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Restoration of Inactivation in Mutants of Shaker 
Potassium Channels by a Peptide Derived from ShB 

Site-directed mutagenesis experiments have suggested a model for the inactivation 
mechanism of Shaker potassium channels from Drosophila melanogaster. In this model, 
the first 20 amino acids form a cytoplasmic domain that interacts with the open 
channel to cause inactivation. The model was tested by the internal application of a 
synthetic peptide, with the sequence of the first 20 residues of the ShB alternatively 
spliced variant, to noninactivating mutant channels expressed in Xenopus oocytes. The 
peptide restored inactivation in a concentration-dependent manner. Like normal 
inactivation, peptide-induced inactivation was not noticeably voltage-dependent. 
Trypsin-treated peptide and peptides with sequences derived from the first 20 residues 
of noninactivating mutants did not restore inactivation. These results support the 
proposal that inactivation occurs by a cytoplasmic domain that occludes the ion- 
conducting pore of the channel. 

ELETIONS AND I'OINT MUTATIONS 

near the amino terminal of the ShB 
potassium channels of D. melawo- 

'ynster dramatically show inactivation ( 1 ) .  
These data plus the lack of voltage depen- 
dence of the inactivation rates and the ability 
of internal proteolytic agents to  modifv inac- 
tivation suggest a mechanism of inactivation 
similar to  the ball and chain model originally 

D c p m ~ ~ c n t  of hlolccular a id  Cellular Phys~olop .  Stan- 
ford Ynlvcrsln School of Mcd~cinc. Stanford. CA 
94305 

*To whom corrcspondcncc should be addrc\scd. 

proposed by Armstrong and Bezanilla (2) 
for voltage-gated Na' channels. In ShB 
channels, the first 20 amino acids in the 
NH2-terminus are proposed to form a struc- 
tural domain that interacts with part of the 
open channel to  cause inactivation. This 
structural domain, o r  "ball" region, is con- 
nected to the rest of the protein by a "chain" 
sequence of 60 or more amino acids that 
tether the inactivation ball near its receptor. 
According to this model of inactivation, the 
putative ball region should be able to  inter- 
act with the rest of the channel and produce 
inactivation even when it is not covalently 

attached to the rest of the channel protein. 
We tested this hypothesis by examining the 
effects of a peptide corresponding to the bal: 
region (first 20 amino acids of ShB: 
MAAVAGLYGLGEDRQHRKKQ) (3) on  
the gating of ShB channels expressed i r ~  
Xewt~pus  ooqtes .  The experiments were per. 
formed with mutant ShB channels that con- 
tain, near their NHz-terminus, a large dele-. 
tion that effectively removes fast inactivatior~ 
( 4 ) .  

ShBA6-46 is a 41-amino acid deletion 
mutant of ShR that does not inactivate  wid^ 
a rapid time course (1). Application of the 
ShB peptide to  the cytoplasm~c side of 
ShBA6-46 channels accelerates their inacti- 
vation rate (Fig. 1) .  We tested the effects of 
different concentrations of peptide on mac- 
roscopic currents in inside-out patches elicit- 
ed by voltage steps to  0 mV and + 5 0  mV. 
The peptide-induced inactivation occurs 
rapidly and can be readily reversed when 
peptide-free solution is perfiised into thl: 
bath, indicating that the peptide only weakkt 
associates with the channel. At each voltage, 
the rate of the macroscopic inacti\ration is 
dependent on the peptide concentration anti 
increases with increasing concentrations of 
peptide, as expected for a simple bin~olecular 
reaction. In addition, the macroscopic inac- 
tivation rate at a given peptide concentra- 
tion is dependent on  the voltage. At the 
more positive voltages, where the channels 
activate more rapidly, peptide-induced inac- 
tivation occurs more rapidly. However the 
rate of the inactivation transition induced b s  
peptide observed in single-channel record- 
ing is independent of voltage. These results 
indicate that the inactivation produced b s  
the peptide is coupled to activation, as is the 
case for the normal inactivation proces:;. 
Application of the ShB peptide to  the extra.- 
cellular side did not have any etfcct on the 
currents recorded from ShRA6-46 channel:;. 

The rate of recovery from peptide-in- 
duced inactivation, however, appears to  be 
slower than that from normal fast inactiva- 
tion. During repeated voltage pulses at a 
frequency where ShR currents completely 
recover in the interval benveen pulses, the 
currents in the presence of peptide tend to 
decrease in amplitude progressively becaux 
the channels accumulate in the peptidtr- 
blocked state. This difference in recovery 
rates probably arises because the synthet~c 
peptide has a greater binding affinity for the 
channel than does the normal NH2-terminal 
ball domain. This difference may result from 
the absence of covalently linked residues, 
which normally destabilize the inactivated 
state. Alternatively, the peptide could bind 
to additional sites on the channel, which 
could cause slow inactivation. In either case, 
the slower recovery rate from peptide-in- 
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Fig. 1. Effects of ~ntracellular 
ShB pepude on macroscopic 
currents from ShBA6-46 ex- 
pressed UI X e t ~ o p u i  OOC\'~CS 

Macroscop~c currents from 
an ms~de-out patch before 
'uid h e r  the appl~cauon of 
crude ShB pepude to  the 
bath Currents were recorded 
w ~ t h  Loltage steps to 0 m i 7  
from a holdmg ~ol tage  of 
-110 rnV (top) and +50 
m i 7  from a holcluig voltage 
of - 100 mV (bottom) The 
data mere low pass filtered at 
1 2 kHz and d g ~ u z c d  at 100 
FS per point 

Control - 10 
20 
100 

200 pA 
t o m s  
-- 

+50 mV 

r w -  Control 

duced inactivation probably does not repre- 
sent a fundamental difference in the mecha- 
nisms of normal and peptide-induced inacti- 
vation. 

Peptide-induced inactivation is similar to  
normal inactivation in single channels. Al- 
though the ShBA6-46 channels normally 
exhibit long bursts of openings, application 
of 100 FM peptide reduces the number of 
openings per burst and the open durations 
(Fig. 2) .  The general behavior of single 
channels with added peptide is similar to  
normal ShB channels with initial short 
bursts of openings separated by long-lived 
closed states. The open durations of ShBA6- 
46 channels in the presence of 20  and 50 
FM peptide are independent of voltage and 
shorter than those without peptide (Fig. 
2B), indicating that the peptide produces an 
inactivation transition that occurs from the 
open state with a voltage-independent rate. 
The mechanism of peptide-induced inactiva- 
tion, therefore, cannot involve the move- 
ment of charged residues in the membrane 
electric field, such as the penetration of  the 
peptide deep within the mouth of the chan- 
nel. This inactivation process resembles the 
normal fast inactivation in ShB channels in 
several respects. Both forms of inactivation 
are voltage-independent and coupled to acti- 
vation. As suggested by our data from mac- 
roscopic currents (Fig. l ) ,  the rate of the 
peptide-induced inactivation is dependent 
on the peptide concentration. When the 
reciprocal of the mean open duration is 
plotted as a hnction of the peptide concen- 
tration (Fig. 2C), we see that a peptide 
concentration of about 100 pM produces a 
rate of inactivation comparable to  the nor- 
mal fast inactivation in ShB. A linear con- 
centration dependence is consistent with a 
mechanism whereby inactivation occurs by 
the binding of a single peptide to  the chan- 
ncl. A lincar least-squares fit to  the plot of 
the reciprocal of the mean open time as a 
function of the peptide concentration indi- 
cates that the peptide binds with a rate of 
4.3 x 10' s f '  M-'  (5). This rate is substan- 

tially slower than the dif is ion limited rate 
(-lo8), indicating that the interaction of 
the inactivation-inducing peptide with the 
channel is not controlled simply by the 
peptide colliding with the cha~ulel, but in- 
volves some effects of orientation or confor- 
mation. 

Whereas the peptide retains its activity 
after boiling, treatment of the peptide with 
trypsin with subsequent boiling to  inactivate 
the trypsin abolishes nearly all of the inacti- 
vation-inducing activity (Fig. 3A). This re- 
sult demonstrates that the active component 
of the solution of synthetic peptide is pro- 
teinaceous. In addition, it suggests a possi- 
ble mechanism by which intracellular trypsin 
can disrupt inactivation in normal ShB 

A Control 
r- -- 

channels. However, trypsin cleavage at any 
of the potential sites in the putative chain 
domain might also be expected to  remove 
inactivation. Because the trypsin cleavage 
sites all occur in the hvdrophilic end of the 
peptide, this result also demonstrates that 
the hydrophobic portion of the peptide 
sequence (first 11 amino acids) is insuffi- 
cient to ~ r o d u c e  inactivation. 

The peptide-induced inactivation is de- 
pendent on the sequence of  the pcptide in 
the same wav that normal inactivation is 
dependent on the sequence of the NH2- 
terminal domain. Peptides were synthesized 
with the sequence of the first 20  amino acids 
of the mutants ShBA6-46 (JVAAVALREQ- 
QLQRNSLDGYG) and ShB-L7E (MAA- 
VAGEYGLGEDRQHRKKQ), mutations 
in ShB that disrupt inactivation ( 1 ) .  Neither 
peptide affected- the inactivation rate of 
ShBA6-46 channels when applied at 50 FM 
(Fig. 311). The one amino acid substitution 
completely abolishes its inactivation-induc- 
ing activity, as it does in the mutant channels 
ShB-L7E. This similarity in the effects on 
inactivation of a single ,u&ino acid substitu- 
tion suggests that the mechanism of the 
peptide-induced inactivation is similar to  
that of normal inactivation. These mutant 
peptides frequently produced a time-inde- 
pendent, small depression in the amplitude 
of the macroscopic currents but we did not 
study this effect hr ther .  T o  examine wheth- 

Open duratlon (ms) Open durat~on (ms) Pept~de concentrat~on (pM) 

Fig. 2. Effects of the ShB peptide on  the gating ofsingle ShBA6-46 channels. (A) Representative single- 
channel openings from a ShBA6-46 channel in a11 inside-out patch before (left) and aker (right) 
application of 100 p M  crude ShB peptide to the bath solution. The openings were elicited by voltage 
steps to + 50 rnV from a ho ldng  voltage of - 120 mV. The data were filtered at 1.5 kHz and digitized 
at 50 ps per point. The voltage protocols are shown at the top. (B) Open duration histograms of 
ShBA6-46 channels at 0 and +50  rnV in the presence of  50  FM (left) and 20 WM (right) crude ShB 
peptide. The open duration histograms are displayed as tail distributions and show the probabiliy that a 
given open duration is greater than the time indicated on  the abscissa. The histograms at each peptide 
concentration are fitted with a single exponential function lvith a mean of 1.7 rns for 50 FM and a mean 
of 3.0 rns for 20 pM. (C) Plot of the reciprocal of the mean open duration as a function of the 
concentration of crude ShB peptide. Error bars are ?SEM, r~ = 2. The k,, was determined from a least- 
squares linear regression and has a value of 4.3 x 10" 0.25 x 10' s ' JW ' (mean -+ SEM). 
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Control Bo~led, trypsln-treated Bo~led ShB peptlde (50 pM) After wash 
ShB pept~de (50 pM) 

1 6 pA 
20 ms 

L 

B 50 pM ShB L7E peptlde 50 pM ShBA6-46 peptlde 100 pM ShB12-20 peptlde 

200 pA 300 pA 
e m s  - 10 ms 

MAAVAGEYGLGEDRQHRKKQ MAAVALREWLQRNSLDGYG EDRQHRKKQ 

Fig. 3. Effects of altered peptides or1 ShB channels. ( A )  Effects of boiling (30 min) and tnpsin 
treatment (0.0025%; 5 hours) on the ~nactivation-inducing activin of the ShB peptide. Representative 
traces of ShBA6-46 channels in an inside-out patch containing two channels are shown before 
trcatmcnt; aftcr application of 50 pM tnpsin-treated, boiled ShB peptide; after application of 50 pM 
boiled ShB peptide; aid after wash. The openings were elicited by voltage steps to 0 mV from a holding 
\.oltage of - 100 mV. The data were filtered at 1.1 k H z  and digitized at 50 ps per point. Thc voltage 
protocols are sholvn at the top. (B) Effects of mutant peptides on macroscopic currents from ShBA6- 
46. For cach of thc mutant peptides, the macroscopic currents recorded before and after the application 
of peptide to the bath solution are overlaid. The HPLC-purified, mutant peptides ShB-L7E and 
ShBA6-46 werc applied at 50 pM, and the crude mutant pcptide ShB12-20 was applied at  100 pM. 
hlacroscopic currents mu-e recorded from inside-out patches wlth voltage steps to 0 mV from a holding 
voltage of - 100 mV. Thc data were filtered at 1.3 kHz and digitized at 100 ps per point. 

30 10 + l o  +30mV 
-- -- 

- 
100 mV Control RBKl 
7 

1 50 pM ShB pept~de 

Fig. 4. Effects of intracellular ShB peptidc 
on macroscopic currents from RBKl ex- 

- -  -- pressed in Xrt~i~plrr~ oocytex. Macroscop~c 
currents were recorded from an inside-out 
patch before (top) and after (bottom) the 
application of 50 pM crude ShB peptide 
to the bath solution. Currents were record- 

- ed with voltage steps to -30, - 10, + 10, 
and +30 mV from a holding \,oltage of 
- 100 mV. The data were filtered at 1.2 
k H z  and digitized at  100 ps per point. 

er the hydrophilic portion of the peptide is 
sufficient for inactivation. we tested the ef- 
fects of a peptide 1~1th the sequence of 
amino acids 12 to 20 of ShB (EDRQHRK- 
KQ), with an acyl group on the NH2- 
terminus and an amide group on the 
COOH-terminus to  eliminate charged at- 
oms at the ends. Application of this peptide 
at up to  100 pM has little effect on  the 
inactivation rate of  ShBA6-46 channels 
(Fig. 3C). This is consistent with results 
from the deletion mutation ShBb6-9 show- 
ing that removal of four of  the hydrophobic 
residues on the NHz-terminal side of this 
sequence disrupts inactivation. Similarly, 
applications of lysine (50 pM)  or  arginine 
(50 kM) to the intracellular side did not 
have any noticeable effects on the macro- 
scopic currents from ShBb6-46 channels. 

The abilitv of the synthetic peptide to  
induce inactivation in mutant ShB channels 
is exquisitely sensitive to the priman struc- 
ture of the peptide. h change in only a single 
residue can disrupt the ability of the peptide 

to induce inactivation. T o  test whether the 
ability of the inactivation-inducing peptide 
to cause inactivation is also sensitive to the 
structure of the channel, we applied the 
peptide to other npes  of K' channels. A 
Shaker homolog from rat brain (RBK1) has 
extensive homolog?. with the Sl~aker  K ' 

channel ( 6 ) ,  but it deviates in the NH2- and 
COOH-terminal regions. RBKl  channels 
expressed in Xenopirs oocytes inactivate 
much more slowly than Shaker channels, 
requiring many seconds for inactivation. We 
have applied the ShB inactivation-inducing 
peptide to the internal surface of patches 
expressing RBK1 channels (Fig. 4) .  That 
the peptide (50 pM) induces inactivation in 
these channels as it did in mutant ShB 
channels suggests that the "inactivation re- 
ceptor," o r  region of the channel where the 
peptide interacts, is conscned among at 
least some K' channels regardless of their 
native inactivation rate. This consenration 
may arise because the ball region interacts 
with a region of the channel important in 

forming the ion-conducting pore. 
We have shown that inactivation can be 

restored in mutant ShB channels that have 
their normal inactivation disrupted by a 
deletion mutation near their NH2-terminus 
by applying a synthetic pcptidc with a sc- 
quence derived from the first 20 amino acids 
of ShB. The peptidc-lnduced ~n,lctivation 
resembles the normal fast inactivation of  
ShB channels in several respects. In particu- 
lar, the peptide-induccd inactivation is cou- 
pled to  activation and occurs with a rate that 
is independent of voltage. Furthermore, al- 
terations that disrupt normal inactivation 
when made in the NH2-tcrn~inal of ShB also 
disrupt the peptide-induced inactivation 
when made in the peptidc. Thus, the normal 
inactivation mechanism 1s likely to  be similar 
to  the mechanism for peptidc-induced inac- 
tivation and docs not require that the NH2- 
terminal domain be attached to the rest of' 
the channel protein. 

A physical model consistent with these 
observations is that inactivation occurs 
when a cytoplasmic domain of the protein 
occludes the pore. This model makes several 
predictions that can be tested by mutagene- 
sis and electrophysiological experiments. 
The channel would be expected to contain a. 
bindlng site, or receptor, for the NH2- 
terminal "ball" domain. 'Phc affiniry of thc 
mutated receptor could be assayed by exam.. 
ining the rates of normal inactivation ancl 
peptide-induced inactivation. 
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Developments Related to Chemical and Biological Weapons 
The Emerging European Security System 
Naval Nuclear Weapons 
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Call or unite for registration form and complete program 
AAAS Program on Science and International Security 

Dept. SQ, 1333 H Street NW, Washington# DC 
(202) 326-6490 

I SAVE YOUR COPIES I 
T h e r e  custom-made,  
imprinted cases and 
htndcrs arc ideal IClr 

i rom damage.  
Each binder or 

orcaser to  hold a complete 
year of irsurs. G,nmucred lirrm 

reinforced hoard and covered ufirh durahle, leathcr- 
like rcd marertal and s t a m p d  In cold, thecasec are 
V-notched for easv acccw; hlndcrs ha\,e a special 
sprine mechanism ro hold ~ndivldusl rods u.hlch 
eartlv snap In. 

Cases 1 - S7.95 2 - $14.95 4 - $27.95 
Binders 1 - S9.95 2 - S18.95 4 - S35.95 ---------- 

I Jesse Jones industries. Dept. SCE 
499 East Erie Ave., Philadelphia. PA 1: 

I 
I Enclosed is S for - I 
1 -  Binders. Add $1 per case/binoerror posr- I 

age & handl~ng. Outstde USA 92.50 percasefb~nder I (US funds only). PA ies~dents add 6"o sales tax. I 
I Print Name I 
I Address 
I NO P 0 BOX Numbers Pkase 

I 
I 

I Statelyip I 
I CHARGE ORDERS (Minimum $15): Am Ex. Visa. MC. I 
I DC accepted. Send card name. #. Exp date. I ! CALL TOLL FREE 7 days. 24 hours 1-800-972-5858 ! 
L - - SATISFACTION GUARANTEED - - -J 
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