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Pore-forming protein from Entamoeba htstolyttca forms 
voltage- and pH-controlled multi-state channels with properties 

similar to those of the barrel-stave aggregates 
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Pore-forming protein from Entamoeba h m o l m c a  forms cation.seres.live channelb m planar bilay,~rs With inerea~ing 
potential% the open-state probabdity of these channels deereases, and eh~-~-~:! agg'r-gates coL~.~,e ~Notmg, J D -E and 
Cohn, ZA (1985) J Cell Btochem. 29, 299-308). In this eommunscation we report the following observations: (0 
incorporation ol the pore in Mack-lipid membranes ~as stimulated by membrane poientl,lL (n) pores were recurring, 
(ill) Int,~ulown of pores resulted in a continuous speetnun oil subconduet~nce slates, (tv) the open-state probabilit~ 
imaetsed streagly wtth pH This Imttem of behaviour is similar to that nf the barrel-stave agRregales (alamethlein and 
related toxins). We therefore conclude that the amebal pores, hke those of the band-stave class, may consist o! 
complexes invo|ving variable numbers of membrane-spraining sul~mits. 

lntmduclion 

Th~ protozoan parastte Entamoeba hlstolyoca ss ca- 
pable of destructing host tissue by a process revolving 
contact-dependent cyto|ysls (for a revtew, see Ref 1). 
One of the factors that may eontrtbute to this proces~ ~s 
a toxin (amoebapore [1-3], pore-fomung protean (PFP) 
[4~]1), winch has pore-forrmng acUvtty m planar hptd 
bdayers and depolarizes mtat.-t cells [2A] The pore~ 
formed m black hpad membranes are selecttve towards 
monovalent cartons, and extubtt mulU-state bebawour 
m a voltagc-dt~ndent manner [4,5] Pores are homo- 
ohgomers of a 14000 M, subumt [2] Intexestmgly, 
whereas both nonpathogeme and pathogem~ Entamoc- 
bae contmn pore-forrmng protean, the properttes of the 
respecttve pores are ¢hfferent [6] 

In the present commumeatton we report addmonal 
details on the effe~s of both voltage and pH on mcor- 
poratton and channel propertaes of PFP We infer from 
our results that PFP probably has a meehamsm of 
aetton _~umlar to that of barrel-stave fomang to~uns 
such as alamethacm [7] 

Abhrewatmn PFP, po~¢-forrfla~g protean 

C0ncsp0ed,mce T Bakker-Greawald, UmvetsJutt Osnabnzk, Abm. 
lun~ Mdq.xcblolo~.e, P~t fach 4469, D-45U0 Osnabriick, F R G 

Methods and Materials 

Entamoeba h~stol~tl~t~ strmn HM1 IMMS [g], was 
grown axcmcally as described by Diamond 19], m the 
presence of pem~lm G (100 U/ml)  and streptomycin 
(100 #g/ml). Amoebae were harvested at the end of the 
¢xponenUal growth phase and washed twtce m sahne A 
(see below) Cells were broken up by two freeze-thaw 
¢yc1¢~ The homogenate was spun at 1500 × g for 10 
Pun to remove rem,umng intact cells and large debris. 
then spun again ~t I00000 × g fo r  1 h The supernatant 
of thts spin, wluch comamed up to 70% of the PFP 
present m the homosanate, was directly used m the 
experiments 

Protean was deterrmned according to Lowry eL al 
[1O] as nlOdtfled by Markwell et at [11] 

Planar hptd bflayers were formed according to Mon- 
tal and Mueller [12] on Teflon partmons with holes of 
approx 150 pm diameter To flus end, asolectm was 
&ssolved m hexane at a concentratmn of 10 mg/ml, 
and 20 to 50 ~tl of Oas solutton was spread on the 
atr/water interfaces, whic~ on both s,,tes of the paru- 
tlon were posmoned below the hole The solvent was 
allowed to evaporate for at least 5 nun. Then the btleyer 
was formed by rinsing the level of the aqueous soluUons 
m the two eompartments The parttUon was pretreated 
wtth hexadecane/hexane (1.9, v/v)  for better mem- 
brane stabthty The PFP was added dffectly to the 
aqueous solutmn on the c~s-s~de of the bdayer PotenttM 
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was apphed to the ClS-s~de, the trans.stde was vtttually 
grounded I~etmls of lhe mechameal  and  e leetncal  setup 
have been descnbed  prevmasly  [13] 

Pore parameters  were calculated from long (65 s) 
tra~v.s or SlngIe-channe] reeordmg.g as  desca'=bed pre,.rl- 
ously [14,15], mult]channel  da ta  were directly plot ted 
on  a s tnp-ehar t  recorder or an X-Y recorder 

All  salts and  solvents used were at  least  p a. grade, 
and  the water  was double  quartz dtstdled Al l  cxpen-  
ments  were performed at room tempera ture  ( 2 0 ° C )  m 
Sahne A, unless indicated otherwtse Saline A was  com- 
posed of (raM) KCI, 100, CaCI~, L Tns,  10, brought  
to pH 7 5 with HCI 

Result~ 

We first mvest lgated the k mettcs of incorpora t ion  of 
PFP into p lanar  hpld bdayers  Fig 1, mare  figure, 
shows the increase m conductance  after  addi t ion  of a 
relatively I'agh ¢oncentrat ton of  PFP  at l-0 I t  can be 
~een that  PFP was incorporated on a nunute  t~me scale 
ra ta  the bdayer  | acorpora t ton  was a complex process 
the curve of Fig 1 could  only  be fi t ted by  a c o m b m a .  
t]ort of three exponentaals, wRh associated half- t imes of 
0 3 mm 3 6 n-an and 22 nun, respectively (results no t  
shown) We  interpret  this  complex t ime course as being 
due to a fast mtt tal  b inding  phase  folio,red by  a slow 
reonentat~on phase A s~rnflar t ime dependence  of m- 
¢orpora0.on has been found for other  channels~ includ- 
ing both  barrel-stave aggregates (a ]amet taem [16,17]) 
and  f~xed pores (bacterial p a l m s  122]) The reset m F ig  
1, recorded at reduced PFP eoneentrataon, shows tha t  a t  
fixed potent ia l  one funct ional  pore  after  the other  was 
incorporated The mum-pore  current  at  ftxe.d potent ia l  
levelled off after  approx. 30 nun  (results no t  shown) 

In  Fig. '9 we show the voltage dependence  of  channel  
incorporat ion Traces as presented in Frog 1 were re- 
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Fig 2 Depandenee of PFP meoqmtal=on on the membrane potentml 
A[lerl- Mddtori of amebal extract (protean con=ntrauon, 50 V.g/ml) to 
bdayers, trac¢~ as shown m Fig. I ~el'e recorded at different poten- 
tmals In lh~, inset lhe current values alter 4 wan are ~loItc.d as  a 

funetzon of membrane potenbal 

eccded at  different  potenuals ,  The  msct  shows the cur- 
rent  after  4 m m  as a funeuon a t  potent ia l  Clearly,  a t  
lugher  poten tmls  the incor0oraLion of  funct ional  por~s 
was more  efficient This  tmphes that  the rate-hn'utmg 
step (possthly the reonentatton ~'~p, see above) revolves 
electrostatic tnterachons In ante:mere w~th tlus nouon, 
PFP  bears  a net  po=lttve charge at  neutra l  pH [1] 
Phys]ologmatly. the di rect ion of he menlbrane  po tenua l  
m target cells (pos tu re  outs~de~ is the same as that In 
our  expenmen ta l  setup, and  thus  would  favour  incorpo- 
ra t ion 

FLg 3 shows an  I - V  curve for a mul t i -pore  system 
recorded 45 nun  af ter  a d d m o n  of PFP  to the ba th  
solut ion The sys tem was  shght ly  rect ifying between 
- 5 0  mY and +35 mV, then a region of negauve 
resistance followed up to approx 75 mV At lugher 
potertt l~S pore  aCUVlty increased steeply In another  set 
of expenments ,  per formed a t  a much lower prote in  
concentra t ion,  we evaluated the open-s ta te  p robab th ty  
of the single channels  as a funcbon  of  potent ia l  (Fig 3, 
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~'lg I Ktnctl¢~ of m¢o~orattan or PFP into planar hpld membran.es 
At t = 0 amebat extract Iprotem ¢oo¢.¢ntralmn 200 gg/ml foi" IltC 
n an  hgnra, 20 Fg/ml t0r tee lo~,cr inset) was added in Ih¢ aqucoas 
~olullOa at the eros-sidE of the btlayt~,r A potential of 20 mV was 
apphed to the membrane arid the tran~membrane •urrent was rE- 
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Fig 3 Dependence or traasmembi'aae current and open-slate prob- 
abthty on nansmEmbrane potenUa] "111¢ m~n figure shows an b[ 
curve recorded 45 rran afler addmon of amcbal EKIraEI (protein 
concentration, 50 #g/ml) Io the bllay~" The reset shows the open-state 
probab,hty as a funt.Uon of membrane potential, ii was ealeutaled 
[14~151 from traces of smg~e pore ~.urr~n~ such as those presented m 

Fig 4A 



reset) Of the three charactenstics of the I-V curve, the 
regmn of negative resistance has also been reported by 
Young et M [4,5], sarmiarly to those authors, we explain 
this behavlour by a decrease m the probabthty of the 
PFP channel  to be open at  higher pote-*~Ms (Rg  3, 
reset) The other two pecuhanttes  of our  l -V  curve, the 
rectification at  negative potent lab  and the steep m- 
crease m conductance at  high positive potentials,  have 
not  bccn obsct'eed so far The recttf'scatton at negative 
potentials was clearly not  due to a decrease m the 
open-state probabihty  (Fig. 3, reset) Thus, st mugt have 
been caused by  a decrease m the number  of pores that  
was incorporated This lmplms that  the effect of mem- 
brane potentml on mcorporatzon was asymmctnr  (com- 
pare Fig 2, reset) We noUced tla~t after long ~ :~ I h )  

premcubatton times, the I -V curve gradually became 
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more symmetncal, this indicates that PFP slowly equt- 
hbrated across both aqueous compartments (resuit~ not 
shown) A stmalar phenomenon has been observed with 
alamcthJcm [18] As to the steep increase m condu"- 
tance above 75 ,.nV the reason tMs has not been ob- 
served before zs probably that membranc~ become very 
unstable under these condmons In vmw of the fact that 
the tendency of the ~mgle pores is to close ap at higher 
potentials (Refs 4 and 5 and  Fig 3, Inset), the in~e.a~ 
m conductance must reflect an even steeper increase in 
incorporation of PUP taro the bilayer "flus agmn is very 
remsmscent of the behavzour of alamethsem [16,17] 

On the single-pore level, we generally obtamed re- 
sults s~mflar to those repoixed by Young et al [4,5] 
Specifically, up to S0 mV we observed a single open 
state with a conductance of approx 1 ns (Figs 4A. 
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Fig,. 4 Smile pore: behavtour a! low and high p~tem~al (A) Traces recorded al Iran~mcmb~ran~. polenlJals ~i" tD mV and 60 mV ~spectlv¢]'~ (B) 
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upper trace and 4B, left tmlogram) Whereas the ptob- 
abthty of the channel to be open decreased towards 
higher potentials (Fig 3, inset, see above), the conduc- 
tance of this pore state was purely ohrmc (results not  
shown) At 60 mV, not a single pore state but a fluctua- 
tion between a large number of  substates was observed 
(Fig 4A, lower trace) As is clear from the amphtude 
fustogram (Fig 4B, right side), most of the conductance 
levels at the higher potential v,ere below that at the 
lower potential Similar to Young et al [5], we interpret 
this finding in terms of  the breakdown of a mulu-sub- 
umt pore at higher potenudls However, m contrast to 
these authors we found that breakdown did not result m 
the appearance of discrete conductance steps rather, 
there was a virtually uniform dismbut ton of  subconduc- 
tance states (nght-stde hastogram of Fig 4) Some pores 
)n the harrel-stave class behave hke PFF .n ~}as respect 
[19], alamethicm itself behaves differently in erduhitmg 
defined, non-sto~¢hlometnc conductance states, assota- 
ated with larger channels at higher potenhals [7] In 
e3senee, both kinds of behawour e~elude a simple model 

A 

in which aggregates are composed of tdentlcal parallel 
pores {20] 

Finally, we mvestlgated the dependence of pore ln- 
corporatton and of pore behav~our on pH We were 
unable to fred a consistent effect of pH on incorpora- 
tion By contrast, single-pore parameters were strikingly 
pH-dependent Fig 5A shows three traces, recorded at 
dlf fe~nt  pH vfllue-.q Obvlouqly, the actt~ty of the chan- 
nels increased w~th increasing pH Fig 5B shows how 
this effect was related to the pH  dependence of the 
single-pore parameters the open-state probahihty m- 
creased strongly towards tug, her pH values (Fig. 5B, 
left), as a result of  an  increase m the open-state hrettme 
coupled to a simultaneous decrease in the closed-state 
hfetLme (Fig 5B, right) 

Discusmon 

As shown m this comfflumcation, membrane poten- 
tial and aqueous pH  a[fected both the rate of  mcorpora- 
lion and the subsequent action of PFP m planar hptd 
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Fig 5 pH dependence of sm~e pore varamctcrs (A) Currem fluetua~ons at different pH value~ 0n&~.ut~ next to ca~h Irac~ I of a bllayer 
~ntmamg tl:w~ PFP pores (B) Dcpvndcnce o[ open sial+ pro~b~v~ (~cfl, O) and ~mtc hh.txmcs ( n ~ h  r~ open ~[me hfcttm¢ ,1, c~s~ s ~  
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bdayers  Detads  of this control  poin t  to a s t rong  ~unc- 
tmnal  relat tonslup of P F P  with the barrel-s tave class of 
channel  formers Basically. the m m c  pore of  PFP  ts a 
h o m o o h g o m e r  [1,5] Ohgomers  are a l ready present  m 
the aqueous  solutmn,  a n d  incorpora te  as such in to  the 
Inlayer [5] in  ou r  experiments,  incorpora t ion  reached a 
s teady state m winch pores eqmhhra t ed  across  bo th  
fired compar tmen t s  (results not  shown) At  htgh post- 
tlve potentials,  incorpora t ion  was dramat leaf ly  m- 
cr¢ased (Ftg 3 a n d  text) Incorpora t ion  was asymmetr ic  
a n d  pores were r~etafylng (F~g 3. [4,5]) At  high po ten-  
tmls the ohgomers  were  degraded  a n d  formed a con-  
tmuous  spec t rum of vol tage-dependent  mult t-state pores,  
the maxamum conduc tance  of  whmh was  tha t  of  the 
lmUal aggregate  (Fig  4B) High  p H  values increased the 
open-s ta te  p robab th ty  (Fig  5) All these eharactetasttcs 
a re  typmal  for the b a r r e b s t a v e  class  of  pores  
[7,16.17,19.201 They con t ras t  wtth those oL for m- 
s tance,  the acetylcholme receptor  pore  [21] or  the 
baeter ta i  p o n n s  [a2] in the latter,  the mterae t ton  be- 
tween the suhumts  ts ft~ed aRd matin Moreover,  the 
aggregates  are bastcal ly  hyd rophob lc  af ter  assembly. 
the complex  does  no t  eqmhbra t¢  wtth the f lutd phase  
anymore ,  a n d  has  to be  extracted b y  detergents  The  
s t rmlanty  in overall  behav~our of P F P  with  tha t  of  the 
barrel-s tave class leads us to suggest tha t  also the 
molecular  m e c h a m s m  of  P F P  pore  [ormat ton may  be  
strmlar, m tha t  aggregates  of  var iable  d tamete r  are 
fo rmed  f rom m e m b r a n e - s p a n n i n g  stretches of  poly-  
pep t lde  con ta ined  In di f ferent  suhumts  

S ta r l tng  f rom a lameth icm over me lh tm and  cer ta in  
symhetlC analogs  [16,17,20], those members  o f  the bar-  
tel-stave class va th  molecnlar  weights  r ang ing  f rom 
a p p r o x  500 to 4000 have  been well t .haractenzed,  on 
the higher end  of  the molecular  weight  scale, a novel 
g r o u p  of  m u s h r o o m  toxins (114,=340001 has been 
shown  to  fall in to  the same ca tegory  119] W t t h m  this 
series, fur ther  s tudy  of  P F P  with tts Me of  14000  [2] 
would  meamngfu l ly  complement  the exts tmg knowledge 
a b o u t  pore  fo rmat ion  b y  h o m o o h g o m e n c  aggregates  
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