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The ~ r a c f i o n  ~f phospha~ ~ns  wi|h the Pseudomonas aerug~osa anOn-specific prote~ P channd was 
probe~ The single<hannd conduc~nce of proton P incorpor~ed into ~anar  lipid bilayer membranes in the 
presence of ~3  M H 2 P O  ~ was shown to be ~0  pS, demons~afing ~a t  proton P channds ~ w e d  the 
permeation of phosph~e. When large numbe~ of proton P channds were incorporated into lipid ~ y ~ r  
membranes in ~ e  presence of 40 mM Cl- ,  ad~tion of small concen~afions of phosph~e r e s ~ d  in 
reduction of macrosco~c C l -  conductance ~ a dose- (and pH-) dependent f a s~o ~  Th~ allowed c~culation 
of an I ~  v~ue of e.~ ~46 mM at pH %~ suggesting that the affini~ of proton P for i~ norm~ subs~a~ 
phosphate was at least 6 0 - 1 0 0 ~ d  gre~er  than the affini~ of the channd for other ~ns  such as c~odde.  
Pyrophospha~ and the phospha~ an~ogu~ arsenate, ~so ~ d  macrosco~c CI-  conductance through 
protein P with I ~  v~ues ~ pH ~0  of ~9  mM and 1~ raM, respectivdy. To probe the nature ~f ~ e  
phosph~e ~ n ~ n g  ~te, the ~amino groups of availa~e ~ n e  re ,dues  of ~rotein P were c h e m ~  
modified. Ace~lafion and carbam~ation w~ch produced uncharge~ m o t t l ed  ~ n e s  des~oyed both the 
a~on ~.g. CI - )  ~ n ~ n g  ~ and the phosph~e ~ n ~ n g  ~ as de~rmined by ~ n ~ c h a n n d  expedmen~ 
and macrosco~c conduc~nce ~ f i o n  expedments respectively. Neve~hde~ ,  the modified proteins still 
ret~ned tho r  Wimefic configuration and thor  a~liff  ~o recon~itu~ sin~e channds ~ lipid bil~y~r 
membranes. M ~ h y ~ t i o ~  whkh allowed re~nfion of the charge on the m o t t l ed  ~sine res~ue~ increased 
the K d of the channd for CI-  33-f~d and the I ~  for phosph~e inhibition of macrosco~c CI-  conductance 
Z5-4 - f~& A m~ec~a r  model for ~ e  phosph~e ~ n ~ n g  si~ of the protein P channd is presente~ 

I n ~ o d u c f i o n  

The outer membrane of Gram-negative bacteria 
consfitu~s a fize-dependent permeability barrie~ 
The components which determine the properties 
of this barrier are a d a ~  of protons  ~rmed pofins 
[1] which g e n e r ~  form defined, wate~fiHed 
channds with weak ion sdecti¼ty [2]. Thus the 

Co~espondence add~ :  Dep~tment of Mi~o~og~ U~- 
~ s i ~  ~ Bfifi~ C~um~& V~ ncouver, B~ V6T 1W5, Canad~ 

permeation of small hydrophific m~ecules below 
a ~ven fiz~ the exdufion fimit of the pofin pro- 
t~n, occurs by a f imp~ diffufion mechanism [1,2]. 
To date, only two well-defined exceptions to this 
gener~ scheme are know~ the m ~ t o s e / m ~ t o -  
dextrin porin LamB of Eschericha eofi [3] and the 
anion-spe~fic p ro ton  P channd of Pseudomonas 
aerugmosa [4-6]. 

Upon growth of Pseudomonas aerugmosa in 
low concentrations of phospham (0.2 mM or lesO, 
we p~e~ou~y demon~ra~d  that a new m~or  
outer membrane p ro ton  P of monomer M~ 48 000, 
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is induced [4]. Chemical crossfinking experiments 
suggested that in its native state protein P, like 
other porins, is a tfimer [7]. The protein is coregu- 
lated with the componen~ of a high-affinity phos- 
phate transport system, as demons~ated by phyfi- 
ological and mutant studies [4,8,9], and has a role 
in high-affinity phosphate transport as confirmed 
by the isolation of a Tn501 insertion sequence 
mutant lacking p ro ton  P and defi~ent in phos- 
phate transport [10]. 

When purified and reconstituted into black lipid 
bilayer membranes [4,6], p ro ton  P forms wd~de-  
fined channds with a confiderably smaller fingle- 
channd conductance in 1 M salt solutions (e.g. 
250 pS in 1 M KC1) than other porin protons  
(usu~ly larger than 1.5 nS). Ion se~ctivity and 
other measurements demon~rated that this pro- 
tein is more than 100-fold sdective for anions over 
cations [5] due to the presence of an anion binding 
site (Ko for C1 = 4 0  mM) within the channd 
[5,6] involving lyfine oamino  groups [6]. This high 
sdectivity for anions allowed an estimation of the 
effective diameter of the channd, 0.6 nm, based 
on the permeability of the channd for anions of 
different s~es [5]. 

In this paper we have utilized the ability of 
phosphate to block chloride movement through 
the channd to demon~rate  that protein P has a 
binding rite for phosphate ions with an affinity at 
least 80-100-fold higher than the affinity of pro- 
t~n  P for chloride or other ions. Chemical modifi- 
cations of lysines suggested that they are involved 
in this phosphate binding site. 

Methods 
Purificaaon of Protein ~ A modification of our 

pre~ou~y-described m~hod  [~ ~lowed purifica- 
tion of p ro ton  P in a f in~e c ~ u m n  run. Outer 
membranes of ~ aeru~nosa s ~ n  H103, grown 
under p h o s p h ~ d e f i ~ e n t  condifion~ were iso- 
lated as p re~ou~y  described [4]. They were then 
suspended by extensNe sonication in 2% Triton 
X-100, 10 mM Tri~HC1 (pH 8.0) at a p ro ton  
concen~afion of 10 mg/ml ,  followed by centrifu- 
gation at 180000 × g for 1 h. The supern~ant  was 
discarded and the above cycle of suspenfion in 
Tf i ton/Tr is  and centrifugation repeated twice. The 
somcation steps (30 s at the highest setting of a 
Fisher sonic dismembranator Modal 300 (Fisher 

S~entific Ltd., VancouveO were found to be nec- 
essary to prevent subsequent con~minat ion of 
protein P with pofin p ro ton  F. The pellet after the 
third centrifugation was ~suspended in 2% Triton 
X-100, 10 mM sodium EDTA, 20 mM Tri~HC1 
(pH 8) with the ~ d  of a syringe and 21 gauge 
needl~ This suspen~on was not sonicated. The 
supernatant a~er centf ifugat~n for 2 h at 180000 
× g was appl~d to a DEAE-Sephacd c~umn  
(1.6 × 10 cm) which had been pr~equif ibra~d with 
0.1% Triton X-10~ 10 mM EDTA, 20 mM Tris- 
HCI (pH 8) ~o lumn  b~ffer). The column w~s 
duted  with 2 c ~ u m n  volumes of c~umn  buffer 
followed by 4 v~umes  of c ~ u m n  buffer cont~n-  
ing 0.1 M NaC1. Fractions cont~ning ~most  pure 
p ro ton  P were duted a f a r  appro~mate ly  2 col- 
umn volumes of the s~t  wash. 

Bilayer experiments. The bas~  apparatus con- 
sisted of a teflon chamber separa~d into two 
compar tmen~ by a t ~ n  ~flon di~der  conta i~ng 
a sm~l  ho~ (0.1 mm 2 for f i n ~ c h a n n d  measure- 
men~,  2 mm 2 for ~1 other measurements). C ~ o m d  
de~rodes  dipped into the s~utions on either ~de 
of the teflon divide~ and the two compar tmen~ 
could be sti~ed ufing sm~l  round magn~ic  stir 
bars that were rotated by a revolving magn~  
moun~d  under the Faraday chamber in which the 
teflon chamber was loca~d. A membrane w~s 
p ~ n ~ d  across the hole in the teflon di~der  by 
wiping a solution of ~ther  1% o ~ d ~ e d  c h o ~ s ~ r ~  
or 1% diphytano~ phosphatid~choline in n-d~ 
cane over the area of the hole. The resul~ of lipid 
bHayer expefimen~ were not influenced by the 
composition of the membran~ as de~rmined in 
control exper iment ,  although more rapid recon- 
sfitufion rates were obtained with oxidized 
choles~r~.  Experiments were init i~ed when the 
lipid in the h~e  thinned out and turned opticM~ 
black to i n , den t  light, ind~ating bHayer fo rm~  
tion. 

For a f i n ~ c h a n n d  measurement~ one elec- 
trode was connected to a mill iv~t voltage source. 
The other was connected to a K ~ t ~ e y  427 ampl~ 
tier to boost the output 10~%fol& a Tek~onik 
5103N/5A22N storage oscil~scope lo m o ~ t o r  the 
amplified output, and a Rikaden~ R-01 strip chart 
recorded. For macroscopic conductance i n a c t i o n  
experimen~ and zero-current p o ~ n t i ~  measure- 
men~,  one d e , r o d e  was ag~n connected to a 



voltage source while the other was connected to a 
Kdthley 610B dec~om~er .  In all cases the dr-  
cuits were comple~d through earth. Macroscopic 
conductance inhibition experiments were initia~d 
by adding detergen~pufified p ro ton  P to the 
bathing solutions ( u s u ~  40 mM KC1/1 mM 
Tris-HC1 (pH 7.0)) on either side of the lipid 
brayer  membrane. The increase in conductance 
(measured at current increas~ was f~lowed for 
20-30 min or until the rate of increase had ~owed 
down con~derab~. At this time the membrane 
conductance had g e n e r ~  increased 2-4  orders of 
magnitude. The bathing solutions in both com- 
payments  of the chamber were stirred gent~ (ap- 
prox. 60 r e~ /min )  with a magnetic st~ bar and 
~ iquo~  of inhibitor added careful~ with Eppen- 
doff p ip~ to~  to both compartments. Suffident 
time ( u s u ~  30-90 ~ was ~lowed for the new 
current levd to be estabfished before addition of 
the next aliquots. 

For zero-current po~n t i~  measurement~ ex- 
periments were initiated exactly as described above 
for macroscopic conductance inhibition experi- 
ments u~ng a bathing s~t solution of 50 mM 
KC1. After the membrane conductance had in- 
creased two orders of magnitud~ the app~ed v~t-  
age was turned off and the K d t h ~ y  610 dec~om-  
e~r  swished to measure v~tages. Aliquo~ (100 
~l) of 3 M KCI solution were added to the com- 
payment  on one ~de of the membrane (the con- 
centrated sid~ and equ~ aliquots of 50 mM KCI 
added at the same time to the other ~de. The 
solutions in the two compa~ments were stirred 
(approx. 120 r e~ /min )  to ~low r d a t ~ e ~  rapid 
equilibration. In these experiments, the concentra- 
tion gradient of KC1 across the membrane pro- 
~ded  a chemic~ po~n t i~  which was a dri~ng 
force for ion movement. Ions then diffused across 
the porin channds according to the ion selectivity 
charac~risfics of the channd until the oppo~ng 
~ectr ic~ po~ n t i~  created by the preferenti~ 
movement of one of the ions b~anced the chem- 
~ po~nt i~ .  At this stage the zero-current poten- 
t i~ was measured and fitted to t~e Goldman- 
Hodgkin-Ka~ equation [2] to de~rmine the rda- 
tive permeabihfies of anions (P~) and cations (Pc). 

Chemical modifications of protein ~ All meth- 
ods were shght modifications of pre¼ou~y pub- 
hshed procedure~ The ~ r a f i o n s  were des~ned 
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to allow smaller amoun~ of protein to be chem- 
~ally modified due to the rimmed amount of pro- 
t~n available and the rather sm~l amoun~ re- 
quired for bHayer analyses, howeve~ the relative 
concentrations of all chemicals were exactly as 
described in the pubfished procedures. 

Reductive methylation was performed as de- 
scribed by Jentoft and Dearborn [11]. Stock solu- 
tions of 100 mM sodium cyanoborohydride (A), 
20 mM formaldehyde (B), 40 mM NiC1 z • 6HzO 
(C) and 1 M sodium Hepes (pH 7.5) (D) were 
prepared. 25 #1 of each of A and B were added to 
12.5 #1 of each C and D and 175 #1 of p ro ton  P 
(1.2 mg/ml  in 0.2% Triton X-100, 2 mM Tri~HC1 
(pH 8)), and the resulting solution incubated for 2 
h at 22°C. After this period, the solution was 
dialysed again~ 1000 volumes of 2 mM Hepes 
buffer (pH 7.5) for 4 h followed by a further 20 h 
dialyfis again~ 1000 volumes of flesh 2 mM Hepes 
buffer (pH 7.5). 

Carbamylafion was performed as described by 
Plapp et al. [12] ufing 0.2 M KOCN as recom- 
mended by Stark [13]. 150 ~1 of the above protein 
P solution were added to 150 #1 of 2 M tri- 
ethanolamine-HC1 buffer (pH 8) and the reaction 
started by the addition of 4.9 mg of solid potas- 
fium cyanate. The mixture was then incubated for 
4 h at 37°C, followed by exhaustive dialyfis against 
10 mM Tri~HC1 (pH 8) to stop the reaction. 
Acetylation was performed by K~th Poole, Uni- 
verfity of British Columbi~ exactly as described 
previously [6]. Trini~ophenylation ufing trini~o- 
benzenesulphon~ add was performed as descri- 
bed by Fields [14] except that the amounts of all 
solutions added were adjusted such that the final 
volume after addition of solution D was 1.51 ml. 

R e s ~  

Sing~¢hann~ cond~ance measuremen~ m the 
presence of phospha~ 

Ad~t ion of sm~l amoun~ (10-13M) of protein 
P to one or both ~des of a fipid brayer  membrane 
in the presence of 0.3 M HzPO ~ (potas~um s~t) 
caused ~epwi~  increases ~ condu~ance (Fig. 1) 
with an average ~ n ~ c h a n n d  conductance (for 
299 measu~d ~ n ~ c h a n n d  event~ of 6.02 pS. 
This ~d to somewh~ of a ~ m n a  ~nce the 
m a ~ m ~  conductance of c~oride at a ~mflar pH 
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I10 pS 

 osL 
Fi~ 1. ~epwi~ increases m condu~ance of lind hiMy~ 
membmn~ a ~  ad~tion to ~-13M prm~n P m the aqueous 
phase (1M KHzPO4) bmNng the membmn~ The membrane 
was made from 1% ~ph~ano~ph~phatidy~holine in n-de- 
cane; the aphid  v~mge was 50 inV. 

was 400 pS, more than 60-fold g rea~r  than the 
maximM phosphate conduc tanc~  and yet this 

c h a n n d  had a role in phosphate uptake [10]. At- 
~ m p u  to perform s i n ~ c h a n n d  measu remen~  in 
the presence of equM concentra t ions  of p h o s p h a ~  

and chloride (Nther at 1 M or 0.1 M) gave rise to 
exUemdy noisy current  records with the only de- 
fined f i n # ~ c h a n n d  jumps  bNng of the order of 
10 pS (data not  shown). The only conductance 
increases approaching the 400 pS expec~d if only 
chloride was present, appeared as spikes which 
raptdly rdaxed  to baseline or to a new levd of 

a round 10 pS. This suggested to us that phosphate 
w , s  severly inhibi t ing the movement  of chloride 

through p r o t o n  P channds .  To investigate this 

further we performed macroscopic conductance 
inhibi t ion expe r imen t .  

Inhibition of chloNde flux by phosphate 
Large bflayer membranes  (2 mm 2) were formed 

in the presence of 40 m M  KCI buffered to the 
appropriate  pH with a low concenua t i on  of potas- 
sium phosphate (at pH 4 or 6) or Tfi~HC1 (at pH 
7 or 8). Protein P was added to one or both tides 
of a black fipid bilayer m e m b r a n ~  and the con- 
ductance started to rise rapidly for 5 20 minutes  

and therea~er cont inued to rise at a decreasing 
rate (Fig. 2). When the rate of macroscopic con- 
ductance increase was quite slow, the membrane  

conductance  represented more than 100 c h a n n d s  

incorporated into the m e m b r a n ~  At this time 

Miquou of phosphate were added to each chamber  
and the conductance decreased to a new levd over 

a period of about  30-90 s (F~ .  2). 

There was an apparent  inverse hyperbofic rda -  
t ionship b ~ w e e n  the amoun t  of p h o s p h a ~  added 

and the percent decrease in conductance (Fig. 3). 
F rom these datm an I50 vMue (concen~a t ion  of 
inhibi tor  N ~ n g  50% inhibi t ion)  could be obtMned 
uf ing a Dixon plot (Fig. 3, inset). This sugges~d 

that phosphate and chloride c o m p ~ e d  for the 
same rite on protein P (since the lines formed at 
two different levds  of incorporated p r o t o n  P in- 
~rcepted  above the X axis at a negative vMu~. In 

I~ 7 
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~o 
o ~b ~ ~ 
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Fi~ 2. An example of a macroscopic conductance inhibition 
expefimenL At time ~ after the membrane had turned black, 
protein P was added to a fin~ concentration of 10-1°M to the 
salt solution (40 mM KC1/~I mM potasfium phospha~ buffer 
(pH 6.0)). The increase in membrane conductance due to 
insertion of pofin pores was followed until the rate of increase 
had ~owed (in this case 20 min). At this time ~iquo~ of 
concen~ated potasfium phosphate buffer (pH 6) (0.1 M ~ or 1 
M) were added to the bathing s~t solutions (volume 6 ml) in 
both compartmen~ of the fipid bilayer chamber (i.~, to each 
~de of the membran~ and stirred as described in Methods 
until the conductance ~abifized On this case 1 min). After a 
stable conductance ~vd was ach~ved addifion~ ~iquots were 
added to each side of the membran~ The a~ows ind~ate the 
time of addition of phosphate solution to the indicated cumu- 
lative final concentration in mM. 
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Fig. 3. Kinetics of phosphate inhibition of macroscopic chlo- 
ride conductance. The crosses are data taken from the experi- 
ment  described in F ig  Z the circles represent another experi- 
ment. In the insert Dixon plot, the inverse of the measured 
membrane  current (at 20 mV applied voltage) was graphed 
again~ the cumulative phosphate concentration in raM. 
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TABLE I 

INHIBITION CONSTANTS (~0 )  FOR THE INHIBITION 
OF MACROSCOPIC C O N D U C T A N C E  IN THE PRES- 
ENCE OF 40 mM KC1 

The experimems were p ~ r m e d  as described in M e ~ o d s  and 
~ e  ~0 v~ues  determined as described in R e s ~  and in ~ e  
legend to ~ 3. The pH of ~ e  40 mM KC1 s~uf ion was 
e~abl~hed by the ad~f ion  of ~1 mM p ~ a s s i u m  phosphate 
(pH 4D5 or pH 6.0) or 1 mM Tfis-HCI (pH 7~ or 8.0), 
~ s p e ~ d ~  ~ r  the above-described expefimen~ at pH ~05, 
6.0, 7~  or 8.0. The pH of ~ e  phospha~  s~uf ions  was e s~b-  
l~hed by appropf ia~ m i ~ n g  of monobafic and ~baf ic  p ~ -  
f ium phospha~;  ~ e  pH of ~ e  s o ,  urn pyrophosphate solution 
was e s ~ h e d  by fi~ating with c o n c e ~ r ~ e d  HC1 ( re su~ng  
~ contamination with 40 m~% CI ; N.B, ch~f ide  ad~f ion  
&d not decrease ch~ride macrosco~c condu~ance);  ~ e  pH of 
~ e  K H 2 A s O  4 s d ~ n  was b r o u g ~  to pH 7 by t i ~ g  in 
KOH;  ~ e  pH of ~ e  K N O  3 solution was es~blished by a d ~ n g  
50 m M  Tris-HC1 (pH 7) to a 1 M KNO 3 s~uf iom All 
macrosco~c conductance mhihifion experimen~ were per- 
~ r m e d  at ~as t  three times. 

Porin Inhibitor pH 15o(mM) 

P Phosphate 4~5 3.3 
6.0 0.93 
7~  0~6 
8~ 0.38 

Pyrophosphate 7~ ~9  
Arsenate 7~  1.3 
N~rate 6.0 > 100 

PhoE Phosphate 7.0 > 100 

addition, the point of intercept provided an esti- 
mate of -150. At pH 6 for example, the Is0 value 
was estimated as 0.93 mM (Fi~ 3) at least 50-fold 
lower than the K d for chloride at this pH. The 
inhibition of chloride transport by phosphate was 
found to be pH-dependent, in that the apparent 
Is0 decreased more than 8-fold as the pH was 
increased from 4 to 8 (Table I). 

To demon~rate that these resul~ were due to a 
specific interaction of phosphate with protein P, 
the following con~ol experimen~ were performed. 
Firstly, the effects of the fipid forming the mem- 
bran~ tither oxidized cholesterol or diphytanoyl- 
phosphafidylcholin~ were tested. Despite dif- 
ferences in reconstitution rate and membrane sta- 
bility with these fipid~ the measured Is0 values 
were almost identical being 0.46 mM for oxidized 
cholesterol and 0.49 mM for diphytanoylphospha- 

fidylcholine at pH 7. Secondly, when the pho~ 
phate starvation induob~  E. coil PhoE porin, 
which has been shown to lack a phospha~ bind- 
ing rite [16], was substituted for pro ton  P, no 
inhibition of conductance was observed when when 
112 mM phosphate was added (Table I). Thirdl~ 
when ni~at~ which as a K d of binding to protein 
P of 40 mM (Benz and HancocL unpubfished 
data), was substituted for phosphat~ no inhibition 
of C1- conductance was observed even when 118 
mM ni~ate was added (Tab~ I). If a~er addition 
of 118 mM hi ,a te ,  1.6 mM phosphate was added, 
the membrane conductance decreased more than 
5-fold over the subsequent 1 min. 

Two other substrates which might be conrd-  
ered to be phosphate anMogue~ arsenate and py- 
rophosphat~ were tested for thdr  ability to inhibit 
chloride movement in macroscopic conductance 
inhibition experiments. Both were ab~ to impede 
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chloride movement, Mthough the measured ~0 
vMues were substantially greater than the ~0 for 
phosphate (Tab~ I). 

Chemkal modification of proton P 
We had pre~ou~y demons~ated that chemicM 

acetylation of avNhble pro~in P lysines de- 
suoyed the anion binding si~ of this protNn [6]. 
To obtain e~dence for the role of ly~nes in phos- 
phate bindin~ the ly~ne oamino groups were 
chemically modified in three ways by acetylation, 
as previou~y desc~bed [6], by carbam~ation or 
by meth~afion. Under the reaction conditions 
util~e& the modifications were quite specific for 
lysine oamino groups [15] with only the a-amino 
group at the N-~rminus of the protNn P molecule 
expec~d to be also modified. Due to the fairly 
substantiM number of avNlab~ ly~ne oamino 
groups (14.8 ±4.0 estimated u~ng tfini~oben- 
zenesulphonat~ most of which would not be ex- 
pected to be within the channel at the criticM 
anion binding site, the number of lysine residues 
modified was determined on~ in the case of meth- 
ylated protNn P (approx. 12.6 residues per poly- 
peptide chNn). Neverth~es~ SDS-polyacrylamide 
gel ~ectrophore~s (Fig. 4) and functionN studies 
(see b~ow) of the chemicN~ modified proteins 
suon~y  indica~d that protein P had been mod- 
ified. All modified protNns ran as ol~omer (tfi- 
mer [9]) bands when solubifized at low ~mpera- 
tures and monomer bands when solubifized at 
high ~mperatures, as pre~ously desc~bed for na- 
tive protNn P [4] (see ~so Fig. 4, lanes 1, 2 and 5), 
ac~yla~d [6] and trini~ophenyla~d [10] (Fig. 4, 
lane 8) protein P. However, the modified pofins 
demon~rated small but uniform shi~s in ~ectro- 
phoretic mobility. 

The anwn binding site m chemically-modified pro- 
tein P mo&cules 

To define the presence or absence of an anion 
binding ~te in the chemicMly-modified forms of 
pro~in P, ~mHar experiments were performed to 
those described pre¼ou~y for acetylated protein P 
[6]. Addition of smN1 amoun~ of methyla~d, 
acetylated and carbamyla~d protNn P to the 
aqueous phases bathing fipid b~ayer membranes 
caused s~pwise increases in conductance (~milar 
to those shown in Fig. 1), howevec the average 

Q 
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Fig. 4. SDS-polyacrylamide gd  dec~ophoretograms of the 
native and chemically modified forms of protein P. Lanes 1 
and 5-8:  samples dissolved in SDS containing solubilization 
buffer at room temperature to reveal the tfimer form. Lanes 
2-4:  samp~s  solubil~ed at 95°C for 10 min to reveal the 
monomer  form. Lanes 1, 2, 5, native protein P; lanes 3, 6~ 
methylated protNn P; lanes 4, 7, carbamylated proten P; lane 
8, protein P defivafized with trinitrobenzenesulphonate. 

conductance increases were smM~r than those 
observed for native protein P (Tab~ II; Fig. 5). 
For all expefimen~ measuring ~ n ~ c h a n n d  con- 
ductance~ approx. 85-98% of the 183-378 indi- 
¼duM channds measured formed a uniform prob- 
abifity histogram [4,6] suggesting that the anMyzed 
channds were qui~ uniformly chemically mod- 
ified. Sub~antiN N~rations in the ~nNe channd 
conductances (Fig. 5) suggested the modification 
of lyNnes cfit~M to conductance through protein 
P chann~s (cL triniuophen~ation which ap- 
parently modified only pefipherN ly~nes [181). 

Both naive and meth~ated protein P demon- 
strated an anion binding ~te as reveMed by the 
saturation curves of NnN~channd conductance as 
a fun~ion of sNt concenUation (Fig. 5) [6] and the 
high anion selectivities of the channds (Tab~ II). 
However, the binding affinity for CI- (revealed by 
replotting the fig. 5 da~  as an Eadi~Hof~ee plot) 
was con~derab~ decreased in the case of m ~ h ~ -  



TABLE II 

S INGLE-CHANNEL C O N D U C T A N C E  IN 1 M KC1, K~ 
FOR C H L O R I D E  BINDING A N D  SELECTIVITY FOR 
ANIONS OVER CATIONS OF NATIVE A N D  CHEM-  
ICALLY MODIFIED PROTEIN P MOLECULES 

The ~ s ~  for native and a c ~ a ~ d  pro ton  P were taken from 
ReL 6 except for the s e l e c t i ~  data w~ch  was measu~d  in 
t ~ s  s ~ d ~  The small dif~rence in Me measu~d  ~ n  ~Mcti%ff 
of acetyla~d p r o t t n  P c o m p ~ e d  ~ our p~%ous  s ~ d y  ~]  may 
be due ~ ~ f ~ n c e s  in the average Mv~ of chem~M mob i l -  
cation in the two s ~ .  ~ n # ~ c h a n n ~  conductances in 1 M 
KC1 were m e a s u ~ d  as described ~ M ~hods  from current 
traces MmiMr (but wiM steps of different magni tudO to Mose 
seen in Fig. 1. The mean ~ n # ~ c h a n n ~  conduc~nce  was 
av~aged  over m o ~  Man 200 ~ n # ~ c h a n n ~  event~ The Ko for 
c~of ide  binding was ~ t i m m e d  from the data in Fi~ 5 by 
~pMtt ing  Me d a ~  as an E a ~ H o ~ e  ~ot .  The n ~ n  > 3 
M means thin Mere was a finear r~a t ions~p  between mean 
~ n # ~ c h a n n ~  conductance and sMt concen~afion up to 3 M 
KC1. Selectivi~ was measu~d  as described in M ~ h o d s  by 
fitting the zero-current po~ntiMs at various d~ferent sMt 
gradients to the G ~ d m a n - H o d g ~ K a ~  equation [~  and thus 
cMc~mmg the r~ative p~meaMfi f i~  of aMons (P,)  and ca- 
tions ( P ~  The sMt used for Mese measu~men t s  was KC1. The 
resuhs  for native and me M ~med  p r ~ o n  P are described here 
as > 70 Mthough in this measu~men t  range slight ~ f f ~ e n c e s  
in the zero-current po~ntiM had d~ma t i c  ~ s  on the cMcu- 
la~d  ion se le~i%~ and Me zero current po~nfiMs as a ~ n c -  
tion of Me c~oride g ra~en t  co~d  be f i t~d ~asonaMy w~l to 
Me Ne rn~  equation as described p ~ ¼ o u ~ y  [~. 

Form of Mean ~ n ~  K d ~ r  S d e c t i ~  
p ro ton  P channel con- c~oride ( P~/P~ ) 

d u r a n c e  
in 1 M KC1 N n ~ n g  
(pS) (M) 

Native 260 0.03 > 70 
Acetyla~d 25 > 3 Z85 ± ~96 
C a r b a m ~ a ~ d  43 > 3 ~ 0 2 ±  1~1 
M e M ~ a ~ d  140 1~ > 70 

ated protein P ( K  d = 1 M C1-) as opposed to 
native protein P ( K  d = 40 mM C1-). In contrasL 
acetylated [6] and carbamylated protein P ap- 
parently lacked the anion binding ~te as reveMed 
by a finear rdationship between sMt concentration 
and conductance (Fi~ 5) [6] and the lower anion 
sdectivides of the channds (TabM II), phenomena 
typ~M of a generM diffusion porin channd fike 
OmpF [2]. 
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300- 

e~ 
o i ~ ~ 

KCI (M) 

~ 5. Av~age  ~ n ~ n ~  ~ n d ~ m ~ e  ~ a ~ t i o n  ~ Me 
K ~  concentration ~ r  the native and ~ e ~ c M ~  mo&fied 
forms of w o r n  P. x, native p r m o n  P from Re~ 6; ~ meM~-  
ated p r i o r i  P; A, c ~ b a m ~ a ~ d  p ~ d n  P; ~ ~ e ~ m ~  pro- 
~ n  P (from Re~ ~ .  For each p~n t ,  the ~ n # ~ c h a n n d  con- 
d u c ~ n c ~  were averaged for 1 ~ - 3 ~  M ~ d u M  ~ep increases 
in conductance, o ~ e ~ e d  in experimen~ ~milar to Mat shown 
in ~ 1. 

Macroscop~ ~nducmn~ m h ~ o n  s m d ~  wRh 
~emically-modified protein P molecules 

As described abov~ ma~o~o#c  conductance 
due to nmNe protein P, ~ the presence of 40 mM 

E 

0 

E 

1 0 0 - ~ 1 ~ : ~ : ~ :  

l / \  
~ ~ 

50" ~ ~ e ~ o ~ o  

\ 
~ x  ~ - ~  

0~ sb ~6o 
Phosphete Conce~F~t~n (mM) 

Fi~  6. Macrosco#c conductance in~Mtion experiments uMng 
native and chemically m o t t l e d  forms of protein E The experi- 
ments  were performed as described ~ M ~ h o d s  and ~ the 
legends to Fig. 2 and 3, except Mm Me b a t i n g  s~uf ion was 1 
M KC1 buffered to pH 7 wiM 1 mM Tfi~HC1 (pH 7.0). ×, 
native p r ~ o n  P; O, meMylated pro ton  P; A, carbam~Med 
p ro ton  P; I ,  a ce~M~d  protein P. 
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CI-, pH 7, could be inhibi~d by phosphate ions 
with a ~0 v~ue ~f 0.46 mM. Under the same 
conditions the ~0 for phospha~ inhibition of 
chloride flux through m~h~a ted  pro ton  P was 
1.25 mM. Due to poor incorporation of the other 
modified porins at low concentrations we com- 
pared ~1 channds at 1 M KC1. 

As shown in Fig. 6, at this higher s~t con- 
cen~ation phosphate still caused inhibition of 
macroscopic chloride conductance for native pro- 
t~n P (1~ = 15 mM) and meth~ated protein P 
(~0 = 65 mM). The increases in the ~0 v~ues 
were presumab~ due to the higher CI concentra- 
tion. Macroscop~ conductance through carbamy- 
lated and acetylamd pro tdn  P was not inhibimd 
by concentrations of phospham up to 90 mM (Fig. 
6). 

D ~ c u s ~ o n  

Our preoous modal membrane studies on pofin 
protein P of Pseudomonas aeruginosa prodded  
definitive e~dence for an anion binding f i~  within 
this channel [5,6]. However, p ro ton  P has a role in 
phospha~ uptake (see InVodu~ion). The ex- 
is~nce of an anion binding tim in protein P is 
confi~ent with, but does not fury  e x p l ~  this 
ro~. The resuRs in this paper suggest that p ro tdn  
P has a speofic phosphate binding site which has 
an affinity for phosphate ~ pH 7 at least 100-f~d 
grea~r than the affinity cf the anion binding rite 
for CI which binds to this anion binding rite with 
a higher affinity than ~1 other tes~d anions (Benz 
and Hancoc~ unpubfished dat~.  For phospha~ 
to bind with such a high affinity, it probab~ binds 
in a s~rospedfic manner; binding to the anion 
binding rite in the same manner as CI would not 
seem to be suffident to explain the observed higher 
affinity. It should be noted here that ~though the 
affinity of protein P for phospham is discu~ed 
he~e, we were actually measuring apparent ~0 
v~ues of inhibition of macroscopic C1- conduc- 
tance. So l ing  the ~0 v~ues at two different C1- 
concentration~ according to M~hae l i~Men~n 
~ n ~  gave a Ko v~ue for phospha~ of 0.31 
mM at pH 7. 

The effects of phcsphate on macroscopic C1- 
conductance can be expl~ned if the anion binding 
rite comprises a part of the phospha~ binding 

site. E~dence for this includes the observation 
that Dixon plots for phosphate inhibition of chlo- 
ride flux indicated competitive inhibition (e.g., 
Fig. 3 inse0. Furthermor~ destruction of the an- 
ion binding ~te by acetylation or carbamylation 
of ly~ne ~amino groups (Table II) caused loss of 
the abihty of phosphate to inhibit macroscop~ 
conductance (Fig. 6) without influenong the tri- 
meric a~odat ion  of the p~otein (Fig. 4) or the 
abifity of the protein to form channds in fipid 
brayer  membranes (Tab~ II). Similarly meth- 
ylation of lysine ~amino group~ which does not 
con~derably effect the pK a and hence the charge 
of these groups [15], caused an increase in the K d 
of this channd for C1- (Tab~ II) as wall as an 
increase in the ~0 for phosphate inhibition of 
macroscop~ conductance (Fi~ 6). 

The results discussed above ~low the construc- 
tion of a more sophisticated modal for the in~rior 
of the protein P channd, than those pre~ou~y 
presenmd [6]. The modal suggests the presence of 
a ring of three ly~ne hde c h i n s  within a na~ow 
pan  of the chann~ of p ro ton  E The ly~ne ~amino 
group~ bring po~fivdy charged at n e u ~  pH, 
would form a po~fivdy charged cloud shell that 
would attract anions and repd cations from the 
channd. The effect of pH on the ~0 of macro- 
scopic conductance inhibition by phospha~ is 
c o n ~ e n t  with the concept that HPO~- ions bind 
bettor than H:PO~ ions (Tab~ I). Examination 
of thre~dimen~on~ modds of the HPO~ ion 
(constructed u~ng CPK Preci~on Molecular 
Modds from Eahng Co., Watford, U.K.) reve~ed 
that this ion has 3-fold symmetry around the 
phosphate atom if one considers the two ion~ed 
oxygen atoms and the double-bonded oxygen 
atom. Since this double-bonded oxygen atom has 
a negative dipole momen~ we propose that the 
symm~fic~ly a~anged lysine ~amino groups in- 
teract with these three negative (or pa~i~  nega- 
tive) charges. The reason that phosphate binds 
con~derably more s~on~y  than e.g. chloride is 
that phospha~ is coordinated by this binding ~ 
whereas C1- ha~ng only a ~n~e  negative charge 
would bind diffusdy within the cloud shall. 

The modO is con~s~nt  with all data presented 
here and in pre~ous paper .  Examination of the 
~ n ~ c h a n n d  conductance as a fun~ion of unhy- 
drated anion s~e [5], as wall as trini~ophenylation 



experiments [17], suggested that the effective siev- 
ing diameter of the channd was around 0.5-0.6 
nm. Since the HPO~ ion has a reported diameter 
of 0.5 nm [16], the diameter of the d r d e  formed 
by the three lysine oamino groups in this modal 
would be in the order of 0.6 nm (allowing for van 
der Waals radii). Furthermor~ the presence of 
three symmetrically arranged lyfines can be eafily 
explained if the tfimer [7] of porin protein P 
contains a tingle-channel per trimer unit. We are 
currently attempting to define the structure of 
protein P in more detail  to allow teeing of this 
modal. 
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