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Two plausible, transmembr.ane~ion channel elements~(These "elements' are 
~-helical sequences of 24 amino acids in which polar, hydrophilic side chains 
occupy one side and hydrophobic side chains the other) have been identified in 
the serine chemoreceptor-methyl-accepting chemotaxis!~F6te'in (MCP)(SerR) of 
E.coli and the aspartate chemoreceptor-MCP (AspR) of'S:~yphimurium. That the 
chemoreceptor might serve as, or activate, an ion channel is supported 
strongly by the occurrence of membrane depolarization, specific peptide 
methylation and neurotoxin inhibition of response in the chemotaxis of 
S.aurantia (E.P.Greenberg, refs.13-18]. 

The events which underlie the phencs~enon of chemotaxis in bacteria have 

been elucidated over the past 15 years. [I-7] The sensory transducers for 

many stimuli are ~ethyl-accepting chemot~j_s_p~eLns (HCPs),I of which there 

appear to be 4 in E.coli and S.tyRhimurium, corresponding to the gene products 

of tsr, tar, trq, and ta~. In at least two cases, the serine chemoreceptor 

(SerR) of E.coli [8] and the aspartate chemoreceptor (AspR) of S.typhimurium 

[9], the MCPs are also the chemore~ ¢or~, and are transmembrane proteins.,,The 

complete amino acid sequences for both SerR and AspR have now been reported, 

but neither the functional portions o4 the receptor protein nor nature of the 

s igna l  could be deduced from the sequence. 

The speed w i th  which the s igna l  is t r ans fe r red  from the receptor  to  the 

motor (ca.20B msec [10]} makes a relatively ~all molecule, possibly a cation, 

a candidate for the signal. A potential change would be expected if a suitable 

cation entered (or left} the cell. However, attempts to demonstrate potential 

changes associated with chemotaxis in E.coli had been equivocal or negative 

u n t i l  recently. [11,12] Previously, Greenberg [13-18] has shc~n a stp.ong 

p a r . a l l e l i s ~  between d e p o l a r i z a t i o n  of the membrane and chemotact ic behavior  in 
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Sp roch~ete aurantia. A transient change in fluorescence, corresponding to 

membrane depolarization, could be correlated with a chemotactic response. In 

addition, an ionophore like valinomycin, which equalizes certain cation 

concentrations, especially K+, across the membrane but not nigericin, which 

affects the pH gradient across the membrane causes the loss of chemotaxis. 

[15] Tetrodotoxin, which blocks Na+ channels, and aconitine and sea anemone 

toxin, which prolong the open time of sodium channels, strongly inhibit chemo- 

taxis to D-xylose. [18] Inhibition of che~otaxis by the ionophore A23187 

suggemts that a calcium channel might be involved at some step in the process. 

[18] The mechanism of aconitine action has been explained in terms of single 

group rotation theory elsewhere. [19] It thus became important to investiga@e 

the possibility that the serine and aspartate chemoreceptors were cation 

channels. 

We have shown that ion "channel elements" (These 'elements" are 

c-helical sequences of 24 amino acids in which polar, hydrophilic side chains 

occupy one side and hydrophobic side chains the other) may be selected frr_An 

the e~ino acid sequences for the subunits of the acetylcholine receptor (AChR) 

and that an ion channel may be constructed from such elements. [2~-23] One 

]~oks for mixed hydrophobic-hydrophilic sequences in which helix positions 

1,4,8,11..are occupied by suitable groups, either charged, or polar. The 

fairly narrow definitions of AChR channel element units have been extended 

for the bacterial chemoreceptors to include polar side chains: am]de groups 

(asn and gln)[Cf, the alamethicin channel [24]], the his imidazolium ion [SerR 

unit] and a thr hydroxy group [AspR unit]. 

The bac te r ia l  chemoreceptor channel elements ~ere thus not so r e a d i l y  

selected as those of the ¢-subuni t  of the AChR. Nevertheless, we have been 

able to t e n t a t i v e l y  ] d e n t ] f /  two p laus ib le  channel elements in each chemo- 

receptor .  The channel elements are i l l u s t r a t e d  in Fig. [ for  AspR and SerR. 

The amino acids which cons t i t u te  the set of charged or polar  groups which 

might l i ne  up along the a - h e l i x  are marked wi th *.  
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Aspirate Binding Protein 

3~ 15Bgln 254 212rg~ 
29 * 159ash * 25501- 211 
28 I 16Ba I 256~is 218g 
279 ~ 161 I 257 289 
269 I I629 I 25891n 21B 
25s * 16301- * 259r9÷ 287 
24 I 164a l 268s 286 
23 I 165 I 261 285 
2291n I 1669 
21 
28 
19a 
18 
17 
169 
15 
14 
13 
12 
11 
2~ 
91 
8 
7 

] 262 284 
t 1~7asn * 263as- 283 
I 168 ~ 264t 282 
I 169a I 265 282 
• 178r9+ * 266t 288 

171 ~ 26791n 199 
172s I 268 19Ba 

• 17391- * 269r9~ 197 
I 174ash I 27891- 196 
I 175 I 2719 1959 
I 176 I 272s 194 
• 177rg+ * 273as- 19391n 
l IFBgln l 274a 292 
I 179t I 275 19291n 

188 : 276 198a 
• 182as- * 277s 189 

I 8Brg~ 

Serine binding protein 

157r9÷ * 244as- 214 
29 * 158as- ~ 2459 2239 
28 I 159 I 246s 212 
279 l ;6Brg* [ 247ash 211 
269 * 161asn * 24891- 218 
25s l 1629 I 249 289a 
24t I 163 I 25~9 288 
23 ~ 26491- * 25191n 2~7 
229tn * 16~ I 252 286 
21 26691n I 253a 285a 
28 167 * 25491- 284 
299 168. I 255s 283 
18 169a I 256 282 
17 178 I 257r9, 281 
16a 171 * 258his 288 
25 * 27291- ~ 259 299 
14 I 17391n I 26991n 1989 
23 I 174aSh I 261~ 197 
12 I 175as- * 26291- 196 
II * 276r0~ I 263 195 
18s I 177 I 264 194 
9t ~ 178his * 265r9, IP3 
8 * 279as-  266t 192a 
7 In8 267 191gln 

141 112 H4 1t3 HI 1t2 H4 H3 

Fig. l  The trans~nembrane ion channel elements and hydrophobic helices for .  the 
Salmonella tsphimurium aspartate receptor (AspR). [ l e f t ]  (Russo,A.F. and 
Koshland,D.E., Science 220, 1816-I~2B (1983)). The methylation s i tes (glu-,  
directly or derived from gln) are 294, 295, 296, 301, 382, 483, 484, 498, 491, 
499, 500, 581. The transmembrane ion channel elements and hydrophobic helices 
for the Escherichia colt serine receptor (SerR). [right] (8oyd,A., Kendall,K. 
and Simon,H.]., Nature 301, 623-626 (1983)) The methylation sites (glu-, 
directly or derived from gln) are 296, 297, 298, 303, 3D4, 310, 311, 4?2, 493, 
582, 503. The helices for each receptor are marXed in order of occurrence, 
HI-H4. The nonstandard abbreviations are:+, lys; g, gly; s,ser; a, ala; gl-, 
91u; r9+, arg; t, thr; ~s-, asp. Unmarked amino acids are hydrophobic [trp, 
tyr, leu, ile, val, met]. The * indicates a hydrophilic unit within a channel 
element. 

The ion channel is constructed of the channel elements. If there were 

only one channel element per molecule, the C-terminus would be outside the 

membrane. This is considered unlikely in view of the location of the sites for 

m e t h y l a t i o n ,  w h i c h  a r e  i n t r a c e l l u i a r .  Thus ,  t h e r e  must  be two channe l  

e l e m e n t s .  The ion channe l  i s  p o s s i b t y  t r i ~ e r J c  on 9 e c ~ e t r i c  g r o u n d s ,  and may 

be, as implied by the HCP-crosslinkin 9 of Dahlquist, even tetrarneric. [25] The 

AChR is thought to have seven channel elements, so that 6 - 8 channel elements 

seems reasonable, but a dimer(4 channel elements) is also possible. 

The simplest hypothesis is to assume that the channel carries Na÷, and 

that the commencement of depolarization activates K+-channels. The signal 
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transmitted to the motor would then be a lowered K+ activity, leading to a 

dissociation of a K+-complex at the motor switch. [Greenberg, personal 

communication] Protons could then occupy the switch site, which we shall treat 

as carboxylate groups, and overcome repulsion between two such groups. This 

partial molecular model for the motor ~itch is compatible with asynchrony in 

switching between different flagella [26] and might be useful in explaining 

the directions for motor motion favored for inward proton motion (CCW) or 

outward proton motion (0~). [27] (Scheme I) 

RCOO-K+ K+-OOCR ~ RCOH--O 
O--HOCR 

natural switch ratio CCW-favored switch ratio 

SCHBtE ] 

Channel operation would be modulated by methylation of carboxyl groups in 

cytoplasmic portion of the MCPs, possibly throu9 h releasing blocking the 

groups h e l d  out  of  the channel by hydrogen bond ing .  O e m e t h y l a t i o n ,  as observed  

for B . s u b t i l .  i s  ~ cou ld  a l s o  a f f e c t  channel o p e r a t i o n .  [28 ,  29] M e t h y l a t i o n  i s  

appa ren t  y a l s o  i n v o l v e d  in the chemo tax i s  of  the n o n - e n t e r i c  b a c t e r i a ~  

Pseudomsnas aeruqinosa [3@] and Spirochaeta aurantia [18]. A modified scheme 

for chemotaxis which includes the K~ ion effect is sh~n as Scheme 1]. The 

scheme presumes parallels in the mechanism for all the organisms from which 

the individual pieces c,4 information have been derived. 

-S, demethylation 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SO.N 
Stimulus + Receptor ~ S,Receptor .... ) S,Receptor'' 

t 1 
HCP 

+No+ channel 
-K+ channel 

~ signal  

-K+, +H+ 
Response .i~ ............ Motor' ~ Hotor 

+K+, -H+ 
J 
, 

CCW rotation CI~ rotation 

[--- H+ flow .... -~ 

SCHE]'IE II 
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SAM = S-adenosylmethionine; CCW = counterclockwise; O~ = clockwise; MCP = 

methyl-acceptin9 chemotaxis protein 
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