance intensities at either of thejyifferent conditions. Reduced,B.4 ball peptide in aqueous
p-structure wavenumbers were quantified relative to the g tion absorbs strongly around 1648¢rin the amide |
absorbance intensity of the 1648 thaperiodic component  region of the infrared spectrum, characteristic of aperiodic
in the same spectrum. structure. CD spectroscopy of reduced3d ball peptide
Relative amounts of Secondary structure were asseSSQQFigure 2) shows a Strong negative absorbance around 200
from CD spectra based on previous observations thatnm, again characteristic of aperiodic structure. This is
aperiodic structures give strong negative bands around 200consistent with recent NMR spectroscopic determination of
nm whereagi-structures give strong positive bands at 200 the structure of the ball peptide in similar conditiori)(
nm (20, 21). CD spectra of peptides containing aperiodic which indicated that the ball peptide adopted no classical
structures ang-structures therefore arise from a combination hackbone secondary structure characteristics; i.e., there was
of these two features. Thus, for a given peptide the extent ng presence af-helix or -strand, in aqueous solution under
of adoption off-structure can be assessed by the relative reducing conditions.
positivity of the 200 nm band; i.e., the more posmve' the Lysophosphatidylcholine (LPC) is a zwitterionic lipid
200 nm absorbance, the greater the extent of adoption ofyhich forms micelles at ambient temperatures in aqueous
f-structure. , buffer and which has previously been used to mimic the
THREADER Modeling The sequence of they.4 ball  anyironment of the cell membrane in spectroscopic studies
peptide was subjected to computerized structure prediction s membrane protein2p). When cosolubilized with LPC
by the THREADER program1€). THREADER models  picelles in order to recreate the conditions the ball peptide
protein structure by direct fitting of protein sequences onto ancounters when bound to the proposed hydrophobic inac-
the backbone coordinates of known protein structures. Thisjyation binding site, the 3.4 ball peptide maintains the
backbone matching is performed in full three-dimensional strong absorbance around 1648 i the infrared spectrum
space, incorporating specific pair interactions explicitly.  characteristic of aperiodic structure. Similarly, the CD
RESULTS spectrum of the reduced\&.4 ball peptide cosolubilized
with LPC contains the same strong negative absorbance
FTIR and CD Spectroscopy. (A) Wild-Type34 Ball observed for the ball peptide in aqueous solution. This
Peptide Deconvolved infrared spectra of reduced and indicates that interaction with a hydrophobic environment
oxidized forms of wild-type K3.4 ball peptide in a range alone is not sufficient to evoke significant structural changes
of environments are given in Figure la. Figure 1b,c in the reduced k3.4 ball (Figures 1 and 2).
represents these results in the form of bar charts in which To mimic both the hydrophobicity of the inactivation ball
absorbance intensities at 1633 and 1625'cwavenumbers  binding pocket and the negative charge proposed to initially
(assignable t@-structures), respectively, for the peptide in attract the ball to its binding site, the,B.4 ball peptide was
different environments are compared to one another as acosolubilized in aqueous solution with vesicles of the anionic
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Ficure 3: Temperature-resolved FTIR second-derivative spectra
of oxidized wild-type K,3.4 inactivation peptide in deuterated PBS
(pD 7.4). The sample was heated from 20 td80and then cooled

to 20°C (heating then cooling run from bottom to top in the figure).
Spectra shown are the result of 50 scans recorded eviétyahd
signal-averaged.

1800

lipid phosphatidylglycerol (PG). CD spectroscopy of the
ball peptide in this environment was not possible due to the
light-scattering effects of the PG vesicles in solution. FTIR
spectroscopy indicated, however, that in this negatively

charged and hydrophobic environment the infrared absor-

bance of the ball peptide shifted away from 1648 € a
slightly lower wavenumber. This shift is apparent as a slight
increase in the intensity of the 1633 and 1625 ¢ptstrand
components relative to the intensity of the 1648 ém

Biochemistry, Vol. 37, No. 6, 19981 643

bonding strength betwegftstrands 19, 23). The shift to
absorbance of infrared light at lower wavenumbers, charac-
teristic of an increase ifi-structures, by the cyclic 3.4

ball peptide is more marked when cosolubilized with anionic
lipid (the 1625 cm* absorbance is twice the intensity of the
1648 cm! absorbance in phosphatidylglycerol in this case)
or detergent. The most dramatic shift is observed for the
cyclic ball peptide with LPC micelles, which gives a 1625
cm! absorbance 3 times the intensity of the 1648 tm
absorbance (Figure 1). FTIR spectroscopy of the cyclic ball
peptide in aqueous solution with SDS indicated no significant
differences between the extent of adoptiorgedtructure in

25 mM SDS compared to in the less concentrated, nonmi-
cellar 4 mM SDS. CD spectroscopy results showed that the
negativity of the 200 nm band associated with aperiodic
structures was lower with the cyclic peptide than with the
reduced peptide under similar conditions1l( compared to
—4, respectively, when the peptide was solubilized with 25
mM SDS; Figure 2b). Both FTIR and CD spectroscopy
results showed that in all environments studied the cyclic
Kv3.4 ball peptide adopts a greater proportioBedtructure
than the noncyclic k3.4 ball peptide does in similar
conditions (Figures 1 and 2).

(B) V7E Mutant Ball Peptide In contrast to the wild-
type Ky3.4 ball peptide, the V7E mutant ball peptide was
incapable of adopting elements @fstructure, regardless of
environment or oxidation state. This is illustrated in Figure

aperiodic component (Figure 1). This suggests that a partial4a which shows that the infrared absorbance of the mutant

adoption of-structure by the k3.4 ball peptide occurred

in these conditions. To further investigate this phenomenon,

the reduced k3.4 ball peptide was solubilized in aqueous
solution containing the anionic detergent sodium dodecyl
sulfate (SDS) at both 4 mM and 25 mM, concentrations
below and above the critical micellization concentration
(CMC) of SDS, respectively. The intensities of bands at
1633 and 1625 cni, assignable tof-structure, were

increased by solubilization of the ball peptide in either 4
mM or 25 mM detergent (Figure 1). CD spectra showed
reduced negativity in the 200 nm band associated with
aperiodic structures upon solubilization with SDS (Figure

peptide remains centered around 1648 tim all conditions,

in significant contrast to the marked shift to lower wave-
numbers observed upon oxidation of the wild-type ball
peptide (Figure 1a). Figure 4b,c shows that the absorbances
at 1633 and 1625 cm (assignable t@-structure) are similar

in reduced and oxidized V7E ball peptides, and remain
relatively low (0.1-0.7, compared to a maximum of 3 in
the wild-type ball peptide) when compared to the absorbance
at 1648 cm?'. Figure 4d,e highlights the inability of the
mutant ball peptide to adog#-structure by comparing the
relatively large intensities of the 1625 and 1633 én(3-
structure) absorbances of the wild-type ball peptide to the

2a). This is probably due to the positive absorbance at 200much lower intensities of thesg-structure absorbances

nm of g-structures in the peptide when solubilized in SDS.

observed for the mutant ball peptide.

Both FTIR and CD spectroscopy indicate that the reduced gt cture Prediction Based on Amino Acid Sequence

Kv3.4 ball peptide adopts-structure to a greater extent in
anionic detergent than in aqueous or nonionic conditions.
The effects of intramolecular linkage of CGyand Cy$*

(i.e., “cyclisation”) on the structure of the&8.4 ball peptide
and its ability to adopg-structure in different environments
were investigated using oxidized ball peptide. In contrast
to the reduced (noncyclic) form of theyR.4 ball peptide,
the oxidized (cyclic) K3.4 ball peptide is capable of
adopting elements gi-structure in aqueous solution in the
absence of lipid or detergent. This is evident from the shift
of the main infrared absorbance peak from 1648 tm
(aperiodic structure) in reducing conditions to around 1633
cm ! (5-structure) in oxidizing conditions (Figure 1). The
B-structure adopted by the ball peptide in oxidizing condi-
tions in aqueous solution is highly thermostable, showing
only a slight shift upward in FTIR absorbance wavenumber
upon heating from 20 to 80C, which is reversible upon
cooling back down to 20°C (Figure 3). This shift is
indicative of a reversible heat-induced reduction of hydrogen-

THREADER modeling of the structure of theyB.4 ball
peptide gave a consensus structure consisting of two regions
of extended conformation linked halfway along the sequence
of the ball peptide by a region of coil or turn. The consensus
structure and top 10 pairwise hits are illustrated in Figure 5.
The consensus fraction cutoff in this secondary structure
comparison was 0.65, and the strongest pairwise energy score
was—2.73. The results suggest that the ball peptide has a
propensity to adopt, in certain conditions, a hairpin structure
with hydrogen-bonding occurring to some extent between
the two strands of the hairpin. The appearance of helix in
the 2nd, 3rd, and 5th entries in the sorted list may indicate
that the strand curls around or frays at the end, with a lack
of H-bonding to the other strand in this region.

DISCUSSION

The spectroscopic results indicate that the oxidized (cyclic)
Kv3.4 ball peptide adopts a conformation containing a larger
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Ficure 4: FTIR spectroscopy of V7E mutant inactivation peptide.
(a) Amide | regions of deconvolved spectra of reduced (solid line)
and oxidized (dashed line) V7E mutant inactivation peptide at 20
°Cin (1), DO PBS (pD 7.4) and (2) cosolubilized with lysophos-
phatidylcholine micelles, (3) with 4 mM sodium dodecy! sulfate,
or (4) with 25 mM sodium dodecyl sulfate. (b) Comparison of the
absorbance of infrared light at 1633 chrelative to the absorbance
at 1648 cmi! of reduced (open bars) and oxidized (solid bars) forms
of the V7E mutant ball peptide in various environments. (c)
Comparison of the absorbance of infrared light at 1625'aelative

to the absorbance at 1648 chof reduced (open bars) and oxidized
(solid bars) forms of the V7E mutant ball peptide in various
environments. (d) Comparison of the absorbance of infrared light
at 1625 cm! relative to the absorbance at 1648¢rof wild-type
(open bars) and V7E mutant (solid bars) forms of reduced.&K
ball peptide in various environments. (e) Comparison of the
absorbance of infrared light at 1625 chrelative to the absorbance
at 1648 cm? of wild-type (open bars) and V7E mutant (solid bars)
forms of oxidized K;3.4 ball peptide in various environments.
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Ficure 5: THREADER prediction of the structure of wild-type
Ky3.4 inactivation peptide. The top 10 hits based on pairwise
interactions are listed with their corresponding secondary structures,
aligned below the sequence of the,X4 ball peptide and its

Abbott et al.

environments than in aqueous solution or when cosolubilized
with zwitterionic lipid. The oxidized k3.4 ball peptide,
however, adopts a maximal proportion/®structure in the
zwitterionic lipid LPC, and the presence of negative charge
reduces this ability to adogtstructure. Substitution of the
hydrophobic valine residue at position 7 for a negatively
charged glutamate residue ablates the ability of the ball
peptide to adopt ordergitstructure, regardless of oxidation
state or solubilization in zwitterionic or anionic lipids or
detergents (Figure 4).

Previous spectroscopic studies on 8iekeB inactivation
ball peptide in anionic lipid environment24) have indicated
similar structural trends to those observed for the noncyclic
Kv3.4 inactivation ball peptide in the current study. How-
ever, the noncyclic K3.4 inactivation ball peptide is able
to adopt a degree @Fsheet in anionic detergent (SDS) below
the CMC of this detergent, whereas thieakeB ball peptide
requires micelles of the anionic detergent sodium cholate to
attain a partia-sheet structure. This may indicate that the
two ball peptides (from k3.4 and fromShakerB) have
slightly different requirements for the attainment@®étruc-
ture, and the inability of theShaker B ball to attain
p-structure in nonmicellar, anionic detergent may be due to
its lack of stable structure in agueous solution (compare with
the Ky3.4 ball peptide which adopts a more rigid hairpin-
like conformation in aqueous solution). In ti8hakerB
study, it is postulated that the inactivation peptide adopts
p-structures upon exposure to negatively charged residues,
giving it the charge balance necessary for insertion into a
hydrophobic binding pocket to facilitate channel inactivation.
Our results combined with those in the recent NMR study
of the Ky3.4 inactivation ball peptidel@) indicate that the
noncyclic K,3.4 ball peptide adopts a rigid, convoluted
hairpin-like structure in aqueous solution. Our results
demonstrate that exposure to a negatively charged, hydro-
phobic environment equivalent to that encountered by the
ball peptide during channel inactivation alters the conforma-
tion of the K,3.4 ball peptide such that a partjastructure
is adopted. In their NMR studyl@), Antz and co-workers
state that analysis of the chemical shifts in the different states
of the Ky3.4 ball peptide shows that formation of a disulfide
bond between Cy¥saand Cy3* causes structural changes only
in the vicinity of the two cysteines. The most likely
explanation for thes-structures detected spectroscopically
in the Ky3.4 ball peptide in the current study after oxidation
of the ball peptide or exposure to an anionic and hydrophobic
environment, therefore, is the formation of intramolecular
interstrand hydrogen bonds characteristig-@heet between
residues surrounding Cyand residues surrounding C§is
This equates to adoption of a partfahairpin structure by
the Ky3.4 ball peptide under certain conditions (Figure 6).
This is consistent with the partigthairpin predicted by the
THREADER program. Our results indicate that the cyclic
version of the K;3.4 ball peptide has a higher propensity to

consensus structure based on the top hits. Structure abbreviationsform this partial3-hairpin than does the noncyclic\R.4

C = caoil or aperiodic, E= extended f§-structure), H= a-helix.
Boldface type indicates consensus structure and extent of agreeme
with this consensus in the top 10 hits.

proportion of ordere@-structure than the reduced (noncyclic)
Kv3.4 ball peptide in a similar environment (Figure 1). The
reduced K3.4 ball peptide adopts a greater amount of
ordered S-structure in hydrophobic, negatively charged

ball peptide. The suggestion based on THREADER results

Yhat fraying occurs at the ends of the hairpin is consistent

with the three-dimensional structure of the reduced ball
peptide in aqueous solution as determined by NMR spec-
troscopy (3).

In conclusion, we have demonstrated that although the
noncyclic K,3.4 ball peptide adopts a different structure in
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Ficure 6: Model of conformational changes undergone by wild-

type Ky3.4 inactivation peptide. (a) Convoluted hairpin-like
structure of the k3.4 inactivation peptide in aqueous solution under

reducing conditions, shown as the backbone structure of the peptide

determined by NMR spectroscop$3d). (b) When the K:3.4 ball
peptide is oxidized, interstrand intramolecular hydrogen bonding
characteristic of-sheet (represented by thin lines between the two
strands of the hairpin) forms concomitantly with formation of a
disulfide bond (represented by a thick line between the two strands
of the hairpin) between C§saind Cy3* (c) In a negatively charged,
hydrophobic environment, interstrand intramolecular hydrogen
bonding characteristic @#-sheet is attained by theR.4 inactiva-

tion ball peptide without the necessity of disulfide bond formation.

aqueous solution than that of tiédakerB ball peptide, the
noncyclic K,3.4 ball displays an ability similar to that of
the ShakeB ball peptide for the partial adoption gfsheet
when exposed to an environment mimicking that of the
inactivation binding site. From previous studies, it has been
concluded that the ability to adofitstructure is essential to
the inactivation capabilities of tHghakeB ball peptide 24).
Furthermore, investigators have previously suggested that in
vivo oxidation of cysteines in the J3.4 inactivation ball
domain may be possible, and have demonstrated thdf Cys
and Cy$ of the Ky1.4 and K;3.4 ball peptides, respectively,
can be linked by a disulfide bond to a cysteine on the main
body of the channel by in vitro oxidation. This suggests a
regulatory role for N-terminal cysteine residues whereby
locally oxidizing conditions can lead to immaobilization of
the inactivation ball domain and consequent prevention of
channel inactivationg). Based on these proposals, together
with our observation that oxidative cyclization of the X4

ball peptide increases its propensity to form the postulated
channel-inactivating (partigB-hairpin) conformation, we
propose that an alternative,Kchannel regulatory step may
occur via cyclization of the k3.4 ball peptide by formation

of a disulfide linkage between Cyand Cy$? inducing an
optimal conformation for channel inactivation and thereby
favoring the inactivated state by increasing the tendency of

Biochemistry, Vol. 37, No. 6, 19981 645

the Ky3.4 ball peptide to bind to its channel inactivation site.
This is one mechanism by which the gating kinetics of the
mammalian K, channel may be fine-tuned by the oxidative
state of its immediate environment.
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