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ization of a structural element that mediates S pet if ication of SlJ bu n it Assem bly K+ channel subunit interactions and also 
determines the compatibility between dif- 

by the H yd ro p h i 1 ic Am i no-Te rm i n a 1 ferent K+ channel polypeptides in their 
ability to coassemble and form heteromul- 

Domain of the Shaker Potassium timg;;;;:iindingoftheShBK+ 
Channel channel amino-terminal domain. Members 

of the Shaker subfamily contain a highly 
conserved region within the hydrophilic 

Min Li, Yuh Nung Jan, Lily Yeh Jan NHz-terminal domain (2, 3, 5-7). Al- 
though a deletion of this region in ShB, a 

The functional heterogeneity of potassium channels in eukaryotic cells arises not only from K+ channel polypeptide encoded by a Shak- 
the multiple potassium channel genes and splice variants but also from the combinatorial er splice variant (6), abolishes expression of 
mixing of different potassium channel polypeptides to form heteromultimeric channels with K+ current (1 O), the function of this con- 
distinct properties. One structural element that determines the compatibility of different served region has not been determined. To 
potassium channel polypeptides in subunit assembly has now been localized to the test whether this region has a role in sub- 
hydrophilic amino-terminal domain. A Drosophila Shaker B (ShB) potassium channel unit interaction, we looked for binding of 
truncated polypeptide that contains only the hydrophilic amino-terminal domain can form 32P-labeled soluble NHZ-terminal domain 
a homomultimer; the minimal requirement for the homophilic interaction has been localized of ShB (NShB) to the full-length ShB 
to a fragment of 114 amino acids. Substitution of the amino-terminal domain of a distantly polypeptide immobilized on a filter (13). 
related mammalian potassium channel polypeptide (DRKl) with that of ShB permits the The filter assay we used is a modification of 
chimeric DRKl polypeptide to coassemble with ShB. the ones that have been used for detecting 

activities of a protein (such as DNA bind- 
ing, kinase activity, peptide binding) after 
its immobilization on a membrane filter 

Potassium channels display diverse kinetic ferent K+ channel polypeptides is deter- (14). The ShB K+ channel NH2-terminal 
properties, voltage dependence, and phar- mined. Similarly, most K+ channel poly- domain (amino acids 1 to 227) (6) was 
macological properties (1) and are encoded peptides appear capable of forming homo- produced, using the bacterial expression 
by multiple genes (2-5). Some of the K+ multimeric channels in Xenopus oocytes, vector pAR.ZHMK, as a fusion protein 
channel genes give rise to multiple protein but the structural elements involved in the with the "FLAG" peptide tag and two heart 
products because of alternative splicing, interactions between identical K+ channel muscle kinase recognition sites at the NHz- 
thereby further increasing the diversity of subunits have not been identified. We re- terminus, thus allowing the fusion protein 
K+ channels (6-8). Other considerations port here the identification and character- in the bacterial lysate to be labeled with 
for the generation of K+ channel diversity 
include the assembly of K+ channel sub- 
units encoded by different genes or differ- Fig. 1. Homophilic association of ShB NH2- A EnlemIdnase Cleavage Site 
entially spliced transcripts. Voltage-gated terminal hydrophilic domains (NShB) revealed J K+ channel polypeptides contain a hydro- by binding 32P-labeled NShB fusion protein to 

N~~~~~~~~~~~~~~~~ -p+MO. 
phobic core region that includes several immobilized ShB and NShB. (A) The fusion -- 
potential membrane spanning segments and protein expressed in bacteria. At the ''2- 

A~~I-FIAG f tiearl 2 muscle f kinasa 
terminus of the fusion protein is a short peptide remgnitionsequem remgnRionrequence is flanked two h~dro~hi l i c  c~to~lasmic  (the "FLAG"), which is recognized by the 

domains. Thus each K* polypep mercially available antibody to FIAG (anti- = *+%. vCCIB9 GB$ @ tide One the four FLAG) (Immunex), and two heart muscle kinase 
P P 

P** 
repeats of the Na+ or Ca2+ channel ~ 0 1 ~ -  sites. The expression vector used, pAR.2HMK. kD 'Nshe cshs, 
peptides and therefore would be likely to is derived from the pAR(AR1)59/60 vector (14), 
form tetramers (2, 9). Certain combina- which includes a single heart muscle kinase 
tions of K+ channel polypeptides can coas- site. The transcription was driven by T7 poly- 

semble and form heteromultimeric merase. Single letter amino acid codes are: A, 

riels with distinct properties, offering a pas- Ala; R. Arg; N, Asn; D, ASP; C, Cys; Q, Gln; E, 

sible mechanism for further diversity (10, GIu; G, Gly; H, His; I, Ile; L, Leu; K, Lys; M, Met; 

The Shaker, Shah, Shaw, and Shal K+ F, Phe; P, Pro; S, Ser; T, Thr; W, Trp; Y, TY~; V, 
Val. (B) Binding of NShB to ShB and NShB, but 

channels in Drosophila and their homologs not to the COOH-terminal domain of ShB 
18.5 

in other species form four subfamilies ( 2 4 )  - (cs~B). Proteins (5 Fg per lane) were fraction- 
Different members of the same subfamily ated by SDS-PAGE (lanes 1 to 12) and either 
share about 70 percent amino acid identity visualized by Coomassie blue staining (lanes 5 ' ' 9 10 11 12 

in the hydrophobic core region and can and 6) or transferred to a nitrocellulose filter (lanes 1 to 4, 7 to 12): 0 and 46 represent total protein 
coassemble to form functional channels, of SF9 cells at 0 and 46 hours after infection by the 3A1 strain of recombinant baculovirus carrying 

whereas members of different subfamilies ShB cDNA (15). The labels NShB and CShB above the blot on the right indicate lysates of IPTG 

share about 40 percent amino acid identity (isopropyl p-D-thioga1actoside)-induced (lanes 9 and 11) and noninduced (lanes 10 and 12) 
bacteria that contain the expression vector for IPTG-induced expression of NShB (residues 1 to 227) but do cOassemble (10-12)- It is and CShB (residues 479 to 656) fusion protein, respectively. Rabbit antisera to NShB (anti-NShB) 

known how the between dif- and CShB (anti-CShB) were obtained by immunizing the rabbits with purified NShB and CShB 

The authors are in the Howard Hughes Medical Insti- 
fusion protein. respectively. These antibodies (dilution, 1 : 10.000 and 1 :500) were used in immu- 

tute and of Physiology and Biochemistry, noblots (28). They specifically recognize the ShB polypeptide (82 kD) expressed in SF9 cells (lanes 
university of ~alifornia, ~ a n  Francisco, CA 94143- 1 to 4). as does 32P-labeled NShB (lanes 7 and 8) (13). The NShB but not the CShB fusion protein 
0724. is recognized by 32P-labeled NShB (lanes 9 to 12). 
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[y-32P]ATP (adenosine 5'-triphosphate) by 
phosphorylation (Fig. 1A). Total lysate of 
SF9 cells infected with the 3A1 strain of 
recombinant baculovirus canying ShB 
cDNA (15) was first fractionated by SDS- 
polyacrylamide gel electrophoresis (SDS- 
PAGE) and then transferred onto a nitro- 
cellulose filter. After renaturation by a se- 

ries of incubations with decreasing concen- 
trations of guanidine-HC1, the immobilized 
protein was incubated with the 3ZP-labeled 
soluble fusion protein. The ShB K+ chan- 
nel polypeptide was the only protein in the 
whole-cell lysate that was recognized by the 
32P-labeled ShB NH2-terminal domain 
(Fig. 2B). This assay was specific and sen- 

A Shaker B (ShB) 
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Fig. 2. A 1 l b m i n o  acid fragment within the ShB NH2-terminal domain (NShB) is required for the 
homophilic interaction. This was determined with 32P-labeled NShB as a probe to test for binding to 
various fragments of NShB(B) or with these fragments as probes to test for their binding to ShB(C). 
(A) (Top) Diagram of the full-length ShB polypeptide. The shaded boxes represent the six putative 
transmembrane segments. The slashed box located in the hydrophilic NH,-terminal domain 
represents amino acids 83 to 196. (Bottom) NShB, CShB, and fragments of NShB are produced with 
expression plasmids that include the coding sequences for the segments marked by the horizontal 
lines beneath the diagram of ShB. Numbers indicate the first and last amino acid residues in the 
fragment; pNShBA17-25 and pNShBA6-46 represent the NH2-terminal domain (amino acids 1 to 
227) with an internal deletion of amino acids 17 to 25 and amino acids 6 to 46, respectively. (+) 
Binding of the fragment to both ShB and NShB when used either as a probe or as an immobilized 
substrate; (-) no detectable binding in either case. The smallest fragment that shows binding 
contains amino acids 83 to 196. (B) Bacterial lysates containing equal amounts of various fragments 
of NShB (0.5 pg, as judged by the intensity of staining by Coomassie blue) were fractionated by 
SDS-PAGE; the fractions were immobilized on a nitrocellulose filter and tested for binding 
32P-labeled NShB (amino acids 1 to 227) (13). Deletion from the NH2-terminus up to amino acid 83 
did not abolish binding (lane 4). Deletion from the COOH-terminus up to amino acid 196 did not 
abolish binding (lane 9). (C) The total protein (25 pg) of the SF9 cell lysate obtained 46 hours after 
infection was placed in a single 8-cm-wide well, fractionated by 7 percent SDS-PAGE, and 
transferred to a nitrocellulose filter. Different fractions from this filter were exposed to different 
32P-labeled fragments of NShB or CShB, as indicated above each lane. These 32P-labeled 
fragments were adjusted to the same specific activity and tested under identical conditions for their 
binding to ShB, the full-length K+ channel polypeptide, again revealing that amino acids 83 to 196 
correspond to the minimal requirement for the binding. 

sitive; picograms of ShB polypeptide could 
be detected, as indicated by titrations with 
purified ShB polypeptides (16). 

To identify the structural element of the 
ShB polypeptide that is recognized by the 
ShB NH,-terminal domain, we expressed 
in bacteria the hydrophilic COOH-termi- 
nal domain (CShB), the NH2-terminal do- 
main, and a series of NH2-terminal domain 
fragments that had different portions delet- 
ed (Fig. 2A). The corresponding coding 
sequences were obtained by polymerase 
chain reactions (PCR) in which appropri- 
ate pairs of oligonucleotide primers with 
flanking Eco RI restriction endonuclease 
sites were used. The PCR reactions were 
carried out with high copy number of tem- 
plate and low cycle number to reduce the 
chance of PCR amplification errors. The 
PCR products were cloned in frame into 
pAR.2HMK and then transformed into 
bacteria BL2 1 (DE3)pLysS (F-ompTRB-MB- 
pLysS, Cmr). For each construct, more 
than two independent clones were found to 
yield the same results when analyzed. The 
fusion proteins were expressed by inducing 
the bacterial culture with 1 mM IPTG for 4 
hours at 37"C, and then labeled with 32P or 
fractionated on SDS-PAGE for binding 
studies (13). The 3ZP-labeled ShB NH2- 
terminal domain bound to the NH2-termi- 
nal but not the COOH-terminal domain 
(Fig. 1B). Moreover, the 32P-labeled ShB 
COOH-terminal domain did not bind to 
the ShB polypeptide (Fig. 2C). Thus the 
interaction between the hydrophilic ShB 
NH,-terminal domain and the full-length 
ShB polypeptide does not involve the hy- 
drophilic COOH-terminal domain. It is 
possible that, in addition to the observed 
homophilic binding, the NH2-terminal do- 
main also interacts with sequences within 
the hydrophobic core region. 

The minimal structural element required 
for the homophilic interaction of the ShB 
NH,-terminal domain was determined by 
analyzing the binding of the "P-labeled 
ShB NH,-terminal domain to various frag- 
ments of NH,-terminal domain that were 
immobilized on a filter (Fig. 28). To con- 
trol for the possibility that some of these 
fragments might not be immobilized suffi- 
ciently to allow detection of their binding 
to the labeled domain, we also used each 
fragment as a "P-labeled probe to test for 
its ability to bind to the full-length ShB 
polypeptide immobilized on a filter (Fig. 
2C). The minimal structural element iden- 
tified in both cases corresponds to a 114- 
amino acid fragment (amino acids 83 to 
196), which is shared by all known Shaker 
alternative splice variants (2, 6, 7). The 
sequence of this 114-amino acid fragment 
is also highly conserved (more than 70 
percent amino acid identity) within the 
Shaker subfamily (2, 3, 5) (Fig. 3A). In- 
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PQ~IFEPIPADRDFCERWINVSGLRFETQLRTLNQFPDTLLGDP~YFDPL~YFFDRSRD~FDAILYWQSGGRLRRPVNVPLD~SEEIKPYELGDPAINKPREDEGF 196 
NGMGV-GSD~DCS-----------------K----------N-QK-N--~---------N---------F------------------------- EN-FERY------ 168 (TI) 

134 (78) 
137(n)  

EFQEAEGGGGCCSS--L--I----------SL-------G--V-F--~-F-----------N----------------------- I-M--R--P---E-LAA------C 140 (73) 
LppAL-~GEQ-C-------I---------K--C---EEEEEEKLLMMMMMMMMMMMMMMN---L------------I------I-I----R--Q--EE-~-y 154(75) 
GGW;YSSVRYS-C---------------~--A---E----- EK-TP-----------N----------------K----I-T-V---Q--EE-LL--Y---- 278 (72) 

EE-HEM-----Y 133 (78) 
EEDQA-QDAGSLRRQ--L--I---------G--A---N------K--H------------N-----e-------------s---AB-R--Q---E-MER----- 21 0 (72) 
SYpRQADH---EC-------I---------K--A---N---N-m-M--------------p----------------F-----M----------EE-m-p----- 176 (77) 
TVEDQALGTASLHHC--H--I---------E-A---N------K-L~-------------N----+----------------~---A~-R-*---E-~R----- 199 (70) 
-~SSVR~S-S----------------~--A---E-----EK-TQ------------N-----------------F-I-T--V--*--EE-LL----- 275 (74) 
-pSLpmGEQDCC&----I--I------K--C---E------K--M----V-------N--------------------- I-I----R--Q--EE-ME------- 251 (74) 

140(72) 

DRKl RRVRLWGGUHEVLWRTLDRLPRTRLGI(--DC-TR -S-- WCDDYSLE- ------APGA-TS--NF-RT ---RMMEEMCALS--P-LDYWGIDEIYLESCCQARYR 134(19) 

Fig. 3. The NH2-terminal domains of different members of the Shaker subfamily are likely to be compatible 
for protein interactions. (A) Sequence conservation within the Shaker subfamily. The sequence required G+' 

for NShB homophilic association is shown by single letter code. The amino acid sequences of known K +  B ,d 5~~ 
++ 

channel genes of the Shaker subfamily from different species (Aplysia, Xenopus, rat, mouse, and human) - 
are aligned with the ShB sequence from Drosophila (2-8). A rat gene (DRK1, Shab subfamily) (4) is also 9 kD 9 5 
included at the bottom. (-) The amino acid at that position is identical to that in the ShB sequence. w m a  o e z z  o Z Z 5  
Spaces in DRKl sequence indicate gaps introduced. The name of each K +  channel gene is given on the 
left of the sequence. The position of the last amino acid is identified by the number on the right. Numbers 
in parentheses indicate the percentage of identity to ShB sequence in the region shown. A similar 
alignment is given in (30). (B) Binding of the NH2-terminal domains of ShB and RCK1, two members in 
the Shaker subfamily. The hydrophilic NH2-terminal domain of RCKl(NRCK1, amino acids 1 to 167) was 
cloned and expressed as a fusion protein. Crude protein preparations (5 kg) of SF9 cell lysate (at 0 or 
46 hours after infection) (lanes 1 .  2, 5, and 6) and IPTG-induced bacterial lysate containing NH,-terminal 27.5 
domains of ShB(NShB) or RCKl (NRCKl) (lanes 3, 4, 7, and 8) were fractionated by 11 percent 
SDS-PAGE. The fractionated protein samples were immobilized on nitrocellulose filters and incubated 
with 32P-labeled NShB (lanes 1 to 4) or NRCKl (lanes 5 to 8). As shown in these autoradiographs. 
37P-labeled NShB binds to NRCK1, ShB, and NShB. Likewise, 32P-labeled NRCK1 shows homophilic 
binding as well as binding to ShB and NShB. The molecular size standards (in kilodaltons) are indicated 
between the two panels. 

deed, the NH,-terminal domain of a mam- 
malian member of the Shaker subfamily, 
RCKl (BK1 or Kvl.1) (3, 17), also bound 
to ShB polypeptide and to the NH,-termi- 
nal domain of either ShB or RCKl (Fig. 
3B). Furthermore, the pattern of binding of 
the RCKl NH,-terminal domain to various 
ShB NH,-terminal domain fragments was 
identical to the one shown in Fig. 2B. This 
result is consistent with the finding that 
ShB and RCKl can coassemble and form 
functional heteromultimeric channels (1 0). 

Mutagenesis studies (18) have shown 
that the first 20 residues of the NH,-termi- 
nus of ShB can act as the cytoplasmic 
inactivation gate (ball), which plugs the 
channel pore after channel opening and 
results in inactivation (1 9). Whereas dele- 
tion of residues 6 through 46 in ShB re- 
moves fast inactivation of the K+ current, a 
peptide corresponding to the first 20 amino 
acids of ShB, when applied in solution from 
the cytoplasmic side of the membrane, re- 
stores fast inactivation (18). These se- 
quences are present in only some of the 
Shaker alternative splice variants (2, 6, 7); 
they are not part of the 114-amino acid 
fragment required for the homophilic inter- 
action of the NH,-terminal domain. Fur- 
ther, an excess amount of the ShB NH,- 
terminal peptide (amino acids 1 to 20) did 

not interfere with the homophilic binding 
of the ShB NH,-terminal domain. indicat- 
ing that the sLequences that have been 
implicated as the fast inactivation gate are 
not involved in homophilic binding. 

The only protein-protein interaction ob- 
sewed in our analysis was the homophilic 
binding of the NHz-terminal domains. If 
this homophilic binding accounts for part of 
the subunit interactions of a K+ channel, 
the ShB NH,-terminal domain could be 
expected to form a homomultimer that 
contains the same number of subunits as 
does a K+ channel. To test this possibility, 
we purified the ShB NH,-terminal domain 
that was expressed in bacteria to homoge- 
neity (Fig. 4) and examined its elution 
profile through a Superose 6 gel filtration 
column that yields size fractionation of 
molecules according to their Stoke's radius. 
Under high salt conditions, which were 
used to minimize possible nonspecific inter- 
actions between proteins, the purified NH2- 
terminal domain was eluted from the col- 
umn as two separate species (36 kD and 140 
kD), corresponding to the size of a mono- 
mer and a multimer, respectively (Fig. 4). 
Sucrose gradient centrifugation of partially 
purified material containing the ShB NH2- 
terminal domain also revealed the presence 
of a multimer as well as a monomer (16). 

The size of the multimer was consistent 
with that of a tetramer of the NH,-terminal 
domain. 

If indeed the isolated ShB NH,-terminal 
domain can form multimers, co-expression 
of the NH,-terminal domain with the ShB 
polypeptide may result in the binding of the 
h~drophilic NH,-terminal domain to the 
full-length K+ channel subunit in vivo. To  
test this notion, we constructed a truncated 
ShB cDNA that encodes the NH,-terminal 
domain of ShB by deleting the coding 
sequence of ShB from amino acids 226 to 
651, transcribed the RNA in vitro, and 
injected both RNA coding for the ShB 
NH,-terminal domain and RNA coding for 
the full-length ShB into X m p u s  oocytes. 
The expressed K+ current was monitored by 
two-electrode voltage clamp recording, as 
described (10, 20). Injection of twice the 
amount of RNA for the ShB polypeptide 
led to a doubling of the size of the K+ 
current (Fig. 5, A and B), indicating that 
the amount of RNA injected did not satu- 
rate the biosynthetic machinery. However, 
injecting RNA for the entire ShB polypep- 
tide together with an equivalent amount of 
RNA for the NH,-terminal domain sup- 
pressed the functional expression of K+ 
channels by a factor of 10 (Fig. 5C). Al- 
though these results are consistent with the 
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idea that the isolated NH2-terminal domain 
can comDete wi th the intact K+ channel 
polypeptides in the subunit assembly, i t  
does not rule out the possibility that inter- 
actions other than those involved in sub- 
unit assembly also participate in the ob- 
served dominant negative effect. Nonethe- 
less, if future studies establish that expres- 
sion o f  the NH,-terminal domain o f  a K+ 
channel polypeitide from the Shaker sub- 
family suppresses the formation of K+ chan- 
nel o f  the Shaker subfamily but not  those o f  
other subfamilies, it may be possible to 
functionally remove the Shaker subfamily 
o f  K+ channels via the expression o f  the 
soluble NH2-terminal domain. 

Specification o f  heteromultimeric 
channel formation by the amino-terminal 
domain. Members o f  different K+ channel 
subfamilies do not  coassemble (12). In- 
deed, co-expression o f  ShB from the Shak- 
er subfamily w i th  the mammalian DRKl 
(or Kv2.1) from the Shab subfamily (4, 
17) gives rise to K+ currents that are well 
fitted by the sum of  the two currents that 
are produced by ShB (Fig. 6A) and DRKl 
(Fig. 6C), respectively (Fig. 6, E and G). 

0 10 40 

FracHon number 

Fig. 4. Formation of a multimer by the ShB 
NH,-terminal domain (NShB). After purification 
of the ShB NH,-terminal domain from the bac- 
terial lysate (28), the purified protein was ana- 
lyzed by Superose 6 (FPLC) gel filtration col- 
umn chromatography under high salt condi- 
tions (0.5 M KCI), and detection with 32P-la- 
beled NShB (13). The purified NShB eluted as 
two peaks with apparent molecular size as 
indicated, corresponding to the size of a mono- 
mer and a multimer, respectively. (Inset) SDS- 
PAGE of protein preparations visualized by 
Coomassie blue staining. (Lane A) Crude bac- 
terial lysate (3 pg); (lane B) purified NShB (0.1 
pg). Stoke's radius standards (Bio-Rad; thyro- 
globulin, 670 kD; r-globulin, 158 kD; ovalbu- 
min, 44 kD; myoglobulin, 17 kD; and vitamin 
812, 1.35 kD) were fractionated under the 
same conditions and monitored by absorbance 
at 280 nm. 

T o  determine whether the inability o f  
these two polypeptides to  coassemble i s  
due to the incompatibility in the NH2- 
terminal domain, we replaced the NH,- 
terminal domain o f  DRKl (amino acids 1 
to 180) w i th  that o f  ShB (amino acids 1 to 
225), except that residues 6 through 46 o f  
ShB were deleted to remove fast inactiva- 
tion. This chimeric c D N A  (NShBA6-46- 
TmCDRKl) ,  when expressed in Xenopus 
oocytes, produced a delayed rectifier K+ 

Fig. 5. Suppression of A 
functional expression of 
the ShB K+ current by 
the hydrophilic ShB A""" 
NH,-terminal domain. 1 \- 
Within the linear range - 

of ShB expression (A B 
and B), injection of 
equal amount of ShB 
RNA and RNA for the c ShWShB hvdro~hilic NHAermi- 
nsl domain OLf ShB 

- 

(NShB) greatly sup- 2k 

pressed the K+ current 
(C). The currents were elicited by a 80-ms test 
pulse from -100 mV to +40 mV. The injected 
RNA's are (A) 50 ng of ShB RNA per oocyte, 
peak current 6.2 + 1.5 pA, n (number of 
oocytes recorded) = 5; (B) 25 ng of ShB RNA 
per oocyte, peak current 2.9 + 0.4 pA, n = 9; 
(C) 25 ng of ShB RNA and 25 ng of RNA coding 
for the first 225 and the last four residues of ShB 
per oocyte, peak current 0.2 + 0.2 pA, n = 8. 

current typical o f  the DRK1-induced cur- 
rent (Fig. 6B). Thus, the ShB NH2-termi- 
nal domain i s  compatible wi th the hydro- 
phobic core region and the COOH-termi- 
nal  domain o f  DRK1. Coexpression o f  this 
chimera w i th  the wild-type ShB produced 
currents o f  characteristic activation and 
inactivation kinetics (Fig. 6D); the wave- 
forms o f  these currents could not  be ap- 
proximated by the sum o f  the K+ currents 
because o f  the expression o f  the chimera 
and ShB homomultimeric channels (Fig. 
6F). In fact, the current recorded from the 
co-injected oocytes reached i t s  peak after 
the ShB-induced current would have sub- 
sided, but before the rising phase o f  the 
chimera-induced current. At +60 m V  the 
time to peak for the ShB current was 5.4 
* 0.4 ms (n = 7). The time to peak for 
the current recorded in oocytes that ex- 
pressed both the ShB and the chimera was 
21 * 0.5 ms (n = 7). The time to peak for 
the chimera-induced current was greater 
than 100 ms (n = 5); this cannot be 
measured accurately because the current 
reached the plateau so slowly that there 
could be small contribution o f  slow acti- 
vating currents intrinsic to the oocyte. 
Given this wide temporal separation be- 
tween the peak current observed in co- 
injected oocytes and those in oocytes in- 
jected w i th  either ShB or the chimera, the 
former i s  most likely due to  coassembly o f  
ShB and the chimera in the formation o f  

Fig. 6. Formation of functional heteromultimeric 
channels by ShB and a chimera of ShB and 
DRK1. This chimera, NShBA6-4€+TmCDRKl, 
has the hydrophobic core region and the 
COOH-terminal domain of DRKl ; the hydrophil- 
ic NH,-terminal domain of DRKl (amino acids 1 
to 180) was replaced with that of ShB (amino 
acids 1 to 226), and an internal deletion of 
amino acids 6 to 46 of ShB was introduced to 
remove fast inactivation (A to C), when ShB is - 
the solid line, and DRKl is the dotted line. The 
chimera was functionally expressed in Xenopus DShB+Chimera S~B+DRKI 
oocytes and produced currents (B) that resem- 
bled the DRKl K+ current (C); in both cases the 
current activated much more slowly than the 
ShB K+ current (A). Coexpression of ShB and 
the chimera gave rise to currents of waveform 
(D) different from those due to coexpression of 
ShB and DRKl (E). (G) The current due to 

F G 

coexpression of ShB and DRKl (elicited at +60 
mV, solid line) is similar in waveform to that 
generated by digital addition of ShB and DRKl /' ;; 
currents (dotted lines, with ratios of the two ShRDRKl 

currents indicated on the right of the traces); it 
matches the simulation of ShB:DRKl = 1 :1.2 '- - 

(F) The current due to coexpression of ShB and the chimera (at +60 mV, solid line) does not match 
a simulation at any ratios. The currents were elicited by 85-ms test pulses at +20 mV, +40 mV, and 
+60 mV from a holding potential of -100 mV. The top traces in (B) and (C) were generated by 
900-ms test pulses at +60 mV. The interval between test pulses was 3 seconds. The horizontal 
scale bar is 300 ms for inserted panels in (B) and (C) and 20 ms for all other traces. The vertical 
scale bar is 0.5 @for (A), (D), and (E); 0.14 pAfor (B); 0.24 @for (C); 1.1 pAfor the inserted panel 
in (B); and 1.9 pA for the inserted panel in (C). Each trace shown is representative of records from 
at least four oocytes. 
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Flg. 7. A model for the Shaker K+ channel. The 
channel appears to be a tetramer (2, 9). The 
hydrophobic core region of each subunit con- 
tains the transmembrane segments and partic- 
ipates in pore formation. The hydrophilic NH,- 
and COOH-terminal domains are on the cyto- 
plasmic side. The interactions between sub- 
units probably involve both the hydrophobic 
core region and the hydrophilic NH,-terminal 
domain. The specificity of subunit association is 
determined by the NH,-terminal domain. Also 
depicted is the cytoplasmic inactivation gate 
(ball and chain) (18, 19). (Top) side view; 
(bottom) cross section. 

heteromultimeric channels. These find- 
ings indicate that the hydrophobic core 
regions of DRKl and ShB are compatible 
in the subunit interactions, even though 
they only share 40 percent amino acid 
identity; the failure of ShB and DRKl to 
coassemble and form functional channels 
can be attributed to incompatible interac- 
tion between their hydrophilic NHz-ter- 
minal domains. 

The observed functional expression of 
NShBA6-46-TmCDRK1 and heteromulti- 
mer foimation between this chimera and 
ShB may permit further extension of the 
structure-function analysis of K+ channels. 
For example, it is now possible to analyze 
the voltage-gating of heteromultimeric 
channels composed of K+ channel poly- 
peptides which individually would give rise 
to homomultimeric channels with drastical- 
ly different kinetic and voltage-dependent 
properties of activation. It may also be 
possible to replace the NH,-terminal do- 
main of DRKl with that of the wild-type 
ShB polypeptide, and test whether the in- 
activation gate at the NH2-terminus of this 
chimera would interact with a receptor that 
is conserved in DRKl and is therefore also 
present in the chimera (21), thereby caus- 
ine inactivation of this chimeric channel. If 
so; it would be possible to test for the 
coassembly of this NShB-TmCDRK1 chi- 
mera with the DRKl polypeptide. If we 
assume that deletions of much of the hydro- 
philic sequences in both the NH,- and 
COOH-terminal domains of DRKl do not 
abolish functional expression (22), presum- 

ably because subunit interactions involving 
the hydrophobic core region of DRKl are 
sufficient for homomultimeric channel for- 
mation, it should be feasible to determine 
whether these subunit interactions are 
counteracted by the incompatibility be- 
tween the hydrophilic NH2-terminal do- 
mains of the ShB and the DRKl K+ chan- 
nel polypeptides. 

K+ channel subunit interactions. On 
the basis of our studies and those of others 
(22), we propose that the subunit interac- 
tions that support K+ channel assembly 
involve the hydrophilic NHz-terminal do- 
main as well as the hydrophobic core re- 
gion. The interactions involving the NH,- 
terminal domain are homophilic so that a 
tetramer of the NHz-terminal domains 
forms at the cytoplasmic side of the mem- 
brane and makes a vestibule at the cytoplas- 
mic end of the channel pore (Fig. 7). The 
minimal structural element required for the 
homophilic interaction of the ShB NH,- 

pates in subunit interactions (27). More- 
over, the acetylcholine receptor is a roughly 
cylindrical structure that extends from the 
membrane into the extracellular mace. 

L ,  

thereby forming a vestibule at the extracel- 
lular side of the channel Dore (25). In this . , 

respect, we suggest that the K+ channel 
may resemble an inverted acetylcholine 
receptor; the K+ channel molecule might 
be expected to form a roughly cylindrical 
structure that extends from the membrane 
into the cytoplasm. 
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Th e realization that many apparently ran
dom phenomena are actually examples of 
deterministic chaos offers a better way to 
understand complex systems. Phenomena 
that have been shown to be chaotic include 
the transition to turbulence in fluids (J), 
many mechanical vibrations (2), irregular 
oscillations in chemical reactions (3), the 
rise and fall of epidemics (4), and the 
irregular dripping of a faucet (5). Several 
studies have argued that certain cardiac 
arrhythmias are instances of chaos (6, 7) • 
This is important because the identification 
of a phenomenon as chaotic may make new 
therapeutic strategies possible. 

Until recently the main strategy for 
dealing with a system displaying chaos was 
to develop a model of the system sufficiently 
detailed to identify the key parameters and 
then to change those parameters enough to 

A. Garfinkel is in the Department of Physiological 
Science, University of California, Los Angeles, CA 
90024-1527. M. L. Spano is at the Naval Surface 
Warfare Center, Silver Spring, MD 20903. W. L. Ditto is 
in the Department of Physics, The College of Wooster, 
Wooster, OH 44691. J. N. Weiss is in the Department 
of Medicine (Cardiology), University of California, Los 
Angeles, CA 90024. 

SCIENCE • VOL. 257 • 28 AUGUST 1992 

lapitite chromatography. This material was then 
analyzed on a FPLC Superose 6 column with a 
buffer containing 25 mM Hepes-KOH, pH 7.5, 0.5 
M KCI, 2 mM EDTA, 2 mM DTT, and 5 percent 
(w/v) glycerol. The fraction collector was activated 
to collect 500 JJLI per fraction after the first 5-ml 
elution. The activity was followed by membrane 
binding analysis with 32P-labeled NShB and 
quantified by spectrometry. 

30. J. A. Drewe etal., J. Neurosci. 12, 538 (1992). 
31. We thank C. Miller for the recombinant baculovi-

rus for Shaker expression, D. McKinnon for the 
BK1 clone, R. Joho and A. Brown for the DRK1 
clone, R. Aldrich for the pShB(A6-46) construct, 
M. Blanar for the pAR(AR 1)59/60 vector, L Qin for 
advice on tissue culture and immunoassays, E. 
Isacoff, Y. Kubo, G. Lopez, and P. Slesinger for 
advice on electrophysiological recording, M. 
Doherty for oligonucleotide synthesis, L. Acker-
man for photography, B. Bannerman for typing 
the manuscript, and G. Feger, E. Giniger, E. 
Isacoff, A. Jarman, Y. Kubo, M. Sheng, V. Siegel, 
P. Slesinger, and M-L. Tsaur for comments on the 
manuscript. Supported by a Helen Hay Whitney 
Foundation fellowship (M.L.), the Muscular Dys
trophy Association (M.L), and the Howard 
Hughes Medical Institute (Y.N.J, and L.Y.J.). 

11 May 1992; accepted 9 July 1992 

take the system out of the chaotic regime. 
However this strategy is limited to systems 
for which a theoretical model is known and 
that do not display irreversible parametric 
changes (often the very changes causing the 
chaos) such as aging. 

Recently a strategy has emerged that 
does not attempt to take the system out of 
the chaotic regime but uses the chaos to 
control the system. The key to this ap
proach lies in the fact that chaotic motion 
includes an infinite number of unstable 
periodic motions (8). A chaotic system 
never remains long in any of these unstable 
motions but continually switches from one 
periodic motion to another, thereby giving 
the appearance of randomness. Ott, Gre-
bogi, and Yorke (OGY) (9) postulated that 
it should be possible to stabilize a system 
around one of these periodic motions by 
using the defining feature of chaos, the 
extreme sensitivity of chaotic systems to 
perturbations of their initial conditions. 

The OGY theory was first applied exper
imentally to controlling the chaotic vibra
tions of a magnetoelastic ribbon (JO) and 
subsequently to a diode resonator circuit 

Controlling Cardiac Chaos 
Alan Garfinkel, Mark L. Spano, William L. Ditto, James N. Weiss 
The extreme sensitivity to initial conditions that chaotic systems display makes them 
unstable and unpredictable. Yet that same sensitivity also makes them highly susceptible 
to control, provided that the developing chaos can be analyzed in real time and that analysis 
is then used to make small control interventions. This strategy has been used here to 
stabilize cardiac arrhythmias induced by the drug ouabain in rabbit ventricle. By admin
istering electrical stimuli to the heart at irregular times determined by chaos theory, the 
arrhythmia was converted to periodic beating. 


