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ABSTRACT Colicin Ia, a bacterial protein toxin of 626 amino acid residues, forms voltage- 
dependent  channels in planar lipid bilayer membranes. We have exploited the high affinity 
binding of streptavidin to biotin to map the topology of the channel-forming domain 
(roughly 175 residues of the COOH-terminal end) with respect to the membrane.  That is, we 
have determined, for the channel's open and closed states, which parts of this domain are ex- 
posed to the aqueous solutions on either side of the membrane and which are inserted into 
the bilayer. This was done by biotinylating cysteine resid:~es introduced by site-directed mu- 
tagenesis, and monitoring by electrophysiological methods the effect of streptavidin addition 
on channel behavior. We have identified a region of at least 68 residues that flips back and 
forth across the membrane in association with channel opening and closing. This identifica- 
tion was based on our observations that for mutants biotinylated in this region, streptavidin 
added to the cis (colicin-containing) compartment  interfered with channel opening, and 
trans streptavidin interfered with channel closing. (If biotin was linked to the colicin by a di- 
sulfide bond, the effects of streptavidin on channel closing could be reversed by detaching 
the streptavidin-biotin complex from the colicin, using a water-soluble reducing agent. This 
showed that the cysteine sulfur, not just the biotin, is exposed to the trans solution.) The up- 
stream and downstream segments flanking the translocated region move into and out of the 
bilayer during channel opening and closing, forming two transmembrane segments. Surpris- 
ingly, if any of several residues near the upstream end of the translocated region is held on 
the cis side by streptavidin, the colicin still forms voltage-dependent channels, indicating that 
a part of the protein that normally is fully translocated across the membrane can become the 
upstream transmembrane segment. Evidently, the identity of the upstream transmembrane 
segment is not crucial to channel formation, and several open channel structures can exist. 

I N T R O D U C T I O N  

Colicin Ia, a plasmid-encoded,  water soluble, single 
polypeptide of  626 amino acid residues (Mankovich et 
al., 1986), is a m e m b e r  of  the class of  colicins that  fo rm 
voltage-gated ion-conducting channels in bacterial 
plasma membranes  and in artificial phosphol ip id  bi- 
layer membranes  (Schein et al., 1978; for reviews see 
Slatin, 1988; Cramer  et al., 1990; Lakey et al., 1994) 
Like all of  the colicins for which domain  analyses have 
been done,  colicin Ia is assumed to have three do- 
mains: (1) the middle region, which binds to a receptor  
in the outer  m e m b r a n e  of the target cells; (2) the NH 2- 
terminal region, which, in conjunct ion with proteins in 
the target cell, transports the colicin to the plasma 
membrane ;  and (3) the COOH-termina l  region (~175 
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amino acids), which is the channel-forming domain  
(for review see Cramer  et al., 1995). The  main issue ad- 
dressed in this pape r  is the overall m e m b r a n e  topology 
of  the channel-forming domain  in the channel ' s  open  
and closed states, i.e., which residues are exposed to 
the aqueous solutions on ei ther  side of  the m e m b r a n e  
and which are sequestered within the lipid bilayer. In 
the Discussion, we also c o m m e n t  upon  several intrigu- 
ing questions about  channel  structure and gating. 

In a previous paper  (Slatin et al., 1994), we repor ted  
the surprising finding that a stretch of  at least 31 amino 
acid residues of  colicin Ia, extending f rom residue 511 
to 541, is translocated back and forth across the lipid 
bilayer in conjunct ion with channel  open ing  and clos- 
ing, whereas residues 544 and 547 are moved in and 
out of  the bilayer but  not  entirely across it. Here  we 
elaborate on this picture and repor t  that, associated 
with channel  gating, a stretch of  68 residues (474-541) 
is translocated entirely across the membrane ,  whereas 
some port ion of  the 29 residues (544-572) just  down- 
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s t r e a m  is m o v e d  i n t o  a n d  o u t  o f  t h e  b i layer ;  we pos tu -  

la te  t h a t  this p o r t i o n  f o r m s  a t r a n s m e m b r a n e  s e g m e n t  

in  t h e  o p e n  state.  A l t h o u g h  we  h a v e  e v i d e n c e  f o r  an-  

o t h e r  t r a n s m e m b r a n e  s e g m e n t  j u s t  u p s t r e a m  o f  t h e  

t r a n s l o c a t e d  s e g m e n t ,  its e x a c t  b o u n d a r i e s  a r e  n o t  

f i x e d  a n d  c a n  be  e x p e r i m e n t a l l y  m a n i p u l a t e d ,  resul t -  

i n g  in  s t ruc tu ra l l y  d i s t i nc t  o p e n  s ta tes  f o r  t h e  c o l i c i n  Ia 

c h a n n e l .  

M A T E R I A L S  A N D  M E T H O D S  

Mutagenesis and Biotinylation of Colicin Ia 

Wild-type colicin Ia contains no cysteine residues. Unique cys- 
teines were introduced by site-directed oligonucleodde mutagen- 
esis, and the mutant proteins were expressed and purified as 
described previously (Jakes et al., 1990; Qiu et al., 1994). The 
purified proteins were biotinylated with one of the following 
sulflaydryl-specific reagents: 3-(ALmaleimidylpropionyl) biocytin, 
AZ(biotinoyl)-N'-(iodoacetyl)ethytenediamine (both from Molec- 
ular Probes, Inc., Eugene, OR), ~[6-(biotinamido)hexyl]-3'-  
(2'-pyridyldithio)propionamide, or N:[2-(biotinamido)ethyl]-3'- 
(2'-pyridyldithio)propionamide (both from Pierce Chemical Co., 
Rockford, IL). This last compound was synthesized for us by Dr. 
Paul Davis at Pierce; it is not  currently listed in their catalog. The 
structures of these reagents and the resulting biotinylated prod- 
ucts are shown in Fig. 1. Note that the product of the reactions 
with either of the last two reagents can be reduced to regenerate 
the original, unbiodnylated protein. Biotinylation with the first 

two reagents was performed as described previously (Qiu et al., 
1994; Slatin et aI., 1994). For the latter two reagents, the protein 
was reduced with 20 mM dithiothreitol (DTT), transferred into 
degassed 0.2 M sodium borate, 2 mM EDTA, pH 9.0 buffer by 
means of an NAP-5 G-25 Sephadex column (Pharmacia LKB Bio- 
technology Inc., Piscataway, NJ), and 20 vol of the protein solu- 
tion were incubated with 1 vol of  the biotinyladon reagent (4 mM 
in N, Ndimethylformamide) for 0.5-3 h at 31~ The reaction 
mixture was. then dialyzed at 4~ against 25 mM sodium borate, 2 
mM EDTA, 300 mM NaC1, pH 9.0 (borate buffer). The extent of 
biotinylation was assessed by an SDS-po|yacrylamide gel streptavi- 
din-binding assay as described in Qiu et al., 1994. Generally, 
>80-90% of the mutant colicin was biotinylated. Nevertheless, to 
ensure that all of the channel activity observed on lipid bilayer 
membranes came from the biodnylated mutant, we usually puri- 
fied the biodnylated protein on a column of monomeric avidin 
(Ultralink; Pierce Chemical Co.). Because the affinity for biotin 
of monomeric avidin is weaker than that of  the usual tetrameric 
avidin or streptavidin, biotinylated proteins can be eluted from 
this column with biotin (Green and Toms, 1973). Columns were 
prepared and run exacdy as specified in the instructions from 
Pierce. After the protein was loaded and washed extensively in 
PBS (10 mM sodium phosphate, I50 mM NaCI, pH 7.2) to re- 
move any unbiotinylated proteins, the biotinylated protein was 
eluted from the column in 2 mM biotin-PBS. It was then concen- 
trated by spinning in concentrators (Centricon 10; Amicon, Bev- 
erly, MA) and dialyzed extensively against borate buffer to re- 
move biotin. Biodnylated colicin purified on monomeric avidin 
showed no evidence of any residual, unbiotinylated colicin in the 
gel assays. Minor impurities initially present in our original puri- 

biotin group 

r o I 
D 

HN NH 
o o o~ 

I ~,,,s/)- ( C H 2 N - C -  N H -  [Cl'h}4 - C H -  N H -  C -  (CHz)x - l~x ~J + H S -  R 

3-(N-maleimldylproplonyl)blocytin g 

O 
U 

HN NH 

0 0 

II k,,S/)-(Cm~-C-NH-(Cm)~-NH-C-Cml § HS-R 

N-(biotinoyl)-N'4iodoacety. I)ethylenedia mine 

O 
II 

HN NH 

111 ~,,s/).  (Cm~.c. Nn 

Biotia-HPDP 
N-16-(Biotinamido)hexyl]-Y-(2'-pyridyldithio)prepionamide 

0 
n / N  

HN NH 

I V  - (Cl.h)4 - c - NH - (CH~)2 - NH - C - CH2 - CH2 - S - S - 

Biotin-EPDP 
N- [2-(Biofinamido)ethyl]-Y-(2'-pyridyldithio }propiona mide 

o % 
! / ' ~  m 

B . . . . .  C - ( C I ~ ) z - N  I . S . R  

/ 

0 

"~ B . . . . .  C - C H 2 - S - R  + H!  

+ H S -  R ~ ~ O 

I 
B . . . .  C - C H 2 - C H 2 - S - S - R  + --S 

+ H S -  R ~ . Reducible bond 

FIGURE 1. The biotinylation reagents used in these experiments and their reactions with the sulfhydryl group of cysteine. R--SH = mu- 
tant colicin with cysteine residue. For the products of the reactions, the biotin group and spacer arm are represented by B'" .  Note that for 
reagents III and IV, the disulfide bond of the products can be reduced to regenerate the original unbiotinylated colicin. 
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fled colicin were also removed by the avidin column. Streptavidin 
was obtained from either Calbiochem Corp., La Jolla, CA, or 
Pierce Chemical Co. 

Planar Bilayer Experiments 

Membranes were formed at room temperature from asolectin 
(lecithin type IIS; Sigma Chemical Co., St. Louis, MO) from 
which nonpolar lipids had been removed (Kagawa and Racker, 
1971). Lipid (1% in pentane) was layered on top of the aqueous 
solutions in two compartments on either side of a Teflon parti- 
tion. The partition contained an 80-120-~m hole which was pre- 
treated with 3% squalene in petroleum ether. After the solvents 
evaporated, the lipid layers were raised over the level of  the hole, 
forming the membrane (Montal, 1974). The volume of solution 
on each side of the membrane was ~1 ml and contained 100 mM 
KC1, 5 mM CaCI 2, 1 mM EDTA, and an appropriate buffer; unless 
otherwise indicated, the buffer was either t0-50 mM MES, pH 
6.2, o r  20-50 mM HEPES, pH 8:0. The transmembrane voltage 
was clamped, and the resulting current was monitored as previ- 
ously described (Jakes et al., 1990) ; all voltages are those of the cis 
compartment,  defined as the side to which colicin was added, 
with respect to that of the opposite trans compartment.  Both 
compartments could be stirred by small magnetic stir bars. Mem- 
brane capacitance was frequently checked during experiments, 
to verify that the membrane area had not drastically changed. 
Colic'm (generally 0.5-7 mg/ml) ,  either biotinylated or not, was 
usually diluted 1:1 (vol:vol) with 1% octylglucoside (Calbiochem) 
before the addition of ~1 ~1 to the cis compartment;  dilution 
with octylghicoside yielded more channels per  milligram of pro- 
tein without affecting channel behavior. In single-channel exper- 
iments, the KC1 concentration was 1 M, and octylglucoside was 
frequently omitted. Stock solutions of wild-type oolicin Ia and cys- 
teine mutants were stored frozen at -70~ in 300 mM NaC1, 25 
or 50 mM sodium borate, 2 mM EDTA, pH 9.0, at concentrations 
>1 mg/ml ;  thawed aliquots and biotinylated mutants were kept 
at 4~ where they generally retained channel-forming activity for 
months. 

Experimental Rationale 

Colicin Ia induces a characteristic voltage-dependent response in 
planar lipid bilayer membranes: current increases in response to 
c/s-positive voltages and rapidly decreases to zero at negative volt- 
ages (Nogueira and Varanda, 1988). This macroscopic response, 
which is the one primarily aJsayed in our  experiments, reflects 
the opening and dosing of many individual channels. By using 
site-directed mutagenesis to introduce a cysteine, followed by cys- 
teine-specific biotinylation with one of the reagents shown in Fig. 
1, one can attach a biotin at a specific site in colicin Ia. This site 
then serves as a target for the binding of  streptavidin, a 60-kD 
water-soluble protein that ~bilads laear!y irreversi~fly to biotin 
(Wilchek and Bayer, 1988; Hashianoto et  aL, 1986; Chalet and 
Wolf, 1964). Binding of  streptavidin from one  Side of  the mem- 
brane or the o:ther might be expected to interfere with voltage 
gating, if the biotinylated site moves during the gating process. In 
this way, one may hope to determine whether a given residue is 
accessible to streptavidin in the cis solution or the trans solution, 
or resides in the interior o f  the bilayer (and is therefore inaccessi- 
ble to streptavidin) when the channels are open or closed. 

From preliminary data and by analogy to the other channel- 

forming colicins, the channel-forming region of  colicin Ia is pre- 
sumed to reside in the last 175 amino acid residues, extending 
roughly from residue 451 to 626 (Cramer et al., 1995) (see Fig. 
2). Near the carboxy terminus is a hydrophobk segment consist- 
ing of 40 uncharged amino acids (residues 573-612); this seg- 
ment  is believed to be crucial for interaction with the membrane 
and is assumed to remain buried in the membrane interior dur- 
ing channel gating (Cleveland et al., 1983). All of  the other chan- 
nel-forming colicins have a similar segment, ranging in length 
from 35 to 49 amino acids. We comment  on this hydrophobic 
segment in the Discussion, but it is the region upstream from this 
(from residues 454 to 572) that is the subject of this work. Results 
obtained for some of the residues in this region have been re- 
ported previously (Qiu et al., 1994; Slatin et al., 1994). 

R E S U L T S  

B e f o r e  p r e s e n t i n g  o u r  spec i f i c  f i nd ings ,  we n o t e  t h e  fol-  

lowing .  First ,  b i o t i n y l a t i o n  d i d  n o t  qua l i t a t i ve ly  c h a n g e  

t h e  v o l t a g e  g a t i n g  o f  t h e  c h a n n e l s ,  a l t h o u g h  a t  s o m e  

sites (e.g.,  544 [see Q i u  e t  al., 1994] ) ,  i t  d i d  a l t e r  t h e  ki- 

ne t ics .  T h u s ,  we c a n  a s s u m e  t h a t  t h e  bas ic  g a t i n g  m e c h -  

a n i s m  is u n a f f e c t e d  by b i o t i n y l a t i o n .  S e c o n d ,  t h e  e f f e c t  

o f  s t r e p t a v i d i n  o n  a g iven  b i o t i n y l a t e d  m u t a n t  was n o t  

d e p e n d e n t  o n  w h i c h  o f  t h e  f o u r  b i o t i n y l a t i n g  r e a g e n t s  

(Fig. 1) was used .  W e  in i t ia l ly  u s e d  r e a g e n t  I b e c a u s e  o f  

o u r  f ami l i a r i t y  w i th  its c h e m i s t r y ,  a n d  d u p l i c a t e d  o u r  

resu l t s  a t  c e r t a i n  si tes w i th  r e a g e n t  II,  w h i c h  a t t a c h e s  

t h e  b i o t i n  by a s h o r t e r  s p a c e r  a r m  (Sla t in  e t  al.,  1994) .  

M o s t  o f  o u r  s u b s e q u e n t  e x p e r i m e n t s  w e r e  d o n e  wi th  

r e a g e n t  III,  w h i c h  has  t h e  a d v a n t a g e  t h a t  its p r o d u c t  is 

r e d u c i b l e  ( p a r t i c u l a r l y  a t  bas ic  p H )  by D T T  o r  cys te ine ,  

a n d  t h e r e b y  r e g e n e r a t e s  t h e  o r i g i n a l ,  u n b i o t i n y l a t e d  

p r o t e i n  (see  Fig. 1). M o s t  r e c e n t l y ,  we  h a v e  u s e d  re-  

a g e n t  IV, w h i c h  was s y n t h e s i z e d  f o r  us; i t  c o m b i n e s  t h e  

revers ib i l i ty  o f  r e a g e n t  I I I  w i th  t h e  s h o r t  s p a c e r  a r m  o f  

r e a g e n t  II. W e  c o m m e n t  o n  t h e  issues o f  s p a c e r  a r m  

l e n g t h  a n d  revers ib i l i ty  la ter .  

W e  u s e d  t h e  f o l l o w i n g  p r o t o c o l  in  o u r  e x p e r i m e n t s :  

FIGURE 2. Linear diagram of the channel-forming region (resi- 
dues 451-626) of colicin Ia, indicating the residues that we mu- 
tated to cysteine and then biotinylated. Also designated in the fig- 
ure are four regions: the hydrophohic region, which we assume is 
inserted into the hilayer in both the closed and open states of the 
channel; regions A and C, parts of which move into and out  of the 
bilayer when the channel opens and doses; and region B, which 
moves all the way across the bilayer, back and forth, when the 
channel opens and closes. 
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FIGURE 3. The complete killing by cis streptavidin of 
the conductance induced by a biotinylated mutant in 
region A. Several minutes before the start of the 
record, 0.6 txg of biotinylated K544C (pins 5 ttg octyl- 
glucoside) were added to the cia compartment, and 
the membrane was pulsed several times between _+50 
mV to confirm normal gating. In the record, with the 
w)ltage held at +50 mV and the colicin-induced cur- 
rent rising, 40 txg of strepta~idin were added to the cis 
compartment. The current continued to rise over the 
next 50 s, but at a continuously decreasing rate. At 

this point the voltage was pulsed to -50 mV and the current rapidly decayed to zero. The subsequent +50 mV pulse induced a barely per- 
ceptible current, and the one after that induced no measurable current, indicating complete killing of channel activity by cis streptavidin. 
Solutions on both sides of the membrane were 100 mM KC1, 5 mM CaCI2, 1 mM EDTA, 50 mM MES, pH 6.2. The biotinylation of K544C 
was with reagent I in Fig. 1. 

(a) we d e t e r m i n e d  that  the c o n d u c t a n c e  i n d u c e d  by a 

par t icu lar  b io t inyla ted  m u t a n t  behaved  normal ly ;  that  

is, it t u r n e d  on  at positive voltages and  off at negat ive 
voltages (typically -+50 mV); (b) we t h e n  added  strepta- 
vidin  to e i ther  the cis or  trams solu t ion  to a f inal  concen-  
t ra t ion of  10-40 I~g/ml; a n d  (c) we m o n i t o r e d  the sub- 

s equen t  responses  to positive a n d  negat ive voltages. To  

facilitate the fol lowing discussion, we have divided the 
sequence  of  colicin Ia be tween  residues 454 a nd  572 
in to  three  con t iguous  regions,  which we have creatively 

des igna ted  A, B, and  C, as shown in  Fig. 2. As will be 
seen,  b io t inyla ted  residues in reg ion  B are sensitive to 
trams s t reptavidin ,  whereas  those in  reg ions  A a n d  C 

are not,  

Residues 544-572 (Mutants K544C, $547C, I552C, 
W564C, and E572C): Region A 

Fffect 0ftrans streptavidin. We could  detect  no  effect of  
trams s t reptavidin on  the voltage ga t ing  of channe l s  

fo rmed  by the b io t inyla ted  mu tan t s  in  reg ion  A (data 
no t  shown).  

Effect ofcis streptavidin. W h e n  added  to the cis side of 
the m e m b r a n e ,  s t reptavidin drastically reduced ,  essen- 

tially to zero, the c o n d u c t a n c e  i n d u c e d  by b io t inyla ted  
mu tan t s  in reg ion  A (shown for K544C in  Fig. 3). Addi- 

t ion of free b io t in  after the cis s t reptavidin effect d id  
no t  restore c h a n n e l  activity, which is cons is ten t  with the 
very t ight  b i n d i n g  of  s t reptavidin to b io t in  (results no t  
shown).  St reptavidin  had  no  effect on  channe l s  fo rmed  
f rom unb io t iny l a t ed  mutan ts ,  n o r  f rom biot inyla ted  
mu tan t s  if sufficient  free b io t in  was added  to the cis so- 
lu t ion  before  s t reptavidin addi t ion .  Thus  the cis strepta- 
vidin effect resul ted f rom specific s t reptavidin b i n d i n g  
to the b io t in  moiety  on  the colicin. 

Cis s t reptavidin p reven ted  closed b io t inyla ted  chan-  
nels f rom open ing ,  bu t  it did no t  destroy the activity of 
channe l s  that  were already open .  The  lat ter  p o i n t  was 
a p p a r e n t  f rom expe r imen t s  in which s treptavidin was 
added  to the cis solu t ion  while the channe l s  were he ld  

o p e n  with a large positive voltage ( />+50 mV). U n d e r  

these c i rcumstances ,  the c o n d u c t a n c e  persisted for 

many  minutes .  After the channe l s  were closed by a neg- 
ative voltage pulse, however,  the c o n d u c t a n c e  did no t  
r e t u r n  in response  to the same positive potent ia l  (e.g., 

+50  mV), p resumably  because  the closed channe l s  had  
now b o u n d  to streptavidin.  

Residues 474-541 (Mutants L474C, V490C, K511C, 
K524C, R534C, R537C, G540C, and Y541C): Region B 

Effect 0ftrans  streptavidin. Typically, the ga t ing  behavior  
seen after add i t ion  of s t reptavidin to the trams solu t ion  
was that  shown in Fig. 4 for the K511C biot inyla ted  mu-  

tant.  After each successive o p e n i n g  of the channe l s  at 
+50  mV, a greater  f ract ion failed to tu rn  off at - 5 0  
mV, un t i l  eventual ly  there  was no  fu r the r  t u rn -on  and  

turn-off  of  channe l s  at +50  mV, because  all of  them 
had  b e e n  locked in to  an  o p e n  s ta te)  Thus,  when  the 
channe l s  were open ,  the b io t inyla ted  res idue was ex- 

posed to s treptavidin in the trams solut ion,  which b o u n d  
to the b io t in  moiety  a nd  p reven ted  the channe l s  f rom 
closing. This effect of  trams s t reptavidin was no t  seen 

with channe l s  fo rmed  f rom unb io t iny la ted  mutants ,  no r  
with wild-type col icin Ia (which conta ins  no  cysteine) 
that  had  b e e n  taken th rough  the b io t inyla t ion  proce- 
dure .  Ne i the r  was it seen if sufficient  free b io t in  was 
added  to the trams c o m p a r t m e n t  before  s t reptavidin  ad- 
di t ion.  Thus  the trams s t reptavidin effect resul ted f rom 

i ln some trams streptavidin experiments, including the one shown in 
Fig. 4, the conductance could be seen to increase slightly in response 
to sustained -50 mV pulses, rather than remain strictly constant. 
This no doubt reflects the complexity of colicin gating, which has 
been noted often (Slatin et al., 1986; Slatin, 1988; Collarini et al., 
1987; Abrams et al., 1991; Bullock, 1992; C~ssia-Moura, 1993). The 
binding of trams streptavidiu obviously prevents the channels tT"om 
closing, but it may well permit some traffic among open states, or per- 
haps between open states and "inactivated" states (Slatin et al., 1986). 
In this paper, we consider only an admittedly oversimplified gating 
scheme, leaving elucidation of the fine structure tor future research. 
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FIGURE 4. The effect of trans streptavidin on 
the conductance induced by a biotinylated 
mutant in Region B: an example with little ex- 
cess noise. Several minutes before the start of 
the record, 1.8 txg of biotinylated KS11C (plus 
7.5 Ixg octylglucoside) were added to the cis 

compartment, and the membrane was pulsed 
several times between -+50 mV to confirm nor- 
mal voltage gating. The record starts with one 
such -+50 mV sequence, and there is normal 
turn-off of current at - 5 0  mV. (The voltage 

was not held long enough at +50 mV for the current to start leveling off, so the response appears as an almost linear rise in current.) Dur- 
ing the first break in the record (30 s), 40 ~g of streptavidin were added to the trans compartment. Subsequently, there was not complete 
turn-off of current at - 50 mV, after a + 50-mV stimulation of current, and the magnitude of the current at - 50 mV increased as more turn- 
on was induced by +50-mV stimuli. Eventually (the second break in the record was 4.5 min), there was no additional current induced by a 
+ 50-mV stimulus; all of the channels were locked into an open state by trans streptavidin (note the change of scale). Notice, however, that 
the response to a _+50-mV stimulus was not ohmic; the current at +50 mVwas 1.6 times larger than that at -50 mV. Also note that the cur- 
rent in the presence of trans streptavidin was not noticeably noisier than that before streptavidin addition; this should be contrasted to the 
record in Fig. 5, showing the trans streptavidin effect on the current induced by biotinylated Y541C. Also compare the speed of the devel- 
opment of the response to trans streptavidin in this record for biotinylated K511C with that in Fig. 5 for biotinylated Y541C. Solutions on 
both sides of the membrane were as in Fig. 3. The biotinylation of K511C was with reagent I in Fig. 1. 

spec i f i c  s t r e p t a v i d i n  b i n d i n g  to  t h e  b i o t i n  m o i e t y  o n  t h e  

p r o t e i n .  T h e  e f f e c t  o f  s t r e p t a v i d i n  was n o t  r e v e r s e d  by 

t h e  s u b s e q u e n t  a d d i t i o n  o f  excess  b i o t i n  to t h e  trans so- 

l u t i o n .  

T h e  de ta i l s  o f  t h e  r e s p o n s e  to  trans s t r e p t a v i d i n  w e r e  

m u t a n t  d e p e n d e n t .  W i t h  s o m e  b i o t i n y l a t e d  m u t a n t s ,  

t h e  c u r r e n t  at  pos i t ive  vo l t ages  b e c a m e  m u c h  n o i s i e r  af- 

t e r  s t r e p t a v i d i n  b i n d i n g  t h a n  b e f o r e  its i n t e r a c t i o n  

(Fig. 5) ,  w h e r e a s  wi th  o t h e r s  (as in  Fig. 4) ,  t h e r e  was lit- 

t le  o r  n o  excess  no i se .  I n  a d d i t i o n ,  t h e  " l o c k e d - i n "  c o n -  

d u c t a n c e  o f  all  t h e  m u t a n t s  at  - 5 0  m V  was less t h a n  

t h a t  at  + 5 0  mV,  p e r h a p s  r e s u l t i n g  f r o m  i n t e r a c t i o n  o f  

b o u n d  s t r e p t a v i d i n  wi th  t h e  o p e n  c h a n n e l  2 (Fig. 4).  F o r  

2This rectification was greater than that observed for single channels 
in the absence of streptavidin. Ordinarily, the conductance of single 
colicin Ia channels is about 30% greater at +50 mV than at -50  mV. 

s o m e  m u t a n t s ,  p a r t i c u l a r l y  b i o t i n y l a t e d  G 5 4 0 C  a n d  

Y541C,  t h e  r e s p o n s e  to trans s t r e p t a v i d i n  d e v e l o p e d  

very  slowly o v e r  m a n y  m i n u t e s ,  as i f  t h e  b i o t i n  m o i e t y  

was n o t  easi ly access ib le  to  trans s t r e p t a v i d i n .  W i t h  

o t h e r  m u t a n t s ,  s u c h  as b i o t i n y l a t e d  V 4 9 0 C  a n d  K511C,  

t h e  r e s p o n s e  d e v e l o p e d  w i t h i n  a few s e c o n d s .  

Reversal  o f  the t r ans  s treptavid in  effect wi th  reduc ing  

agents. S i n c e  b i o t i n  is a t t a c h e d  to  a cys te ine  r e s i d u e  o n  

t h e  co l i c i n  by a s p a c e r  a r m  (see Fig. 1), it is pos s ib l e  

that ,  a l t h o u g h  t h e  a t t a c h e d  b i o t i n  is e x p o s e d  to  t h e  

trans s o l u t i o n ,  t h e  cys te ine  r e s i d u e  i t se l f  c o u l d  be  bu r -  

i ed  in t h e  b i l aye r  as m u c h  as 16 A ( r e a g e n t  I) o r  8 A- 

( r e a g e n t  II) f r o m  t h e  m e m b r a n e - s o l u t i o n  i n t e r f a c e .  W e  

a d d r e s s e d  this  issue by u s i n g  r e a g e n t s  I I I  a n d  IV to 

b i o t i n y l a t e  t he  r e s idues .  I f  t h e  d i su l f i de  l i n k a g e  to  t h e  

cys t e ine  r e s i d u e  can  b e  b r o k e n  wi th  a w a t e r - s o l u b l e  re-  

d u c i n g  a g e n t ,  t h e r e b y  r e g e n e r a t i n g  t h e  o r i g i n a l  u n b i -  

Y541C 

i f f i 0 _ ~ f  L ~----1 

Trans Streptavidin 

b- 

FIGURE 5. The effect of trans streptavidin on 
the conductance induced by a biotinylated 
mutant in Region B: an example with excess 
noise. Several minutes belbre the start of the 
record, 0.9 ~zg of biotinylated Y541C (without 
octylglucoside) was added to the cis compart- 
ment, and the membrane was pulsed several 
times between +50 mV to confirm normal 
voltage gating. The record begins with one 
such _+50-mV sequence, and we see normal 
turn-off of current at - 5 0  inV. (The voltage 

was not held long enough at +50 mV for the current to start leveling off, so the response appears as an almost linear rise in current.) Dur- 
ing the first break (1 rain), 10 p.g of streptavidin were added to the trans compartment. Very slowly over time, there developed a residual 
current that did not turn off at - 5 0  mV. (Compare the kinetics of the development of this response to trans streptavidin of biotinylated 
Y541C to that of biotinylated K511C in Fig. 4.) The magnitude of this current at -50 mV increased as more turn-on was induced by + 50-mV 
stimuli. Note that the current in the presence of trans streptavidin eventually becomes much noisier than that before streptavidin addition. 
The second break in the record was 4.5 min. Solutions on both sides of the membrane were as for Fig. 3. The biotinylation of Y541C was 
with reagent I in Fig. 1. 
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FIGURE 6. Reversal by cysteine of the trans 
streptavidin effect. Several minutes before the 
start of the record, 20 rtg of biotinylated 
V490C (plus 10 ~zg octylglucoside) were added 
to the cis compartment, and the membrane 
was pulsed several dines between • mV to 
confirm normal voltage gating. The record 
starts with one uach _+50-mV sequence, and we 
see normal turn-off of cun-ent at -50  inV. 
(Throughout the record, the only voltages ap- 
plied across the membrane were +50, -50,  
and 0 mV; to avoid cluttering the figure, these 
voltages are noted only once.) During the first 

break in the record (90 s), 40 ~ of streptavidin were added to the trans compartment. Subsequently, there was not complete turn-off of 
current at - 50  mV, and the magnitude of this current at -50  mV increased as more turn-on was induced by +50-mV stimuli. During the 
last break in the record (60 s), cysteine was added to the trans compartment to a concentration of 40 raM. Over time (continuing on the 
second line of .the figaxre), the current at - 50  mV .declined, and finally the normal gating at _+50 mV was restored. Thus, cysteine had 
cleaved off the biotin, wLth its attached streptavidin, from biotinylated V490C, regenerating the original unbio~inylated V490C. The solu- 
tions on both sides of the membrane were 100 mM KC1, 5 mM CaC12, 1 mM EDTA, 20 mM HEPES, pH 7.5. The biotinylation of V490C was 
with reagent III of Fig. 1. The middle break in the record was 30 s. 

o t iny la t ed  mu tan t ,  we c o u l d  c o n c l u d e  tha t  the  su l fur  o f  
the  cyste ine  r e s idue  is e x p o s e d  to  t he  t r a n s  so lu t ion  a n d  
n o t  b u r i e d  wi th in  the  bi layer .  

We used  this s t ra tegy with the  b io t i ny l a t ed  m u t a n t s  
L474C, V490C, K511C, K524C, R534C, a n d  R537C. 
These  e x p e r i m e n t s  were  gene ra l ly  d o n e  at  p H  8.0, be-  
cause t he  r e d u c t i o n  r e a c t i o n  is fas ter  at  basic  pH.  T h e  
t rans  s t rep tav id in  effect  was reversed  by r e d u c i n g  agen t s  
such as cyste ine  a n d  DTT.  "~ An  e x a m p l e  o f  this reversal  
is shown in Fig. 6: a f te r  the  c h a n n e l s  were  l ocked  in to  
the  o p e n  state by t rans  s t rep tav id in ,  a d d i t i o n  o f c y s t e i n e  
to the  t r a n s  so lu t i on  r e s t o r e d  n o r m a l  c h a n n e l  ga t i ng  
(i.e., c h a n n e l s  t u r n e d  of f  a t  - 5 0  mV a n d  t u r n e d  o n  at  
+ 5 0  mV).  In  all e x p e r i m e n t s ,  a d d i t i o n  o f  cys te ine  to 
the  t rans  so lu t ion ,  b u t  n o t  to  t he  cis  so lu t ion ,  reversed  
the  t rans  s t rep tav id in  effect ,  a n d  t h e r e b y  c o n f i r m e d  the  
t rans  side l o c a t i o n  o f  the  d isu l f ide  b o n d  l i nk ing  b io t in  
to the  col ic in.  In  cont ras t ,  D T T  a d d e d  to e i t h e r  the  cis 

or  t rans  so lu t ion  reve r sed  the  t rans  s t rep tav id in  effect.  
Appa ren t l y ,  DTT is suff icient ly p e r m e a n t  t h r o u g h  the  
b i layer  tha t  it  a t ta ins  an  effective c o n c e n t r a t i o n  at  the  
t rans  in te r face  even w h e n  a d d e d  to the  cis solu t ion .  

Effect 0fcis s treptavidin .  T h e  impress ion  o b t a i n e d  f rom 
o u r  ea r l i e r  cis s t rep tav id in  e x p e r i m e n t s  (Slat in et  al., 
1994) was tha t  co l ic in  Ia c h a n n e l s  c a n n o t  o p e n  w h e n  
s t rep tav id in  is b o u n d  to a r e s idue  in r e g i o n  B. Al- 
t h o u g h  cis s t rep tav id in  d i d  n o t  c o m p l e t e l y  kill channe l -  

~The cis streptavidin effect was also reversed by these reducing 
agents, when added to the appropriate side, not only for channels 
formed by mutants biotinylated in region B, but also for those bioti- 
nylated in regions A and C. This, however, is not a particularly infor- 
mative finding, since reduction on the cis side removes biotin from a 
large pool of closed channels, which is functionally equivalent to add- 
ing unbiotinylated colicin to the cis compartment. 

f o r m i n g  activity, i.e., t he re  was s o m e  res idua l  activity, 
pa r t i cu la r ly  at  vol tages  g r e a t e r  t h a n  + 5 0  mV, we h a d  
prev ious ly  a t t r i b u t e d  this to the  :small c o n t a m i n a t i o n  
(on  the  o r d e r  o f  a few p e r c e n t )  o f  the  b io t iny la t ed  mu-  
t an t  col ic in  by u n b i o t i n y l a t e d  mu tan t .  We  show now, 
however ,  t ha t  even af te r  u n b i o t i n y l a t e d  col ic in  was re- 
m o v e d  on  a m o n o m e r i c  av id in  c o l u m n  (see Mater ia ls  
a n d  M e t h o d s ) ,  thus  e l i m i n a t i n g  this source  o f  res idua l  
activity, cis s t rep tav id in  still d i d  n o t  b lock  100% o f  the  
c h a n n e l - f o r m i n g  activity o f  r e g i o n  B mutan t s ,  b u t  in- 
s t ead  a l t e r e d  the i r  vol tage  gat ing.  

A d r a m a t i c  e x a m p l e  o f  the  n a t u r e  o f  the  activity that  
can  arise in the  p r e s e n c e  o f  cis s t rep tav id in  o c c u r r e d  
with b io t iny la t ed  L474C (Fig. 7). At  + 5 0  mV, cis s t repta-  
v idin  vir tual ly e l i m i n a t e d  c h a n n e l  activity. I f  this  were  
the  on ly  vol tage  tes ted,  o n e  wou ld  c o n c l u d e  tha t  chan-  
nels  c a n n o t  f o rm  with  s t r ep tav id in  b o u n d  to r e s idue  
474 on  the  cis side. At  + 7 0  mV a n d  h ighe r ,  however ,  
even l a rge r  c o n d u c t a n c e s  c o u l d  be  ach ieved  than  ex- 
i s ted  be fo re  s t rep tav id in  add i t ion .  4 Moreover ,  t he  s t eep  
sec t ion  o f  the  conduc t ance -vo l t age  curve was e x t e n d e d  
to h i g h e r  voltages,  so tha t  t he re  was subs tan t ia l  vol tage-  
d e p e n d e n t  ga t i ng  be tw e e n  + 7 0  a n d  + 9 0  mV, whereas  
t h e r e  was l i t t le  a d d i t i o n a l  c o n d u c t a n c e  i n d u c e d  by volt- 
ages above  + 5 0  mV in the  a bse nc e  o f  cis s t rep tav id in .  
T h e  c o n d u c t a n c e  tha t  d e v e l o p e d  in the  p r e s e n c e  o f  cis 

s t rep tav id in ,  in con t r a s t  to tha t  in its absence ,  was not ,  
of  course,  affected by t rans  s t reptavidin  (da ta  no t  shown).  
B io t iny la ted  L474C p r e i n c u b a t e d  with s t rep tav id in  in- 

4This description applies to experiments at pH 8.0. A similar descrip- 
tion applies to experiments at pH 6.2, except at 20 mV smaller voh- 
ages. That is, at pH 6.2, cis streptavidin virtually eliminated channel 
activity at +40 mV, but at +50 mV and higher, even greater conduc- 
tances could be achieved than existed prior to streptavidin addition. 
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L474C 

-50 mV 

+90 mV 

FIGURE 7. The effect of c/s streptavidin on the con- 
ductance induced by biotinylated L474C. Several 
minutes before the start of the record, 0.92 ~g of bi- 
otinylated L474C (plus 10 t~g of octylglucoside) were 
added to the ds compartment, and the membrane 
was pulsed several times between positive and nega- 
tive voltages to confirm normal voltage gating. In the 
record, with the voltage held at +50 mV and the coli- 
cin-induced current rising, 40 Cg of streptavidin were 
added to the c/s compartment; the current continued 

to rise. After 50 s, the voltage was pulsed to -50  mY, and the current rapidly decayed to zero. A subsequent +50-mY pulse induced a much 
smaller current than that before streptavidin addition, and a second +50-mV pulse induced almost no current response. Thus, it appeared 
that the biofinylated L474C-induced conductance had been almost completely killed by c/s streptavidin. However, subsequent +70- and 
+90-mV pulses induced an even larger conductance than existed before the addition of c/s streptavidin (note the changes in scale). Note 
also the rapid decay of the current to almost zero when the voltage was pulsed from +70 or +90 mV to +50 mV. The solutions on both 
sides of the membrane were 100 mM KCI, 5 mM CaC12, 1 mM EDTA, 50 mM HEPES, pH 8.0. The biofinylation of L474C was with reagent 
III of Fig. 1. The break in the record was ,'-~1 min. 

d u c e d  the  same a l te red  vo l t age -dependen t  ga t ing  as 
that  (descr ibed above): resu l t ing  f rom the add i t i on  of  

s t reptavidin  to the cis solut ion;  these channe l s  were also 
unaf fec ted  by trans streptavidin.  Given that  res idue  474 

is "normally"  o n  the trans side in  the c h a n n e l ' s  o p e n  
state (see previous sect ion) ,  this result  ident if ies  two 

dis t inct  o p e n  states: o n e  with res idue 474 on  the cis side 
of  the m e m b r a n e  a n d  one  with res idue  474 o n  the trans 
side. These  states are d i s t ingu ished  bo th  by dif ferences  

in  voltage d e p e n d e n c e ,  as descr ibed  above, a n d  also by 

dif ferences  in  s ing le -channe l  c o n d u c t a n c e  a n d  life- 
times. As seen in  Fig. 8, when  res idue 474 was b o u n d  by 
cis streptavidin,  the  single c h a n n e l  c o n d u c t a n c e  was 
less t han  hal f  that  of  u n b o u n d  channe ls .  F u r t h e r m o r e ,  
at voltages where  u n b o u n d  channe l s  were essentially al- 

ways open ,  the b o u n d  c h a n n e l s  f l ickered be tween  o p e n  

a n d  closed states o n  a t ime scale of  seconds.  
Similar,  t h o u g h  less p r o n o u n c e d ,  behav ior  was seen  

with b io t inyla ted  V490C in  the p resence  of  cis streptavi- 
din.  Again,  the d a m p e n i n g  effect of  c/s s t reptavidin  o n  
c h a n n e l  f o rma t ion  cou ld  be overcome at large positive 

voltages, bu t  for this m u t a n t  even larger  voltages were 

requ i red ,  a n d  the c o n d u c t a n c e  t u r n - on  was faster a n d  

nois ier  t han  in  the absence  of  s t reptavidin  (Fig. 9 a). 
This  t r e n d  c o n t i n u e d  for b io t iny la ted  K511C (Fig. 9 b) 

a n d  R534C (Fig. 9 c). For  the latter,  vo l t a ge - dependen t  
c o n d u c t a n c e  deve loped  only  for voltages t>+80  mV, 
a n d  even at + 110 mV, the c o n d u c t a n c e  was only  a frac- 
t ion  of  its value before  the add i t i on  of  c/s s treptavidin.  

In  summary,  the vo l t a ge - de pe nde n t  c o n d u c t a n c e  in  the 

p resence  of  cis s t reptavidin  is neares t  to n o r m a l  with bi- 
o t inyla ted  L474C a n d  becomes  progressively less so ( in 

terms of  kinetics,  voltage range ,  a n d  noise)  the m o r e  
C O O H - t e r m i n a l  the residue.  In  no  case was there  an  ef- 
fect of  trans s t reptavidin  o n  c o n d u c t a n c e  after the b ind-  
ing  of  cis s t reptavidin  to the colicin. 

Interpretation of the cis and t rans Streptavidin Experiments 
Thus Far Presented for Residues 474-572 (Regions A and B 
of Fig. 2) 

We presen t  here  ou r  i n t e rp re t a t i on  of  the p r e c e d i n g  
f indings ,  as it makes  the mot iva t ion  a n d  analysis of  the 
s u b s e q u e n t  e xpe r i me n t s  m o r e  comprehens ib l e .  All o f  

L474C 

4 s  J L , j  : __ ,1 , _ / * ,_ .  ~ - ! 

2 pA [ 
Streptavidin 

I = 0  4 ~ , ~ ~  

I 

FIGURE 8. The effect of c/s streptavidin on biotiny- 
lated L474C at the single-channel level, Several min- 
utes before the beginning of the record, 27 ng of bi- 
otinylated L474C were added to the c/s compartment. 
Both the upper and lower traces show the current re- 
sponse in the presence of a maintained +50-mV stim- 
ulus. In the upper trace there are three channel 
openings, each of,'-~2.5 pA. Note that throughout the 
course of this trace, the channels did not close. At the 
arrow, 10 ~g of streptavidin were added to the c/s 
compartment. The lower trace is an example of the 
record obtained after streptavidin addition and after 

the channels had been turned off by a -50-mV pulse, enabling them to react with c/s streptavidin. (This particular trace happens to have 
been taken ~15 min after the addition of streptavidin.) A mixture of channel sizes can be seen, most of which are of much smaller conduc- 
tances than that obtained before the addition of streptavidin. (Note the change in current scale.) Also note that these channels flicker on 
and off at +50 mV, in contrast to the behavior before the addition of streptavidin to the c/s compartment. The solutions on both sides of 
the membrane were I M KC1, 5 mM CaC12, 1 mM EDTA, 20 mM MES, pH 6.2. The biotinylation of L474C was with reagent Ili in Fig. 1. 
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FIC.URE 9. The effect of cis streptavidin on the con- 
ductance induced by biotinylated V490C, K511C, and 
R534C. In each experiment, the biotinylated mutant 
colicin Ia had been added to the cis compartment 
several minutes before the start of the record, and 
the membrane was pulsed several times between _+50 
nW to confirm normal gating. Also, the samples used 
in these experiments had been purified on a mono- 
meric avidin column (Materials and Methods), so 
that the residual activity seen in these records after 
the addition of cis streptavidin cannot be attributed 
to contamination by unbiotinylated protein. (a) Bi- 
otinylated (with reagent III of Fig. 1) V490C. There 

were 1.4 Ixg of colicin plus 5 I~g octylglucoside in the cis solution. At the arrow, 40 txg of streptavidin were added to the cis compartment. 
Note that the subsequent +50-mV pulses induced very little current, but there were very noisy currents with a rapid rise time induced by 
+ 70, + 90, and + 110 mV stimuli. (b) Biotinylated (with reagent II in Fig. 1 ) K511C. 1 Ixg of colicin plus 15 ~g of octylglucoside were in the 
cis solution. At the arrow, 40 txg of streptavidin were added to the cis compartment. Note that the subsequent + 50- and + 70-mV pulses in- 
duced essentially no current, but there were small currents with a rapid rise time induced by +90- and + 110-mV stimuli. (c) Biotinylated 
(with reagent III in Fig. 1) R534C. There were 0.7 txg of colicin plus 10 Ixg of octylglucoside in the cis solution. At the arrow, 10 Ixg of 
streptavidin were added to the cis compartment. Eventually (trace continued on the second line), there was almost no current induced by 
a +50- or +60-mV stimulus. There were, however, very noisy currents with a rapid rise time induced by +80- and + 110-mV stimuli. (The 
slower time course for the cis streptavidin effect to develop in this record, as compared to a and b, could be due to slower mixing in of the 
streptavidin, the smaller (one-fourth) amount of streptavidin used, intrinsically poorer access of  streptavidin to biotin on residue 534, or 
any combination of  these factors.) The solutions on both sides of the membrane for all records were 100 mM KCI, 5 mM CaCle, 1 mM 
EDTA, 20 mM MES, pH 6.2. 

t h e  r e s i d u e s  f r o m  474 to  572, a n d  p r e s u m a b l y  every-  

t h i n g  u p s t r e a m ,  r e s i d e  o n  t h e  cis s ide  o f  t h e  m e m b r a n e  

w h e n  the  c h a n n e l  is c losed .  I n  t h e  " n o r m a l "  o p e n  state ,  

t h e  r e s i d u e s  in r e g i o n  B ( 4 7 4 - 5 4 1 )  a r e  access ib l e  to 

t rans s t r e p t a v i d i n  (we h a v e  n o t e d  e a r l i e r  t ha t  c h a n n e l s  

c a n  still o p e n  w h e n  r e s i d u e s  w i t h i n  this  r e g i o n  a re  h e l d  

o n  t h e  cis s ide  by cis s t r e p t a v i d i n ) ,  w h e r e a s  t h e  r e s i d u e s  

in r e g i o n  A ( 5 4 4 - 5 7 2 )  a r e  no t .  T h u s ,  a s soc i a t ed  wi th  

t h e  o p e n i n g  o f  a c h a n n e l ,  r e g i o n  B is t r a n s l o c a t e d  

across  t h e  m e m b r a n e  f r o m  t h e  cis to t h e  t rans  side,  

w h e r e a s  p a r t  o r  all o f  r e g i o n  A is m o v e d  f r o m  t h e  cis 

s ide  to t h e  b i l aye r  i n t e r i o r  (Fig. 10).  W e  n o t e ,  h o w e v e r ,  

t h a t  r e g i o n  A is very  l o n g  f o r  a s ing le  m e m b r a n e - s p a n -  

n i n g  s e g m e n t .  

T h e  b i o l o g i c a l  a n a l o g u e  o f  t h e  cis s ide  o f  t h e  m e m -  

b r a n e  is t h e  o u t s i d e  o f  t h e  t a r g e t  b a c t e r i u m ,  o r  t h e  

p e r i p l a s m i c  face  o f  its i n n e r  m e m b r a n e .  T h e  a m i n o - t e r -  
m i n a l  two- th i rds  o f  t h e  c o l i c i n  i n c l u d e s  its o u t e r  m e r e -  
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FIGURE 10. Model of the membrane topology of the 
colicin Ia molecule in the closed and open states of 
the channel. The hydrophobic segment is modeled 
as an s-helical hairpin, with its tip near residue 594, 
which traverses the membrane in both the open and 
closed states, and is presumed to help anchor the co- 
licin to the bilayer. (The analogous hydrophobic seg- 
ment of colicin A is an c~-helical hairpin in the crystal 
structure [Parker et al., 1989] .) In the closed state, all 
of the residues upstream from this are on the c/s side 
of the membrane. In the open state, a segment be- 
tween residues 541 and 572 and a segment from 
slightly before residue 454 to near residue 474 are in- 
serted into the bilayer. The entire region between 
residues 474 and 541 inclusive is on the trans side of 
the membrane. Thus, the opening and closing of the 
channel is accompanied by the translocation of at 
least 68 residues (474-541) back and forth across the 
bilayer. The dashed portion shows that when residue 
474 is held on the c/s side by streptavidin, an alterna- 
tive region becomes the upstream bilayer-inserted 
segment. 

b r a n e  r e c e p t o r - b i n d i n g  d o m a i n  as well  as the  d o m a i n  
r e s p o n s i b l e  for  its t r ans fe r  f rom the  o u t e r  to the  i n n e r  
bac te r i a l  m e m b r a n e .  T h e s e  d o m a i n s  p r o b a b l y  r e m a i n  
ou t s ide  the  cy top lasm o f  the  t a rge t  cell  (B6n6det t i  e t  
al., 1992; Duch~  e t  al., 1995), a n d  we as sume  tha t  they  
l ikewise r e m a i n  on  the  cis side o f  the  b i layer  in o u r  sys- 
tem. Fo r  tha t  a r r a n g e m e n t  to exist  at  the  same  t ime  
tha t  r e s idue  474 is access ib le  to trans s t r ep tav id in  in the  
o p e n  c h a n n e l  state,  t h e r e  m u s t  be  a t r a n s m e m b r a n e  
s e g m e n t  u p s t r e a m  o f  r e s idue  474. Since  the  channe l -  
f o r m i n g  r e g i o n  o f  co l ic in  Ia a p p a r e n t l y  beg ins  a r o u n d  
r e s idue  451 (Ghosh  et  al., 1993), this t r a n s m e m b r a n e  
s e g m e n t  s h o u l d  lie b e t w e e n  res idues  451 a n d  474. I f  
this s e g m e n t  ( r eg ion  C) behaves  l ike r e g i o n  A (resi- 
dues  544--572), t h e n  m u t a n t s  b io t i ny l a t ed  in r e g i o n  C 
s h o u l d  behave  ana logous ly :  namely ,  cis s t rep tav id in  
s h o u l d  b i n d  to c losed  c h a n n e l s  a n d  p r e v e n t  t h e m  f rom 
o p e n i n g ,  a n d  o p e n  c h a n n e l s  s h o u l d  be  una f f ec t ed  by 
b o t h  cis a n d  trans s t rep tav id in .  However ,  given tha t  
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c h a n n e l s  can  o p e n  with r e s idue  474 h e l d  o n  the  cis side 
by s t rep tav id in ,  it  is poss ib le  tha t  c h a n n e l s  can  also 
o p e n  with res idues  in r e g i o n  C h e l d  on  the  cis side.  T h e  
fo l lowing  sec t ion  desc r ibes  o u r  ac tua l  f ind ings  for  this 
r eg ion .  

Residues 454-466: Region C (Fig. 2) 

Effect 0f t rans  streptavidin. T h e  effect  o f  trans streptavi-  
d in  on  b io t i ny l a t ed  N454C a n d  K466C c h a n n e l s  was 
p r o b l e m a t i c  a n d  incons i s ten t .  In  mos t  e x p e r i m e n t s ,  ei- 
t he r  c h a n n e l  ga t ing  was una f fec t ed ,  o r  a smal l  f rac t ion  
o f  the  c o n d u c t a n c e  fa i led  to tu rn  of f  a t  negat ive  volt- 
ages. In  several  e x p e r i m e n t s  with b io t i ny l a t ed  K466C, 
however ,  t h e r e  was a s ign i f ican t  supp re s s ion  o f  c h a n n e l  
turn-off ,  s imi lar  to tha t  seen  in r e g i o n  B (474--541), a n d  
even a t u rn -on  o f  c o n d u c t a n c e  at  negat ive  voltages,  
which  c o u l d  b e c o m e  g rea t e r  t han  the  c o n d u c t a n c e  at  
posi t ive vol tages  (da ta  n o t  shown) .  O u r  g e n e r a l  impres -  



sion is that  the locat ion o f  residues 454 a nd  466 in the 
o p e n  channe l  state is no t  fixed, and  that  this reg ion  
may  m e a n d e r  f r o m  within the  bilayer to the trans side, 
the relative t ime spent  in these locat ions be ing  a func-  
t ion o f  u n d e f i n e d  parameters .  T he  flexibility o f  the lo- 
cat ion o f  the ups t ream reg ion  o f  the channe l - fo rming  
d o m a i n  is cons ide red  fu r t he r  in the  Discussion. 

Effect 0fcis streptavidin. W h e n  a d d e d  to the cis side o f  
the m e m b r a n e ,  streptavidin a l tered the voltage depen-  
dence  o f  channe ls  f o r m e d  by the biot inylated mutan t s  
N454C and  K466C, thereby demor~strating that  resi- 
dues 454 and  466 are  exposed  to  the  cis solution.  T h e  
effect was no t  the e l iminat ion  o f  channe l  activity seen 
fo r  channe l s  biot inytated in reg ion  A (544-572) (Fig. 
3); it was m o r e  like that  descr ibed earlier for  biotiny- 
lated L474C channe l s  (Fig. 7). C/s streptavidin b o u n d  
only to closedL cham~els; it d id  n o t  b i n d  to o p e n  ones.  
This was evi<tent in expe r imen t s  in which streptavidin 
was a d d e d  to. the  r so lut ion wh~e the channe l s  were 
held  o p e n  sqith ~ large positive voltage (/>50 mV).  In  
Fig. 11, for  example ,  t he  first t ime that  the  voltage was 
s tepped  down f r o m  + 5 0  to  + 4 0  mV (when only  o p e n  
channe l s  had  b e e n  exposed  to cis streptavidin),  t he  cur- 
ren t  relaxed to  a level only slightly below the "ohmic"  
20% drop. in driving force .  (Typically, u n m o d i f i e d  coli- 
cin Ia channe l s  at this t tpper  exld o f  the r ange  o f  their  
voltage d e p e n d e n c e  show little o r  n o  relaxation,)  Later  
in the record ,  the  channe l s  were closed by a pulse to 
- 5 0  mV (thus exposir~g the  biot inylated residue to cis 
streptavidin in the closed state), a nd  then  r e o p e n e d  
with a + 5 0  mV pulse. Subsequently,  the cu r ren t  dis- 
played an al tered voltage d e p e n d e n c e :  when  the volt- 
age was s tepped  down to  + 4 0  mV, the cu r r en t  re laxed 
to  less than  hal f  i ts; value at + 5 0  mV. (Note  also the 

slightly increased noise at + 5 0  mV c o m p a r e d  to earlier 
in the record.)  O t h e r  exper iments  with biot inylated 
N454C and  K466C fol'lowed the same protocol ,  except  
that  excess biot in was a d d e d  to the c/s solut ion after 
streptavidin addit ion,  bu t  before  s tepping  to  +4 0  mV. 
In  this case, there  was no  cu r r en t  re laxat ion after the 
channe ls  had+ been  t u rned  off  at - 5 0  mV, since there  
was n o  active streptavidin available to interact  with the 
closed channels.  Such results demonst ra te  that c/s strepta- 
vidin b inds  to biot inylated N454C and  K466C only in 
the  closed state. 

Outside the Channel-forming Domain: Residue 402 

T o  serve as a cont ro l  fo r  m u t a n t  coficins biot inylated in 
the channe l - fo rming  domain ,  we biot inylated $402C, a 
res idue t h o u g h t  to lie outs ide  the channe l - fo rming  do- 
main .  We de tec ted  n o  effect o f  trares streptavidin on  the 
voltage gat ing o f  this biot inylated mu tan t .  Cis streptavi- 
din had  no  effect on  voltage gat ing either,  a k h o u g h  it 
caused  the channe I  ct~rrem rLoise to increase slighdy 
(data no t  shown).  Fu r the rmore ,  biot inylated $402C 
p r e b o u n d  to streptavidin before  its addi t ion  to  the 
c h a m b e r  displayed no rma l  voltage gat ing and  slightly 
increased cu r r en t  noise, similar to that  i nduce d  by cis 
streptavidin. These  results demons t r a t e  that  residue 
402 is exposed  to the cis solution,  and  that  channels  
gate normal ly  with c/s streptavidin b o u n d  at this resi- 
due.  This  is consis tent  with the ass ignment  o f  residue 
402 to a locat ion outs ide  o f  the channe l - fo rming  do- 
main,  and  suppor t s  ou r  assumpt ion  that  reg ion  C (or, 
in any case, some residues be tween 402 and  474) forms 
a t r a n s m e m b r a n e  segmen t  in the  o p e n  channel .  Th e  
small increase in noise could  be due  to in terac t ion  o f  

N454C 

~ m Y  - - - - -  '~ " + 

~ j I r j . 51  m V - a  

4441 mV 

FIGURE 11. Demonstration that residue 454 is not 
exposed to the c/s solution when. the channels are 
open, but is exposed when the channels are closed. 
Several minutes before the start of the record, 1.5 ~g 
of biotinylated N454C (plus 15 t~g of octylglucoside) 
were added to the e/s compartment, and the mem- 
brane was pulsed severa} times between -+50 mV to 
confirm normal gating. In the record, during a pro- 
longed stimulus of +50 mV (first break in the record 
was 3 min) with the coticha-induced current rising, 20 
tzg of streptavidin were added to the c/s compart- 
ment. After the current reached a steady level (sec- 
ond break in the record was 4 min), the voltage was 

stepped down from +50 to +40 mV. The current relaxed to a level only slightly below the ohmic 20% drop in driving force (first crooked ar- 
rmo). (The small relaxatioa was probably due to chann~els that opened after streptavidin addition.) After the channels were closed by a 
-50~mV stimulus and then reopened by, a +50-mV stimulus, the voltage was again stepped down from +50 to +40 mV. This time, the cur- 
rent relaxed to a level less than half its value at +50 mV (second crooked arrow). This alteration in voltage dependence shows that biotinylated 
resi~+te N454C was not bound by c/s streptavidin while the channels were in the open state, but was bound when the channels were in the 
clo~e~ state. Solutions on both sides of the membrane were 100 mM KC1, 5 mM CaCI2, 1 mM EDTA, 20 mM MES, pH 6.2. The biotinyla- 
tion of N~54C was wRh reagent III in Fig 1, and the sample was purified on the monomeric avidin column, as described in Materials and 
Methods. 
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the large streptavidin molecule with the channel,  even 
if it is bound to a residue some distance from the channel. 

Do Residues in Region B (474-54l)  Slide Back and Forth 
across the Membrane in the Open Channel State? 

Our  interpretat ion o f  the trans streptavidin experi- 
ments is that residues 474-541 reside on the trans side 
of  the membrane  when the colicin Ia channels are 
open  (Fig. 10). Another  possible interpretat ion is that 
the peptide chain in region B snakes back and forth 
across the membrane  over time; a given biotinylated 
residue might be "caught" by trans streptavidin as that 
residue appears transiently on the trans side, thereby 
locking that particular channel  in the open state. In 
other  words, all of  these residues might not  be on  the 
trans side simultaneously. This possibility is also consis- 
tent with the results described earlier; that is, channels 
could still open  even if a residue normally accessible to 
trans streptavidin in the open state was first bound  to cis 
streptavidin in the closed state. It is also suggested by 
the flexibility of  region C (451 166) implied by the re- 
sults described in an earlier section. 

If any part  of  region B snakes back to the c/s side 
while the channels are open,  it would be susceptible to 
binding by cis streptavidin during prolonged openings. 
To test this, the type of  exper iment  shown in Fig. 12 a 
was carried out  for several biotinylated mutants in re- 
gion B. After the conductance had risen to a more-or- 
less steady value at an applied voltage of  +50 to +70 
mV, streptavidin was added to the cis compar tment  and 
the positive voltage was maintained for 3-11 rain. Dur- 
ing this t ime the conductance did not  decline. Subse- 
quently, when channels were turned off for as little as 
5 s by removing the positive voltage, only a small per- 
centage, if any, reopened  upon the reapplication of  the 
positive voltage. These observations indicate that dur- 
ing the prolonged positive voltage stimulus, the biotiny- 
lated residue had not  been exposed to the c/s solution 
for more  than a few seconds, since if it had, the con- 
ductance would have declined substantially during this 
period. In o ther  experiments (e.g., Fig. 12 b), after the 
3-11-min exposure to cis streptavidin, streptavidin was 
also added to the trans solution; when the voltage stim- 
ulus was switched to - 5 0  mV, the channels remained 
"locked" in an open state, confirming that the biotiny- 
lated residue was indeed on the trans side. These results 
were obtained with all of  the biotinylated mutants 
tested in this way: V490C, K511C, R534C, and even 
L474C (at pH 8.0, where channels did not  open at +50 
or +60 mV in the presence of  cis streptavidin). We 
therefore  can conclude that residues capable of  being 
bound  by trans streptavidin do not  flip back to the cis 
side for any appreciable time while the channels are 
held open by voltages >/+50 mV; i.e., they do  not  slide 
back and forth across the membrane.  We cannot  pre- 
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dude ,  however, transient movement  o f  these residues 
f rom the trans solution into the bilayer. 

D I S C U S S I O N  

The opening and  closing of  voltage-gated channels  pre- 
sumably involves conformational  changes in the pro- 
teins forming them. Using site-directed cysteine mu- 
tagenesis followed by cysteine-specific biotinylation o f  
the site, and then moni tor ing by electrophysiological 
methods the ability of  streptavidin to bind to the chem- 
ically attached biotin, we had earlier found that voltage 
gating of  colicin Ia channels was associated with the 
translocation across the membrane  of  a segment of  at 
least 31 amino acid residues (Slatin et al., 1994). In the 
present  study we have cont inued with this approach to 
map the topology of  this channel  from residue 454 to 
572, a region essentially spanning the entire channel-  
forming domain from its NH2 terminus to the begin- 
ning of  the hydrophobic  segment near  its C O O H  ter- 
minus. That  is, we have de termined which residues lie 
on the c/s side of  the membrane,  which on the trans 
side, and which reside within the bilayer in the chan- 
nel's closed and open  states. The  model we have ar- 
rived at for the closed and open  states is shown in Fig. 
10; to facilitate its discussion, we start from the COOH- 
terminal end of  the protein and work our  way to the 
NH 2 terminus of  the channel-forming domain.  

Channel Topology 

The hydrophobic segment (residues 573-612). We believe that 
colicin Ia is anchored  to the bitayer in both the closed 
and open  states of  the channel  by a t ransmembrane he- 
lical hairpin formed by the 40 amino acid hydrophobic  
segment  extending from T573 to I612. Although this is 
a very plausible assumption, the evidence in support  of  
it is mostly indirect (we have recently obtained direct  
evidence for this assumption [Kienker et al., 1996]), 
and the orientation of  the hairpin in the membrane  re- 
mains controversial (Lakey et  al., 1993; Duch6 et al., 
1994; Song et al., 1991; Shin et at., 1993; Palmer and 
Merrill, 1994). No data on this are offered from the 
present  study, which is concerned  with the region up- 
stream from this hydrophobic  segment. 

The COOH-terminal end of the voltage-dependent region: 
region A (residues544-572). From the experiments re- 
por ted in this paper  and previously (Qiu et al., 1994; 
Slatin et al., 1994) we conclude that region A (544- 
572) resides on the cis side of  the membrane  in the 
channel 's  closed state and that at least part of  it lies 
within the bilayer in the open  state. This follows f rom 
the failure o f  closed channels ( formed from biotiny- 
lated K544C, $547C, I552C, W564C, and E572C in this 
region) to open in the presence of cis streptavidin and 
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FIGURE 12. Demonstration that residues in 
region B (in this case residue 511) do not  flip 
back from the trans to the cis side while the 
channels are held open by a large (~> +50-mV) 
voltage. (a) Several minutes before the start of 
the record, 0.2 I~g of biotinylated K511C (plus 
3.5 tzg of octylglucoside) were added to the cis 

compartment,  and the membrane  was pulsed 
several times with positive and negative volt- 
ages to confirm normal gating. In the record, 
the current  rose in response to an applied 
+50- and then +60-mV stimulus. (The first 
break in the record was 30 s and the second 
was 1 rain. Note the changes in scale.) Strepta- 
vidin (10 I~g) was then added to the cis com- 
par tment  and the applied voltage continued 
to be held at 60 inV. After the streptavidin was 
stirred in, the current  at +60 mV remained es- 
sentially constant over a period of ~11 rain 
(including the last break, which was 10 min), 
indicating that the cis streptavidin did not have 
access to the biotin on residue 511. To con- 
firm that these channels had not lost their sen- 
sitivity to streptavidin in the closed state, they 
were closed by two voltage pulses to 0 mV and 
finally one to - 5 0  mV; after each of these, the 
stimulus was re turned to +60 mV. All of the 

channels had not  closed during the short pulses to 0 mV, but  we can already see after the second pulse that the response to the subsequent 
+60 mV was attenuated. The current  that  developed in response to +60 mV after the pulse to - 5 0  mV was only ~10% of that at the end 
of the long, l l -min  +60-mV stimulus; that is, 90% of the channel  activity had been killed by the cis streptavidin. The total time that the 
channels had been closed by the 0-mV and -50-mV pulses was no more than 5 s, yet in that time, most of the channel  activity was killed, 
whereas no loss of activity occurred over the 11-min period that the channels had been held open at +60 inV. We can conclude from this 
observation that during the 11-min period, the 511 residue could not  have been exposed to the cis solution for even a few seconds. (b) Sev- 
eral minutes before the start of the record, 1.2 ~g of biotinylated K511C (plus 10 p~g of octylglucoside) were added to the cis compartment,  
and the membrane  was pulsed several times with positive and  negative voltages to confirm normal gating. In the record, while the current 
rose in response to a +50-mV stimulus, 10 t~g of streptavidin were added to the ci~ compartment ,  and the current  eventually reached a 
steady state early in the first break in the record, which was 5 ntin. (Note the change in scale.) During the second break (30 s) in the 
record, 10 tzg of streptavidin were added to the trans solution. When a minute later the voltage was pulsed to - 5 0  mV, a substantial fraction 
of the current  did not  turn off, thereby confirming that  biotinylated residue K511C was on the trans side. The solutions on both sides of the 
membrane  were 100 mM KC1, 5 mM CaCI~, 1 mM EDTA, 50 mM HEPES, pH 8.0. Residue K511C was biotinylated with reagent III in Fig. 1, 
and the sample was purified on the monomeric  avidin column, as described in Materials and Methods. 

t h e  l a ck  o f  e f f e c t  o f  e i t h e r  cis o r  t r a n s  s t r e p t a v i d i n  o n  

c h a n n e l s  t h a t  a r e  a l r e a d y  o p e n .  

By i tself ,  t h e  f a i l u r e  o f  s t r e p t a v i d i n  f r o m  e i t h e r  s i de  to  

h a v e  a n  e f f e c t  o n  c h a n n e l  b e h a v i o r  d o e s  n o t  p l a c e  a 

g i v e n  r e s i d u e  w i t h i n  t h e  b i l a y e r  in  t h e  o p e n  s ta te .  O n e  

c a n  r e a d i l y  i m a g i n e  s t e r i c  f a c t o r s  t h a t  m i g h t  p r e v e n t  a 

b i o t i n y l a t e d  r e s i d u e  e x p o s e d  o n  e i t h e r  t h e  cis o r  t r a n s  

s ide  o f  t h e  m e m b r a n e  f r o m  b i n d i n g  s t r e p t a v i d i n ,  o r  

t h a t  t h e  c h a n n e l  c o u l d  b e h a v e  n o r m a l l y  e v e n  i f  b o u n d  

to  s t r e p t a v i d i n .  H o w e v e r ,  i n  t h e  c o n t e x t  o f  t h e  access i -  

b i l i ty  o f  t h e s e  r e s i d u e s  to  cis s t r e p t a v i d i n  in  t h e  c h a n -  

n e l ' s  c l o s e d  s t a t e  a n d  t h e  acces s ib i l i t y  o f  r e s i d u e s  fu r -  

t h e r  u p s t r e a m  to  t r a n s  s t r e p t a v i d i n  i n  t h e  o p e n  s t a t e  

( see  b e l o w ) ,  we fee l  t h a t  t h e  a s s i g n m e n t  o f  a t  l e a s t  p a r t  

o f  r e g i o n  A to  t h e  b i l a y e r  i n t e r i o r  is c o m p e l l i n g .  T h e  

h o m o l o g u e  i n  c o l i c i n  E1 o f  r e s i d u e  572  o f  c o l i c i n  Ia  

h a s  b e e n  s h o w n  to  r e s i d e  n e a r  t h e  cis m o u t h  o f  t h e  

o p e n  c h a n n e l  ( Jakes  e t  al., 1990) .  I f  r e s i d u e  572  is c o m -  

p a r a b l y  s i t u a t e d  i n  t h e  o p e n  s t a t e  o f  c o l i c i n  Ia,  t h e  p r o -  

t e i n  c h a i n  m u s t  c ro s s  t h e  m e m b r a n e  s o m e w h e r e  be-  

t w e e n  r e s i d u e  572  o n  t h e  cis s ide  a n d  r e s i d u e  541 o n  

t h e  t r a n s  s ide .  W e  m a k e  n o  p r e d i c t i o n  a b o u t  t h e  c o n -  

f o r m a t i o n  o f  th i s  i n t r a b i l a y e r  s e g m e n t .  H o w e v e r ,  i t  is 

t e m p t i n g  to  s u g g e s t  t h a t  i t  is a n  s - h e l i x ,  s i n c e  a p o r t i o n  

o f  r e g i o n  A c a n  b e  m o d e l e d  as a n  a m p h i p a t h i c  t r a n s -  

m e m b r a n e  s - h e l i x .  I n  a d d i t i o n ,  t h e  s e c o n d a r y  s t r u c -  

t u r e  o f  t h e  h o m o l o g o u s  r e g i o n  o f  c o l i c i n  A is m o s t l y  

s - h e l i c a l  in  t h e  c rys ta l  s t r u c t u r e  ( P a r k e r  e t  al., 1989) .  

It  s h o u l d  b e  n o t e d  t h a t  i t  was p a r t i c u l a r l y  d i f f i c u l t  to  

d e t e r m i n e  t h e  l o c a t i o n s  o f  m a n y  r e s i d u e s  o f  r e g i o n  A 
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in the channel 's  open and closed states. For example, 
the mutated residues I552C and W564C were not  
readily biotinylated. In addition, two other  mutated res- 
idues in this region (A558C and T571C) could be bio- 
tinylated only after denatur ing the colicin in urea; the 
resulting biotinylated mutant  protein had lost too 
much of  its channel-forming activity to use for our  bi- 
layer experiments.  Pending a high resolution crystal 
structure (see Ghosh et al., 1994), we speculate that 
these residues may be buried in the protein interior in 
the water-soluble conformat ion of colicin Ia. 

The translocated segment: region B (residues 474-541).  
From the experiments repor ted  in this paper, and 
those previously published (Slatin et al., 1994), we con- 
clude that the entire region B, extending from residue 
474 to 541, is translocated completely across the mem- 
brane from the cis to the trans side when a channel  
opens in response to a positive voltage stimulus, and is 
translocated back from the trans to the cis side when it 
closes in response to a negative voltage stimulus. This 
conclusion follows from the effects of  cis and trans 
streptavidin on channels formed from eight biotiny- 
lated mutants in this region: L474C, V490C, K511C, 
K524C, R534C, R537C, G540C, and Y541C. The details 
of  the streptavidin effects will be commented  upon 
shortly, but  basically, cis streptavidin ei ther prevented 
closed channels from opening or substantially altered 
their voltage response (in ei ther case demonstrat ing 
that, in the closed state, the biotinylated residue was 
exposed to the cis solution), and trans streptavidin pre- 
vented open  channels from closing, thereby demon- 
strafing that in the open state the same residue was 
exposed to the trans solution. 

�9 The effect 0ftrans streptavidin. The time required for 
the trans streptavidin effect to develop depended  on 
the location of  the biotinylated residue. For channels 
formed by biotinylated R534C, R537C, G540C, and 
Y541C (the biotinylated residues closest to the COOH- 
terminal end of  the translocated region),  the effect de- 
veloped slowly over many minutes. The nearer  the resi- 
due to the COOH terminus, the longer was the time re- 
quired for a convincing effect to be observed. It is as if 
these residues are very close to the membrane-solu t ion  
interface, or even somewhat on  the membrane  side of  
this interface. On the other  hand, the trans streptavidin 
effect developed rapidly for channels formed by bioti- 
nylated L474C, K490C, K511C, and K524C, and was 
rapidly reversed by DTT or cysteine, as if these residues 
are well exposed to the trans solution. 

�9 The effect 0fcis streptavidin. For channels formed by 
biotinylated K511C or by biotinylated mutants nearer  
to the COOH terminus, binding by cis streptavidin 
killed virtually all channel-forming activity. At very 
large positive voltages, however, a noisy, voltage-depen- 
dent  conductance was seen (Fig. 9), indicating that it 

was still possible to form some sort of  channel  with 
streptavidin bound  at these sites. For channels formed 
by biotinylated L474C and V490C, binding by cis 
streptavidin induced a macroscopic conductance not  
unlike that created by normal channels (see Figs. 7 and 
9). As we noted, however, the binding of  cis streptavidin 
altered the single-channel conductance and lifetimes 
of  biotinylated L474C (Fig. 8). 

The upstream transmembrane segment of the channel is not 
uniquely defined. We conclude that region C (residues 
454-466) resides on the cis side of  the membrane  in 
the channel 's  closed state, and that it normally lies 
within the bilayer in the open state, forming part of  the 
upstream transmembrane segment of  the channel. This 
follows from the insensitivity to cis and trans streptavi- 
din of  open channels formed from biotinylated N454C 
and K466C, and from the effect of  cis streptavidin on 
closed channels. 

Apparently, however, any one of  a number  of  seg- 
ments can successfully serve as an alternative upstream 
transmembrane segment (e.g., Fig. 10). The  identity of  
the t ransmembrane segment can be altered by the 
binding of  cis streptavidin, without destroying the abil- 
ity of the protein to form a voltage-dependent channel. 
A segment including residues 454 and 466 normally is 
the upstream transmembrane segment, but  if, for ex- 
ample, residue 474 is forced to remain on the cis side 
by streptavidin, then another  segment downstream of 
residue 474 substitutes for the normal one. This new 
channel  structure is accompanied by a shift in the volt- 
age dependence  and a change in single channel  con- 
ductance. Nevertheless, we make the parsimonious as- 
sumption that the streptavidin-bound channels are 
functioning fundamentally like unbound  channels. 
That  is, we assume that whatever (as yet undiscovered) 
mechanism allows the COOH-terminal  domain of  coli- 
cin Ia to induce an ion-conducting pathway across a 
lipid bilayer, that same mechanism accounts for the 
channel-forming ability of the streptavidin-bound 
channels. 

The overall picture. The implication of  our  results is il- 
lustrated in the model  depicted in Fig. 10. We postulate 
that, on the downstream side of  region B (residues 
474-541), region A (residues 544-572) contains an es- 
sential t ransmembrane segment of  the open channel. 
The t ransmembrane segment on the upstream side of  
region B is somewhat arbitrary. Thus, in the open  state, 
residues 474 and 490 are normally on the trans side of  
the membrane  and residue 454 is in the membrane,  
probably near  the cis side, implying that the upstream 
transmembrane segment lies between residues 454 and 
474. Since biotinylated N454C is not  accessible to cis 
streptavidin in the channel 's  open state (Fig. 11), we 
have not  unambiguously identified the NH2 terminus 
of  the upstream transmembrane segment. (Channels 
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formed by biotinylated $402C were only subtly affected 
by cis streptavidin and not  affected at all by trans 

streptavidin. Since residue 402 is well outside of  the 
channel-forming domain (Cramer et al., 1995), this re- 
sult serves as a control,  showing that, at least some- 
where upstream from residue 454, there is a region that 
remains on the cis side when the channel  opens.) On 
the other  hand, if residue 474 or 490 is held on the cis 

side by cis streptavidin, relatively normal voltage gating 
still occurs (see Figs. 7 and 9), implying that the up- 
stream transmembrane segment can be formed from 
residues nearer  the COOH-terminal  end. (Even the 
binding of  residues 511 or 534 by cis streptavidin still al- 
lows voltage-dependent gating, albeit highly aberrant  
[Fig. 9].) Although the channels formed under  these 
conditions are not  identical to the normal channel  
(Fig. 8), the voltage gating is similar enough that one  
may conclude that the upstream transmembrane seg- 
ment  is not  weIl-defined, and that multiple open states 
for the channel  are possible, corresponding to differ- 
ent  upstream transmembrane segments. In the absence 
of  cis streptavidin, however, the segment between resi- 
dues 474 and 534 remains on the trans side in the open 
channel  state and does not  wander back and forth be- 
tween the cis and trans sides (Fig. 12). 

Channel  Structure and  Gat ing 

Although we have shown how several regions of  the coli- 
cin Ia molecule move with respect to the membrane  
during channel  gating, three fundamental  issues about  
channel  structure and gating remain unresolved. First, 
there does not  appear  to be enough protein to form 
the channel,  given that studies of  colicins E1 and A in- 
dicate that: (a) a channel  is formed by one molecule 
(Jacob et al., 1952; Wendt, 1970; Bruggemann and Kay- 
alar, 1986; Peterson and Cramer, 1987; Slatin, 1988; 
Levinthal et al., 1991); (b) the pore diameter  is at least 
9 A (Raymond et  al., 1985; Bullock et al., 1992; Krasilni- 
kov et al., 1995); and  (c) colicin fragments as short as 94 
residues (corresponding to residues 533-626 of  colicin 
Ia, and thus lacking region C and most of  region B) can 
still form some sort of voltage-gated channels (Liu et 
al., 1986; Baty et al., 1987). The results presented in 
this paper  exacerbate this problem. In our  model  of 
the open channel  (Fig. 10), there are only four trans- 
membrane  segments, with half the residues of  the 
channel-forming domain residing outside of  the mem- 
brane. Although changing the upstream transmem- 
brane segment (as by binding cis streptavidin at residue 
474) clearly influences channel  properties, its role in 
pore formation could be nonessential. In fact, if short  
colicin fragments have the same membrane  topology 
that we have demonstrated for the whole colicin, it 
would suggest that a colicin channel  can be formed 

from only three t ransmembrane segments (one from 
region A and two from the hydrophobic region). To 
make a 9-A diameter  channel  would require at least six 
closely packed cx-helices (Dunker and Zaleske, 1977). 
Although a less tightly packed structure might form a 
somewhat larger pore, it is hard to imagine how a 9-A 
channel  could be formed with only three helices, con- 
sidering that studies with model amphiphilic peptides 
(unrelated to colicins) indicate that four transmem- 
brane helices can form a channel  of  <1-/~ diameter  
(Lear et al., 1988). At this point  we have no answer and 
can only invoke the lipid, "the last refuge of  the intel- 
lectually bankrupt" (personal condemnat ion  conveyed 
through O. S. Andersen),  as forming part of  the chan- 
nel structure. 

If region A indeed contains an essential transmem- 
brane segment of  the colicin channel,  whereas regions 
B and C are nonessential, the following interesting 
question presents itself. If channels can exist in an 
open or closed state with, for instance, residue 474 held 
on the cis side by streptavidin, why can' t  they close 
when this residue is held on the trans side by streptavi- 
din? That  is, we know there is an alternate open state 
with residue 474 held on the cis side, suggesting that re- 
gion B is sufficiently "flexible" to reach to the trans side 
and still permit  region A to span the membrane.  Thus 
we might expect  that with residue 474 held on the trans 

side, region B should be sufficiently long and flexible 
to allow region A to flip out  of the membrane  back to 
the cis side, closing the channel. In fact, we observe the 
opposite, that binding trans streptavidin to residue 474 
prevents closing. This behavior would be consistent 
with a kinetic closing pathway in which region C must 
first move back to the cis side, followed by region B, and 
lastly region A, much like a string being pulled through 
the membrane  from the upstream end. If the return of 
region B to the c/s side is blocked by trans streptavidin, 
then region A cannot  return either, and so the channel  
cannot  close. (This model  suggests that the channel  
might open via the reverse of  this mechanism; i.e., the 
initial event in channel  opening is the insertion of  re- 
gion A, followed by the unravelling of  region B through 
the membrane.)  Of  course, o ther  models might also 
explain these results. 

Second, the cause of the voltage-dependent gating in 
this system is not  understood.  We have shown here  that 
region B (residues 474-541) moves across the mem- 
brane with channel  opening and closing. There  are 15 
basic and 8 acidic residues in this region (Mankovich et 
al., 1986). At neutral pH, they should each contribute a 
full charge to the voltage dependence  of  gating, for a 
net  seven positive charges. The  charged residues in the 
upstream (454-474) and downstream (544-572) trans- 
membrane  regions should also make partial contribu- 
tions to the gating charge, in propor t ion to the fraction 
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of  the t r a n s m e m b r a n e  electric field which they traverse 

d u r i n g  c h a n n e l  gat ing;  these con t r i bu t i ons  would  prob-  

ably be small  relative to the c o n t r i b u t i o n  of  the  translo- 

cated region.  T h e  ga t ing  charge  of  col icin Ia has b e e n  

m e a s u r e d  to be three  to four  charges  at ne u t r a l  p H  
(Nogue i ra  a n d  Varanda ,  1988), cons iderab ly  less t han  
the expec ted  seven. T h e  d isc repancy  may arise f rom 
any of  a n u m b e r  of  factors. For  example ,  the complexi-  

ties of  c h a n n e l  ga t ing  (e.g., mul t ip le  o p e n  states) com- 
plicate the m e a s u r e m e n t  of  ga t ing  charge .  In  addi t ion ,  
we shou ld  n o t  ru le  ou t  the possibility tha t  the ionizable  

g roups  actually cross the m e m b r a n e  p r e d o m i n a n t l y  as 

neu t r a l  species, even t h o u g h  such species r ep r e se n t  a 

small  f rac t ion of  the popu la t ion .  If  those were the spe- 

cies that  cross the m e m b r a n e ,  they would  n o t  cont r ib-  

u te  to the voltage d e p e n d e n c e .  Thus  far, however,  we 

have no t  iden t i f ied  the voltage sens ing  e lements .  

Finally, we have n o  u n d e r s t a n d i n g  of  how reg ion  B, a 

stretch of  at least 68 a m i n o  acid residues,  is translo- 
cated across the m e m b r a n e .  It hardly  seems, possible,  

f rom energe t ic  cons idera t ions ,  that  this hydrophi l ic  
s e gme n t  cou ld  move t h r o u g h  the bilayer proper ,  t n  

some way, the c o m b i n a t i o n  of  the h y d r o p h o b i c  helical  
ha i r p i n  with r eg ion  A mus t  provide  a low-energy path-  

way for reg ion  B to cross the m e m b r a n e .  The  n a t u r e  of  
this pathway r ema ins  to be  e lucidated.  
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