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The ~ a ~  ~ o ~ s  d ~ a ~ e  ~ ~ d u e s  d ~ e  Omp~ OmpF ~ d  P ~ E  ~ f i n  ~oteins d 
Es~edch~ coli ~ d  ~ the protein P ~ f i n  d Pseudomonas a e m g i n ~  ~ e ~  m ~  ~ the [ ~  ~ e ~  
~ o ~ ~ o n i c  ~ Appm~m~dy ~ %  ~ the ~s fn~  ~ ~ e  a ~ o ~ s e l ~ f i ~  protein P a ~  P ~ E  
~rins  w e ~  m ~  w ~  o~y ~ - 5 0 %  ~ ~ e  ~ s  ~ ~ e  c ~  ~e l~ f i~  OmpF ~ d  OmpC ~rins  
w e ~  ~ .  AfWr m~if i~f ion,  the t~ee  ~ coil ~rins ~ d  veff ~ 1 ~  ~ s d ~ f i ~ f i ~  for c ~ o n s  ~ e r  
a~on~ in c o n ~ t  ~ ~ e  n ~ v e  ~ f i n s  wh~h varied ~ - f ~ d  ~ ~n  s e l ~ t ~ f f .  D ~  ~ e  l~ge ~ze ~ ~ e  
~ o p h e n y l  ~ o ~  attach~ ~ m~iffed ~ n e s  ~ ,  a ~ ~ appro~ ~ nm ~ameter × ~ nm ~gh) 
~ l ~ v e  ~ the ~ e d  ~ze ~ the ~ c f i o ~  d ~ e  ~ coli ~ f i ~  ( 1 ~ - 1 ~  nm ~ame~O, o~y the 
a ~ o ~ ~  PhoE ~ f i n  w ~  substanfi~ly ~ k ~  ~tCr ~ o ~ y l a f i o n .  The pro|ein P ~ f i n  c ~ d  
was rel~vdy ~ f e c t ~  ~ ~ini~ophe~iafion, ~ c o n ~ t  to p~dous dam ~ o ~ n g  ~amafic effects d 
a c e ~ f i o n  ~ ~ n e s  on protein P conduc~nce and sd~fidW. Th~ f~ouwd a m ~ d  ~ whi~  ~ e  crific~ 
~ n ~  ~ v ~ v ~  ~ ~ i ~  ~nding by protein P w e ~  p ~  ~ a ~ c f i o n  d ~ e  c ~ n n d  ~ w ~  t ~  
s m ~  f ~  f f i n i ~ o ~ e n e s ~ p h o n k  a~d ~ e ~ e ~  Overall ~ e  ~ ~ g ~  t ~ t  bo~  ~ e  num~r ~ d  ~ f i v e  
~sit ion ~ ~ g ~  ~ s  are m ~  & W r m ~  d ~n  s d e ~ .  

The outer membranes of Gram-neg~Ne 
bac~fi~ hke Escherich~ ~o~ and Pseudomonas 

aerugmos~ cont~n a class of protons, ~rmed 
pofin~ which form ~ansmembrane, w ~ - f i l ~ d  
channds [1,~. Pofin proteins have fmilar p h y s ~  
properties in that they are generally present in 
high copy numbe~ usually form sodium dodec~ 
sulph~e (SDS) ~e f~an t  lfimers with monom~ 
m~ecdar  w~gh~ of 30000-50000, are o~en 
peptido~ycan and fipopo~sacchafide assodated 
and, where stu~e& have a very high fl-she~ con- 
tent [1,2]. In additiom all pofins examined to date 
could be rdativdy easily purified and thor por~ 
forming functions reconstituted in modal bilayer 
sys~ms [1,2]. 

D e s ~  thee  fmihfi t ie~ the channels of porins 
have a wide range of properties. The channd fzes 
reconstitu~d vary ~om the small ~6 nm channds 
(conductance in 1 M KC1 of 0.29 nS) formed by 
~ aeruginosa protein P [1,3] through to the large 
2.0 nm channds (conductance of 5.6 nS) recon- 
stituted by ~ aeruginosa proton F [4]. In ad- 
• tion, the ion se~ctifity of porin channels can 
vary ~om a~on spedfic through to s~on~y ca- 
tion sde~N~ although most channds have rda- 
tivdy weak ~n  sdecti¼ty [6]. E~dence has been 
presen~d that sugges~ that the bars of ~n  sdec- 
f i f i~ is fixed charges on ~n~ed amino add fide 
ch ins  ~ the mouth of or wit~n the porin channd 
~,3,6-8]. N e v e ~ h d ~  although one study has 
identified the position wit~n the primary amino 
add sequence of key lysin~ that are apparent~ 
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present within the E. co# OmpF pofin channel [9], 
there are ~ w  data which describe the pofitioning 
of the charged amino add  fide chNns rdafive to 
the diffusion-rat~hmiting 0.e., the most con- 
~f ic~d)  portion of the channd. The one exception 
is the phosphate-starvation-induce& ouler mem- 
brane protein P of Pseudomonas aeruginosa for 
which it has been sugges~d that the phosphate 
~nd anicn binding rite cf this anion-spedfic chan- 
n d  is present at the most con~ricted portion of 
the channd [17]. In order to study this in more 
detail we have utifized the reagent trini~obenzene 
sulphonic and  under conditions where all of the 
~amino groups of avNlab~ lysine refidues (as 
wall as the amino ~rminN a-amino group of the 
protNn) would be expe~ed to become tri- 
niwophenyla~d. Because the tfiniWophen~ group 
is bulky 0.e., modal building with CPK Preci~on 
M odd~  Ealing Co., Watford, U.K. demon~ra~s  
that the triniWophenyl group is shaped hke a disc 
with a diameter of 0.86 nm and a hNght of 0.36 
nm), rdative to the estimated diam~ers of the 
con~rictions (0~-1.2  nm [5]) in the four porin 
channds examined here, we predicted that if lysine 
amino groups were present near the constrictiom 
the tfiniwophenylated porins should exhibit a sub- 
~antiN reduction in finNe channd conductance 
due to the presence of this bulky group. The 
results of this paper suggest that the rdative pofi- 
tioning of charged amino adds in the channd is a 
crificN factor in determining the degree and na- 
ture of the ion sdect i~ty of the channd. 

Matefifls  and Methods 

PoNn pur~caaon~ The OmpF porin ~om ~ 
cob B, and ~ e  OmpC and PhoE porins ~om ~ 
co6 K-12 were purified by Gordon Crockford, 
exactly as described p ~ ¼ o u ~ y  [5]. ~ a~u~nosa 
protein P was purified as described [3]. We were 
unab~ to detect contaminating proteins ~ these 
porin p~parat ions by SDS-pNyacrylamide g~ 
~e~ropho~f i s .  The porins ran on S D ~ p M ~  
acrylamide gels as t r im~s prodding they were not 
heated to Ngher than 60°C ~ s~uNfization, re- 
duction mix [10] prior to d e ~ r o p h o ~ f i ~  Befo~ 
tri~wophenylation, the porin preparations we~  
freed ~om amin~contNNng b u f ~  ~y ov~Nght  
NNyfis agNn~ 1000 v~.  dNon~ed w ~ .  The 

protein content was then estimated by the tech- 
nique of Sandermann and S~ominger [11]. 

Trinitrophenylation of po~n~ The assay used 
was a slight modification of the procedure of 
Fields [12], to decrease the amounts of p ro ton  
used in the assay. BrieflN an 0.25 ml sample 
containing 50-250 ~g of porin or, as conUol~ 
different concen~ations of bo~ne  serum Nbumin 
or ~sozym~ was added to 0.25 ml of 0.1 M 
Na2B40 v in 0.1 M NaOH (pH 9.5). The reaction 
was ~arwd by the addition of 10 ~1 of ~eshly 
prepared 1.1 M trinitrobenzenesulphonate (Sigma 
Ltd., St. Louis, MO). After incubation at 23°C for 
5 min, the reaction was stopped by the addition of 
1 ml of ~eshly prepared 1.9 mM Na2SO 3 in 99 
mM NaH2PO 4. The number of modified lysines 
was estimated ~om the known m ~ar  extinction 
coeffident (19200 M -1.  cm -~ for trini~opheny- 
lated ~amino group9 of the sulphi~ complex at 
420 nm [12,13]. The tr ini~ophenyla~d proteins 
were freed from Na:SO3 and other ions by ex- 
haustive diMyfis agNn~ 0.1% SDS, and the con- 
tent of modified lyfines retested at 345 nm (u~ng 
the known molar extin~ion coeffident of 1.45 • 104 
M-~ . cm-1). 

BNck lipid ~layer m~hods. The m~hods used 
for the characterization of the pore-forming ability 
of the native and modified porins have been pre~- 
ou~y described in detail [3,~. The hpid used to 
form the membrane in the Teflon chamber was 
1.5% o~dized choles~rol in n-decane. The experi- 
ments were done at room ~mperature, 24°C. 
Electrical measurements were made ~y immersing 
the Ag-AgC1 ~ec~odes into the aqueous solutions 
in compa~ments on Nther side of a Teflon di%der 
which was pegora~d  by a small 0.1-2 mm 2 hole 
over which a membrane had been pNn~& B~ayer 
formation was recognized by the membrane turn- 
ing optically black when %ewed by inddent  fight. 
Cu~ent  fluctuations were ampfified 10% or 10 ~°- 
fold u~ng a KNthley (Clev~an~ OH) 427 pr~  
ampfifier and monitored by a Tektronix (Beave~ 
ton, OR) 5115 storage oscilloscope (plug in 
amplifier 5A22). Observations were recorded on a 
strip chart recorder for further anNyNs. Zero-cu~ 
rent po~ntiM measurements were performed ex- 
a ~  as described pre¼ouMy [3], u~ng a KNthley 
610 C ~ec~om~er .  



R e s ~  

Trin~rophenylation of po~n protons 
The numb~ of amino groups that were mod- 

ified by tfini~obenzene sulphonic add ~e~ment 
of the four podn proteins used here, is ~ven in 
Tab~ I. Appro~ 40-50% of the tot~ lysin~ of 
the cation-sde~ive [5] E. co60mpC and OmpF 
porins were tfini~ophen~a~d. The numb~ of 
ly~ne vamino groups of the OmpF protein that 
w~e modifiab~ (Table I) was in good agreement 
with numbers obt~ned in pm~ous ~udi~ of t~s 
pofin ~,9,1~. The a n i o n - ~ N e  E. co~ PhoE 
and L aeruginosa protein P pofins showed a 
Ngher level (approx. 78%) of moNfied lysines, 
than the above cation-sdective channds, a resdt 
conN~ent with our prefious observations that 
~sine e-amino gxoups are impo~ant determinants 
of the sde~i¼ff of these channds [3,~1~. 

AH t f i n i~ophen~ed  pofins were examined by 
SDS-pMyacr~amide gd d e c ~ o p h o ~ s  a~er 
solubifizafion at 23 and 100°C. A~er solubifiza- 
tion at 23°C, all of the protdns, wh~h~  tfi- 
ni~ophen~med or noL ran with a mobili~ ffpicN 
of the tfimer form [2,L10], whereas after boilinN 
they ran with mobilities ffpicN cf the monomer 
form (d~a not shown). As noted before for chem- 
~ally modified pofins [3,1~, slight shi~s in ap- 
parent m~ecMar woght (i.e., a 1-2% change ~ 
rdative mobility), and in the intensity of Coomas- 
~e b~e staiNng on SDS-pNyacrylamide gd ~ec- 
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TABLE I 

ESTIMATED NUMBER OF AMINO GROUPS ACCESSL 
BLE TO TRINITROBENZENESULPHONIC ACID (TNBS) 
MODIFICATION 

M ~ ± ~  of ~ ~ ~ o ~  ~ d u ~  determinatio~ ~e  
~ven. For Omp~ OmpF and PhoE tot~ ~ n e g  data were 
derived ~om the primary amino a~d sequence [15]. For pro- 
tein E ~e  numb~ ~ l y s ~  w ~  ~fim~ed ~om amino add 
an~y~s after t im~ hydr~y~s of p r ~ o n  P (S. Ki~and and 
~ W .  H ~ c ~ L  unpubfished ~ s ~ .  

Protein Amino groups T ~  
mot t led  by TNBS ~ n e s  
( m ~ / m ~  protein) 

OmpC 6.8 ± 1.3 15 
OmpF ~ 0 ± 1 ~  18 
PhoE 1Z9 ± Z3 23 
P 1~8±~0  19 

~ophoretogram~ were observed. Neve~hdess, lhe 
retention of the tfimefic configuration of all pofins 
suggested that upon modification these protons 
suffered no m~or s~uctur~ pe~urbation~ 

~ngle-channd experiments 
When ~e  ~ o p h e n ~ e d  pof i~  w~e ~dded 

~ small quantities (5 ng/ml) to the aqueous s~t 
s~utions b ~ n g  fip~ bilay~ memb~n~,  corn 
ductance increased ~ a series of ~ steps, a 
~ s d t  p~fioufly o~e~ed  ~ r  ~e  ~ p o n ~ n g  

TABLE II 

~NGL~CHANNEL CONDUCTANCES OF TRINITROBENZENESULPHONIC ACID (TNB~ -MODIFIED PORINS IN 
DIFFERENT SALT SOLUIIONS 

Av~age ~ n ~ c h a n n d  condu~ances were ~fim~ed as the mean of 100-500 conductance ~ e m e ~ s  seen aRer the ad&fion of 5 
ng/ml ~ pofin ~ ~e  ~ven s~t s~ufions b ~ n g  a ~ d  ~ y ~  memb~ne. The comp~afive d~a ~ r  ~e  unmodifie~ native porins 
were taken from ReL 5. 

Porin Average-sin~e-channd conductance (n~  

1 M KCI 1 M K + A c ~ e  - 1 M LiC1 

TNB~ (nativ~ TNB~ (nativ~ TNB~ 
mot t led  mot t led  mot t led  

OmpC 1.5 (1.5) 0.75 (0.96) 0.57 (0.68) 
OmpF 2.0 (2.1) 1.2 (1.3) 0.61 (0.73) 
PhoE 1.0 (1.8) 0.46 (0.62) 0.47 (1.2) 
P 0.29 (0.28) 0.020 (0.033) 0.26 (0.27) 
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native porins [3,5,7]. The conductance incremen~ 
were, by anMogy with previou~y hpid bilayer 
experiment, caused by the incorporation of tingle 
channds into the membran~ The magnitudes of 
the conductance increases were not uniform but 
were di~ribu~d around a mean, as described for 
the native porins (e.g. Re~ 7). A large number of 
(100-500) events were recorded and the average 
fingl~channd conductances of the trini~opheny- 
lated porins in three different sNt solutions were 
cMcula~d and compared to data obtNned previ- 
ou~y for the native porins (Table II). For the 
cation-sdective OmpF and OmpC channd~ tri- 
nitrophenylation of the porin had tittle effect (i.e., 
a 0-22% reduction) on the fingle-channd conduc- 
tance. For the anion-speNfic protNn P channd, 
only the average ~ngl~channd conductance in 1 
M potassium acetate was reduced 40% upon tri- 
nitrophenylation. The mest sub~antiN Nte~ations 
were observed for the trini~ophenylated PhoE 
porin. Compared to the native porin, the finNe 
channd conductance was reduced 44, 26 and 61% 
for 1 M KC1, I M potasfium acetate and 1 M 
LiC1, respectivdy. 

Ion se&a&i~ 
The ion selecti~ty of the trinivophen~ated 

porins was examined by measurement of the zero- 
current po~nt i~ formed in response to a KC1 
concen~afion gradient across membranes into 
which 100-1000 tfini~ophenyla~d pofin mol~ 
cules were inse~ed. The permeability ratios of K ÷ 

TABLE III 

PERMEABILITY RATIOS OF T R I N I T R O B E N Z E N ~  
SULPHONIC ACID ( T N B ~  -MODIFIED PORINS AS 
C A L C U L A T E D  BY THE G O L D M A N - H O D G K I N - K A T Z  
EQUATION 

The data for native OmpC and native PhoE were taken ~ o m  
ReL 5. All other data w e ~  ob t~ned  ~ t ~ s  s ~ d y  as ~ e  
mean ± S.D. of  ~ ~am five ~ d e p e n d e m  determinat ion .  

Pofin ~ a b i l i ~  ~ K ~ ~  ~ ~ -  

native T N B ~ m o ~ f i e d  

O m p F  5.9 ±0.6 29 ± 9 
OmpC (26) 21 ± 6 
PhoE (0.30) 21 ± 11 
P 0~2 ± ~02 0.05 ± ~03 

to C1 were obt~ned by fitting the data to the 
Goldman-Hodgldn-Katz equation (Table III). T~e 
~sM~ demon~ra~d that despi~ the 8~f~d  range 
~ ion sdectifities of the ~ co~ OmpC, OmpF 
and PhoE porin~ the sde~ i~f f  of the tri- 
N u o p h e n ~ e d  porins differed by ~ss than 30%, 
with the mot t l ed  OmpF and PhoE porins becom- 
ing as s~onNy cation~dective as the native or 
modified OmpC porins. For protein P tri- 
Nuophen~ation had a much ~sser effect on 
channd selectivit~ and the modified porin re- 
mNned suonNy anion sdective. 

D i ~ u ~ n  

The o~ective of the studies reported here was 
to determine the location of lysine ~amino groups 
rdafive to the most con~ricted (channd condu~ 
tanc~d~ermining) pan of the channds of four 
bacteriN porins. To do this we covNent~ mod- 
ified the ~amino groups of availab~ lysines with 
trini~obenzene sulphonic add. The modified 
~sines carried a covNenfly bound tfini~ophen~ 
group that is bulky (0.86 nm diam~er × 0.36 nm 
high) compared to the predi~ed diam~ers of the 
channds used (0.6-1.2 nm [51, assuming that the 
chann~ is a symmetricN cyhnder (which it Mmost 
ce~Nnly is no0). Thus, if the trini~ophen~ group 
was present at the most con~ricted pan of the 
channd, the availab~ area for ion movement 
through the chann~ should have been severdy 
decreased. As demon~ra~d in Tab~ II, none of 
the trini~ophenyla~d porins had severdy de- 
creased ~nN~channd conductances rdafive to the 
natNe porin~ Indeed, of the E. cob porin~ only 
PhoE showed a sub~anfiN decrease in conduc- 
tanc~ The effect was larger when a sMt with a 
bulky cation (Li ÷ which is heavily hydrated in 
solution) was used, than when a sNt with a bulky 
anion (acetat~ was employed. This is what might 
be predi~ed Nven that the triniUophen~ated 
PhoE channd had become cation sdecfive (Table 
III). Nevenhdes~ these data differ from our pre- 
~ous resulU in which availab~ ~Nnes of the 
PhoE pofin were acetylated [7]. In that study, 
acetylation of the lyNnes of PhoE did not Nter the 
conductance in the presence of 1 M KC1; in 
contrast a 44% decrease in conductance in 1 M 
KC1 was observed for trinitrophenylated pofin 



channds  (Table II). In both case~ howeve~ the 
anion-sdecfive PhoE channd became sub~an-  
fially cation sdective upon acetylation [7] or tfi- 
ni~ophenylat ion (Table III). The fimplest ex- 
planation for these data is that the trini~ophenyl 
group caused partial blockage of the PhoE chan- 
nd.  In contrasL it did not substantially affect the 
tingle channd  conductance of OmpF  or OmpC 
porin channds.  Thus, it can be concluded that the 
native anion-se~ctive PhoE channd has pof i t ivdy 
charged lyfine residues closer to the rate-fimiting, 
constricted r e , o n  of the channd,  than the cation- 
sdective OmpF and OmpC channds.  

Interestingl~ a~er  tfini~ophenylation, the ion 
sdectivity of the three E. co~ porin channds was 
very fimilar. The data of Nakae and collaborators 
[6,8] suggest that cation sdectivity of E. co6 porins 
is due to the negat ivdy charged fide c h i n s  of 
aspa~ate  and glutamate refidue~ W~h this in 
mind R is interesting that 24 of the 41-43 aspar- 
tate and glutamate refidues of the three E. co~ 
porins 0.e. OmpC, OmpF  and PhoE) occupy ex- 
actly an~ogous positions in the primary ~ructure 
of all three porins [15], whereas a fu~her 13 ( to t~  
87%) are conserved in two out of the three porin 
spedes [15]. The data described here showing fimi- 
lar ion sdectivities of the trini~ophenylated pofins, 
sugge~ that the pofitions of negat ivdy charged 
refidues within the OmpF,  OmpC and PhoE pofins 
are qu i~  fimila~ In contrasL the rdat ive p lac~  
ment  of lyfine ~amino  groups may vary substan- 
tially and may well be the m ~ o r  determinant of 
the differential ion se~ctivity for these channds.  
It  should be stressed that of the pofif ivdy charged 
amino adds,  only lyfines would have been mod- 
ified by the ~eatment  described. 

The data for p ro t dn  P suggested htfle change 
in conductance (except possibly for the large an- 
ion, acetate) or ion sdecfivity upon tf ini~opheny- 
lation. This contrasts to other chemic~ modifica- 
tion experiments in which the ~amino  groups of 
lyfines were modified by smaller reagen~ [3,17] 
caufing up to 10-fold decrease in conductance and 
a 30-fold decrease in anion sdectivity. This is 
c o n ~ e n t  with our current modal [17] suggesting 
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that the l y s ~  that determine the a ~ o n  speof i~  
i ~  of p ro ton  P, refide wi t~n  a channd con~fic- 
tion of 0.6 nm ~ a m ~ .  Thus, the b ~ k y  t r i P , o -  
benzene s d p h o ~ c  a d d  m d e c d e  s h o e d  be s~ri-  
cally excluded ~ o m  t~s  ~ f i c f i o n .  In conduf iom 
it is not only the numbeL but Mso the position of 
the charged amino add  fide chMns that d ~  
t e r m ~  ~ n  selectifity. 
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