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The acrA strain AS-I t>f 15scherichia coli is more sensihvc than its parent W31 !11 tt~ grox~th inhibitiot+ hy Mcth~,lct+e tquc, s~diunt 
dodeeyl sulfate and novohiocin. UR-3 ix an uncoupler-resisu+nl strain isolated from AS-1 which is r+ +~danl h+ grt+v, th inhibitinn 
by carbonylcyanide m-ehlorophenylhydrazone (C('CP~. 3,3'.J .5-tetrachlorsalicyhmilidc (T('S) an,+ lribut>ltin chh+ridc, x~l~ilc 
remaining sensitive to the first group of c<)mpounds. A revertant of AS-I acquired resislancc In Mclh~lcnc bluc and stadium 
dodccyl sulfate but remained sensitive to uncouplers, in contrast to AS-I. pr<+line uptake in U R-3 +~ as resin;rant tt+ uncouplers. 
Strain UR-3 grown in the presence of uncoupler incorporated elongation factor Tu to high levels in the t+utcr membrane of the 
cell. A role for the outer membrane in the acquisiliun of uncoupler-resistance by UR-3 ix suggestcd b v the hcha~iour of the 
m u t a n t  to the fluorescence probe N-phenyl-l-naphthylaminc+ The fluorescence intensity of thi,, prt}hc was quenched by 
m c m b r a n c  encrgization in the wild-type strain W3LI(} but not in AS-t. UR-3 behaved like W31 I|1, ',uggesting that an outer 
membrane barrier to neutral lipophilic compounds likc N-phcnyl+l-naphthylaminc (NPN', and uneot,plcrs had bccn rc~torcd in 
UR-3. By contrast, AS-I and UR-3 both allowed energized uptake of the fluorescent Iipophi]ic cation 2-/dimuthylan]inost+:yl)-l- 
cthylpyridinium (DMP + ). It is concluded that tipophilic materials must permeatc the outer mcmbrat+c ol Er <,h by :tt Icasl Iv, t} 

different routes, llowever, uncoupler-rcsisla,lcc in UR-3 appears t~ bc more ctm~plex than the proxisitm t,l .m purer meml~r,mc 
harrier to uncouplers. Thus. uncouplers readily discharged a pit gradient established in tx~th AS-1 and fIR 3 h~, add~tiun t~l I I('l 
to cell suspe~Nms. 

I n t r o d u c t i o n  

According  it> the chemi~+sn+l+tic hypt+thcsis ol  
Mitchell, m e m b r a n e  cnergizat]on lor ATI '  synthesis ~r 
solute t ranspor t  involves the iranslucati ,ut  t+I" primers 
across the encrgy-tcansducing membrane  [i]. A l l '  sy~- 
thesis requires the us~.:" tfl th-: e leclruchemical  potential  
gradient  ot  protons  by the ATP-synth; , ,c  complex, t !n-  
couplers  dissipate the cne+-gized membrane  state and 

Ahhrc,,iation,,: Ilu,~hn(I. lti-.-ht~t~+hm , :hh~Ntu: ('( t I'+ t+,H.m~l 
~dy;hlld¢ m-chh+rophcll.~lhydl,,ztu c, l iMP .  2 <dHnLIh~l,+mmt+,t>,r'd). 
l-clhyipyridinium; Ilcpe+, 4-12 h+dlux~,¢tll~1-I plpcn~/Im: clh;mc 
',ultomc acid: NPN. N+ph¢~,l-I-~.aphth~lammc: l(S,. 3.~'.4 + s Ictl,i- 
chlorosat ic5 I;i nilid~:, 

(+orr¢,,pondcn¢¢: ILl). Bragg. I)cl,uHnlcnl tH I¢,+chcm~',tr',. t+nisc+ - 
sity ot British ('ulumhia. 214h licalwh S, cT ,c~:~ M.dl. ~,ant+<uz~cl 
B,C. Canada. V6T IZ3. 

so prevent A I ' I '  h}rmalion and inhihil the transport  ~t 
those st~lutes which arc energized by it. It has bccn 

prup~scd lh;.lt uncoup[cls  dissolve ill the membrane  
lipid and act as m~,hile proton conducturs  m equifi- 
b la lc  the pr<~h~n grildicnt, ttowc~cr, there is st~nle 
e~ idence I~om the use of photuaffitlity I,lbctling unct~u+ 
plcr~ thai uncouplu'rs react with membrane  proteins 

One  possible apprt~aeh to de te rmin ing  the mccha- 
ni,~m oI action of uncouplers ,  ;_lIld M.I Jnereilsing our 

knowledge ol the ploccss ol energy Iran,,duelion. is t~ 
ist+l~:tc bacterial mutan ts  v;hieh arc rosi~,tant to uncou- 
plers+ 

I h i s  t.~pc til L approach has been tried with Baci l lus  

species and v, ith l : scher ich ia  col i  17]. In previous stud- 
its [b;-l{~] wc ha+e described the prtlpel-tics of a mu- 
t:int, t tV6, resistant in the uncouplc'r carbtm~l cy:mide 
m-chl~r,~l~hen~lhydr,lztme ( ( ' ( 'UI ' ) .  Proline uptake and 
elLrltlx+ And tile t ransmcmhr;me pt t  gtadicnt ,  x+crc at- 
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fectcd by ( ' ( ' ( ' P  m the parent strain hut sol in the 
nltltant. Ito'~vcvcr. cqtdlibralion by t, ncouplcr of an 
artificially cstablb, hcd proton gradient across, thc cell 
envelope '.~,as trite,ally cffcctkc in both the p : n c n t  a n d  

the mutant slraim- 1;";]. (Jr~),.vth t}l the mutant in the 
l-nescllcc tff ( '( '( '1) caused the incorporation of the 
normall~ cytoplasmic protein ehmgalion faelor Tu into 
the o u t e r  m c n l b r a n c  It) b e c o m c  (+lie o |  t h e  t h r e e  or  

four most abundant proteins in this mcnlbranc [l(i]. 
This suggested tha| ( '(+('P had ,recess to the eytosol to 
cause an :tltcration in the normal protein biosynlhctic 
mechanisms. [:urlllcrniore it was observed thai lhc 
m n l a n t  g r o w n  in tht: p r e s e n c e  o t  ( ' ( ' ( ' P  incorporated 
significant a,.,ounls of lhc nncouplcr into its inner and 
oulcr memhrancs [9 i. 

The outer m c m h r a n c  ix k n o w n  It} act  ;IS a b a r r i e r  to  

ihc i)ermcation of lipophilic agents into cells of l:. c,l i  
[11.12]. |hwvcvcr. although our previous results sug- 
gcslcd thai uncotLplcr-rcsistanec v,as 11oi duc to exclu- 
sion t d  t he  t m c o t t p l c r  ,tt Ihc  ( : t i ler  m e m b r a n e ,  it was 
decided to isolate tmcoupler-rcsistani mutants from at 
strain. AS-I. of l-. coil which showed significant pcr- 
meabilit.~ Io lipophilic ~,ubstances [13.14]. It v.as hoped 
in this x~aty to :lvoid conmlic,llitms duc to the outer 
membrane barrier. An :tnMogous approach has  b e e n  

tifllowcd by Bccchcy and his colleagues [15-17]. 
This paper describes the properties of uncoupler-re- 

sistant straia UR-3 isolated from AS-I+ Two pathways 
for the permeation of nonpolar substances lhrongh the 
cell envelope of /:. cell were demonstrated by our 
experiments. The acquisition of uncoupler-resistance 
affected one of thc~,c pathways onb.  However. the 
g e n e r a t i o n  of dn Ot l t c r  n l e n l h r a n c  barrier to u n c o u -  

p l e r s  th+cs tlol a p p e a r  to  be  t he  sole  d e t e r m i n a n t  o f  

uncoupler+resistance in 1:. cob. 

Materials and Methods 

Ba('h'rial slrain.~ 
1:. cell W3I IlL a x~ild-typc K+ 12 ~,lrain. and AS-I. an 

II{'l','{ nll.ll;,Ul[ derived f ron l  \ V 3 ] I O  [13,14]. v, e r e  ~ h  i 

tanned lrom I)r. 'Yasuo Imac. Nagoya University. Japan. 
l h c  ( '( 'C'P-rcqstanl strain LIR-3 was isol,tlcd ,tn a 
~pOlllallCtltlS nn. l lanl  Ol AS-I by streaking l hc  p a r e n l  

organism on nutrient agar plates containing 1511 # M  

CC'('P. 

( ; nmlh  q f  cclL~ 
W3110. AS-I and UR-3 were gro~n to stall's)nard' 

phase at 37~(" with aeration from a 1% (x/ ' , )  inoculum 
0I! Pclla~say Broth (Dileo~ or t)n a mmimul medium 
[18] using It.4G (v,/v) glucose ;is gro~lh substratc. The 
cells vvcrc harvested b~ eentrifugation and v~ashcd in 
the appropriate bufl'cr a,~ indicated in the legends to 
the table and figures. Cells wert. s l a~cd  by incubation 
in buffer at 4°(" for 24-48 h. 

lh'lerminatim, ¢{f lhc .~e,.sitivity o f  growth to umotq~h'ri" 
a . d  lil,Oldtilic c(,mpo./ul~ 

-Ihc scn,4tivity of growth of W31 IlL AS-I and UR-3 
to sodium dodecyl stdfate, novobiocin and deoxy- 
chelate we,, determined by the method of Ahmed and 
Booth [19] using Pcnassay Broth agar medium. The 
sensitivity of  growth to Methylene blue. CCCP, tri-n- 
butylin (Bu.~SnCI), and 3,3',4',5-tctrachMrosalieylani- 
lidc ( ' I ( 'S)  was determined by plating cultures on the 
Penassay Bro:h agar medium containing these eom- 
pourMs at the concuntrations indicated in Table I. 

l'roton uptake by intac! ('elLs 
The cells sedimented from a 811 ml culture grown on 

minimal medium with glucose wcrc washed twice by 
r c s e d i m c n t a t i ( m  ( 1 0 ( l ( l ( ) x g ;  15 min) from 50 mM 
t tepcs-KOH buffer, pl-t 6.8, and resuspcnded in 1 ml 2 
mM Tris-HCI buffer, p i t  6.8, containing 11.3 M KCI. 
Prolon translocadon in response to addition of HCI 
was measured with a eomhination pH electrode as 
described before [~:]. The assay system contained 0.2 ml 
cell suspension in 2 ml 2 mM T,'is-HCI buffer, pH 6.8, 
containing 11.3 M h( ' l .  ill ,ul 10 mM H('I  was added 
followed b~ g/el  5 mM ( ' ( ' ( ' 1 '  (in ethanol). The changes 
m p t |  were recorded. 

Fh.)rcscc.cc axsavi u'ittz N I W  and I )MP + 
The fluorescence intensity of N-phcnyl- l-naph- 

thylamim" (NPN) was measured at 22°(7 with a Turner  
model 420 spcctrofluorometer as previousiy described 
[20]. The reaction mixture (2 ml) in a cure: of  I cm 
light-path contained 50 mM Hepcs -KOH buffer. (pH 
7.4) and 2 mg of cell protein. The fluorcsceqce of  
2-(dimethylaminostyr3'l )- 1 -ethylpyridinium ( D M P )  was 
measured at 2Y~(" with a SLM-Aminco SPF500C spcc- 
trofluoromclcr. The reaction buffer was 511 mM pt~tas- 
qum phosphate {pH 7.5). The energy sources ,rod 

I A I H . I "  I 

.~cn~tm m H e,,t~i ' l  o/ I: (oli itiht-t~pc and ('('('P-rcsi.~totll i~o[alCA 

ihc ,.:xf.erimcr~l v..v. carrk:d out it.. dcsc/ib,'d in Maler i ;ds and 
M,,:tho, I, kc :c r lan ts  ol .'kS- I and L!R*3 ~ c r c  i~,olatcd on the basis o f  
thor  lC'.iMallCt' tO Melh3lcnc blu~.'. R, resi:.tancc to the compound 
IL'MCd: %. ~,CtlMII%il}. Io Ihk' compOtlrid l,'Med: V~. vcl3. ',CFPM|IVC lo the 
¢onlpoulld I qed;  . Iltil l¢,,tcd. 

(+ompound t eqed  I 5. ~ . l i  strain 

~A,31 Ill / \S-I AS-I UR-3 UR+3 
Rt'~, ¢1"1a111 Revcrhml 

2', SI)S R S R S R 
511 u g ' m l  .Mclh',len,.: bluc R S R S R 

4 mg dis,' t leox3cholal¢ R S S 
I n lg/d isc no'.ob,~:m S \% VS 
21)fl ~, M ( ' ( ' ( 'P  S S S R R 
,5/a M Bu ~Sn(1 R b R 
I;,() ,uM T( 'S S S R 



inhibitors were used at the concentrations indicated in 
the legends. NPN fluorescence was excited at 340 nm 
and emission measured at 420 nm. For DMP" tluores- 
cence the excitation and emission wavelengths utilized 
were 4~7 and 557 nm. respectively. 

Preparation of cell em'eh)pes and eh,ctn~phoresis o.l pro- 
teins 

Cell envelopes were prepared as previously de- 
scribed from cells grown in the absence or presence of 
75 # M  CCCP [8]. Sodium dodecyl sulfate gel elec- 
tmphoresis was perfi~rmcd using the discontinuous 
buffer system of Laemmli [21]. The gels were ,~:taincd 
with Coomassie blue. 

Oilier assttys 
Proline uptake and the concentration of cellular 

inorganic phosphate were determined as described 
previously [8]. Protein concentration and ATPasc activ- 
ity were measured as described in Refs. 22 and 23. 

Results 

AS-I is an acrA mutant derived from strain W31 I(1. 
i t  was isolated as a strain with increased outer mem- 
brane permeability to nonpolar substances such as 
Methylene blue, mitomycin C, acridine orange and 
triphenyltetrazolium chloride [13]. it was fimnd subse- 
quently to be permeable to other lipophilic substances 
such as tripheny;methylphosphonium and tetraphen- 
ytphosphonium cati,ms [14]. and to sodium dodecyl 
sulfate. The nature of the acrA defect has not been 
characterized satisfactorily [12]. Strain UR-3 was iso- 
lated from AS-I as a mutant spontaneously resistant to 
the uncoupler CCCP. W31 Ill and AS-I showed similar 
growth sensitivity to the uncoupler. 20 /.,M C('(TP 
caused 50% inhibition of growth in both strains. UR-3 
retained outer membrane permeability to now~biocin, 
sodium dodecyl sulfate, deoxycholate, and Methylene 
blue, but was resistant to uncouplers CCCP. TCS and 
Bu3SnCI (Table I). H~wever, UR-3 wits slightly more 
resistant to the detergents than the parent strain AS-1. 
On the basis of plate assays. UR-3 was 1.3-fold more 
resistant than AS-I to sodium dodecyl sulfate, whereas 
with deoxycholate AS-l, but not UR-3. growth was 
inhibited at 2 mg detergent per disc. Significant growth 
inhibition occurred in both strains :it 4 mg per disc. 
W3110 was insensitive to deoxycholate, A res'ertant of 
UR-3 acquired resistance to Methylene blue and re- 
mained resistant to CCCP (Table !). However, a simi- 
lar revertant of AS-I retained its sensitivity to CCCP. 

t'roperties of UR-3 
We have previously isolated a CCCP-resistant mu- 

tant (UV6) of E. coil [8]. ]'his strain showed resistance 
of proline uptake to the presence of CCCP. Prolin,: 
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Fig.  I. [ ' l f c c !  ()1 ( (  '(. 'P ~,n the: tq'~lakc ~)l p)()l~)rP, b 5 , , taz, ,cd ~:db, ~)1 

W 3 1 1 0 .  A S - I  , rod U R - 3 .  ] h , :  cM'~clmlcnl  ",a,a,, c a r r i e d  (rot :~, d e -  
scribed in Maherial~ and ,Mclh~ds The p l l  ~aiucx ~I the rca~:tilm 
mixlur,:s alter addilion ~t Il l **I III mM I I ( I  amd Hlm~mg addili~m 

ol 12.5/aM ( ( ( P  are indicated ~m lh¢ trat'~:s, 

uptake in UR-3 was resistant to inhibition by 3.1 ~M 
CCCP. This concentration ol uncoupler inhibited up- 
take b) 52c;, 63<,: and IIC; in strains W31 I(}. AS-I and 
UR-3, respectively. 

The mechanism of uncoupling according to the 
Chemiosmotic hypothesis inx~l'~es dissipation of lhe 
transmcmbrane pH grad ien t /membrane  potential [1]. 
The ability of ('('C'P to discharge a pfl gradient estab- 
lished by addilion of H('I to a cell suspension was 
examined using W3110. AS-I and UR-3. Additkm ot 
acid to the lightly-buflered suspensi~ms of cells which 
had been star~ed overnight at 4":(" Iov, crcd the external 
pH's of the suspensions to about 53t from lhe milial 
pH of 6.N. CCCP ( 12.5 Ia-M ) catalyzed rapid t | p t a k e  ot 
proteins in all cases (|:ig. I), 

Examination of cell envelopes of AS-! ar, d UR-3 by 
SDS-gel eleclmphoresis revealed no evlderc 'qfrcr- 
cnces in protein ca;mpos.tion between tl,e <rai~t.,. ~,s in 
the ease of uneouplcr-resistam strain UV6 [LI0]. 
growth ~f UR-3 in the presence of -/., u.N' C( 'CP 
resulted in uptake of CC('P (or a dcrivati,,c t~t it), the 
envelopes becoming bright yellow in colour, and in the 
incorporation of a high level of elongation factor "l'u 
into the: cell envelope fraction (t;ig. 2). The elongation 
factor v,~.s as~,ociated primarily with the outer mem- 
brane of the envelope lalsc~ see Ref. ](D. 
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Fig. 2. Sodium tlodcc~l ,,ttlf:ttc pt~]5;tc~'l;imidc gel clcctrt~phoresis ol 
cell cnvclopcs  ~)1 p;Jrcnl ',,Ir;tirl AS-I (P) and ( ' ( ' ( ' P - r e s i shml  muhtn l  
s lrain UR-3 g ro~n  in Ihc absence (M -- } :rod presence  (M + ) of 7"5 

/J M C( '( 'I ' .  [:F'I u. chmg~fll~m f,wh~r l-u. Fifb /~ g prote in  ¢,a~, h~ldcd 
ira c;icll lane. 

ATPasc activilics of mcnd~r:mcs of W31 Ill, AS-I 
and UR-3 wcrc all in the range of 105-112 nmol ATP 
hyd ro lyzed /min /mg  protein. ATPasc activities wcrc 
unaffected by the absence or presence of Na" s u g g e s t -  

i n g  that tmct~uplcr-rcsistancc in UR-3 w,ts not duc to 
the possession of a Na "-ATPase [24]. In contrasl with 
thc high levels of cytosolie phosphate fi~und previously 
in the uncoupler-resistant strain UV6 growing tm sueci- 
natc [8], thc phosphate concentrations of LIR-3. AS-I 
and W3111) wcrc all in the range of 27-4t, raM. 

Response of jhtorescence prol~es in UR-3 
Wc have used NPN previously to probe membrane 

cncrgization in E. coil [20,25,26]. Two typcs of be- 
haviour wcrc identified. ¢)ucnching of NPN fluores- 
cence was induced by substratc oxidation or ATP hy- 
drolysis. Thc changc in fluorescence intensity was at- 
tributed to an ahcration of the binding ,ff NPN to the 
outer membrane or to an alteration in its environment 
in the outer membrane on inner mcmbranc cncrgiza- 
tion. The probe also responded in the mner membrane 
to changes in the redox state of the respiratory chain, 

particularly of c~,~,chromcs o and d [26.27]. Fig. 3 
slmws changes in the fluorescence intensity ol NPN in 
cell ~,uspcnsions of W31 ill. AS-I and UR-3 on addilion 
of the respirator3' chain substratc i~-Iaetate. (Addition 
of glucose gave similar rcsults.) Oxidation of substrate 
b~, W3110 resulted in fluorescence quenching as the 
inner membrane was cncrgizcd. Oucnching was re- 
versed rapidly when lhc dissolved oxygen in the cuvet 
h,~d bccn depicted and lhc rcdox statc of the respira- 
tory chain altcrcd. The cells of  AS-I showed only the 
second phase, that is, the response of the probe to the 
rcdox state of the cytochromcs. This was not due to 
impaired oxidation of D-lactate. By contrast, the initial 
Clucnching phase was restored in UR-3. DMP* cation 
was introduced by Berciter-Hahn as a probe of the 
metabolic statc of milochondria. Changes in tluores- 
ccncc intensity of this probe were attributcd to changes 
in the environment of the probe and not to alterations 
in ion gradients or to pH changes [28]. By contrast, 
Mcwcs and Rafacl [29] suggcstcd that in mitochondria 
DMP * responds t~ membrane potential. Howcver, 
Midgley and his coworkcrs [30,31] have shown that 
fluorcsccncc intensity changes of DMP + in E. colt are 
associated with uptake and cfflux of the dye. Fig. 4 
shows the response of the fluorescence intensity of  
DMP ~ to alterations in the metabolic state of strains 
W31 l(I. AS-I and UR-3. Addition of glucose to a cell 
suspcnsion of W3110 caused fluorescencc quenching 
which partially reversed when the system became 

I s mi,', , ~ W 3 1 1 0  

Lactate 

N P N  

N P N  

Fig. 3. ( 'hangcs  in lhc. tluorcscence inlensily of  NPN in the presence 
of inlacl cell ,,,u~pensitms of W3111). AS-1 and UR-3. The procedure 
is described in Matcrial,~ and Melhods,  L, D-lactate added Io a 
concentration ot 10 mM The time (8-10 min following lactate 
addition) at which th, . .-¢action ~olution bec~tm¢ anaerobic is indi- 

c;tied by :t rapid incrc:~,;c in fluorc,;ecnce intensily. 
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" ' ~ ~ - :  "-50 
Fig. 4. Effect of uncoupler CCCP on the fluorescence of DMP " v, ith 
intact cells of W31 ltl AS-I and UR-3. The procedure is described in 
Materials and Methods. G, r)-glucose added to Ill mM concentra- 
tion. The numbers indicate the pM concentration of CCCP preincu- 
bated wilh the cell suspension for 5 rain prior to the addition of 
DMP" at zero time. The initial fluorescence increments obtained on 
addition of DMP" to the cell suspensions have bccn omitted from 

these traces. 

anaerobic on depletion of the dissolved o,,0ygen in the 
medium. The extent of the initial quenching was en- 
hanced by low concentrations of CCCP and the recov- 
ery of fluoresence on anaerobiosis was more dramatic. 
Fluorescence quenching was absent in the presence of 
25 t.tM CCCP, By contrast, fluorescence intensity was 
enhanced by metabolism of glucose in strains AS-I and 
UR-3 (Fig. 4). Qt,enching occurred at anaerobiosis. 
CCCP abolished ~lae glucose-induced enhancement of 
fluorescence. The fluorescence response was more re- 
sistant to quenchi,g by CCCP in UR-3 compared with 
AS-1. 

Discussion 

The uncoupler.resistant mutant UR-3 retains the 
sensitivity of its parent strain AS-I to sodium dodecyl 
sulfate and Methylene blue, substances unable to per- 
meate envelopes of wild-type strains like W3110, and 
yet is resistant to uncouplers such as CCCP. TCS and 
Bu3SnCI. That the resistance is due to a change in the 

eompo.,,ition and /o r  slruclure of the outer membrane 
is supp,,~rted by the slightly greater resistuncc to deter- 
gents of UR-3 compared with AS-I. and b) the be- 
havillur of UR-3 with the fluorescent probe NPN. The 
initial energy-dependent phase of quenching of fluores- 
cence, absent in AS-I, is restored in UR-3. "[hc initial 
phase has been attributed It) a change in the binding of 
NPN to the outer membrane or to an alteration in ii,~ 
environment 120]. The latter might involve movement 
through the outer membrane energized by interactions 
with the inner membrane. The simplest explanation of 
the loss of the first phase is that NPN can permeate 
the outer membrane in AS-I and that this pathway is 
blocked in UR-3, at the same time that resistance to 
uncouplers is acquired. However, this hypothesis does 
not explain all observations. Thus, CCCP. TCS antl 
Bu3SnC1 rapidly catalyze the uptakc of protons from 
the external medium into both AS-I and UR-3 (Fig. I). 
In a previous paper [8], we have suggested that uptake 
of protons occurred a,-ross the outer membrane into 
the periplasmic space. This is inconsistent with the 
hypothesis that the barrier to uncoupler is due solely to 
alterations in ~he outer membrane. Since the initial 
phase of quenching of NPN is energy-dependent, it 
likely involves inner /outer  membrane interactions. 
That is, encrgization of the inner membrane may effect 
the behaviour of NPN at the outer membrane. A 
possible hypothcsis is that this linkage is affected in 
AS-I and restored in UR-3. 

The mechanism by which the acrA mutation causes 
an increase in permeation of nonpolar and amphiphilic 
compounds is unknown [12]. The increased permeation 
of such contrasting agents as the negatively charged 
sodium dodecyi sulfate anion and the tetraphenylphos- 
phonium cation suggest that a large disordcring of the 
outer membrane may have occurred. This does not 
seem likely since resistance to one class of non-polar 
compounds, the uncouplers, is manifested in UR-3 
with retention of some of the permeability character- 
istics of AS-I. Furthermore. reversion to an a c r A  ~ 

phenotype in AS-I does not give uncoupler-resistance. 
Rcvertants to an a c r A  ~ phenotypc in UR-3 retain 
resistance to uncouplers. At least two distinct pathways 
for permeation of lipophilic compounds through the 
outer membrane of E. col i  must exist. Non-polar com- 
pounds, such as the uncouplers tested in our experi- 
ments, must penetrate via a pathway which is blocked 
in UR-3. Anlphiphilic compounds such as sodinm do- 
decyl sulphate, Methylene blue. mitomycin, acridine 
dyes, and lipophilic cations must permeate through the 
pathway opened by the a c r A  mutatkm. Comparison of 
AS-I and UR-3 with respect to their behaviour with 
the fluorescent probes NPN and DMP* illustrates this 
difference. UR-3 recovers the permeability character- 
istics of the wild-type strain W3110 to NPN in contrast 
to AS-1. UR-3 retains the behaviour of AS-I with 
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respect  to amphiph i l i c  c o m p o u n d s  such as [ ) M I " .  
Moreove r ,  both s t ra ins  are  equal ly  p e r m e a b l e  |o  te- 
t raphenyl  p h o s p h o n i u m  (unpub l i shed  daht), l t o w e v c r ,  
up take  of  D M P  by U R - 3  is more  rcsis tanl  to  inhibi-  

t ion by uncouplers .  This  suggests  that  some  ove r l ap  o r  

in te rac t ion  occurs  bet-~cen these  two pathways .  
It is in te res t ing  to c o m p a r e  the  behav iou r  o f  U R - 3  

with uncouple r - res i s t an t  s tra:ns o f  E. colt i so la ted  by 

Bceehey  and his coworke r s  [15-17].  A t  with the work  

descr ibed  in thc p resen t  paper ,  Beeehcy ' s  g roup  iso- 

la ted uncouple r - rcs i s tan l  nlt~tanls f rom a s train of /:'. 

twli Doc-S unusual ly scnsi l ive to the  d e t e r g e n t  deoxy- 

cholate and to i onopho re s  [15]. Stra in  T U V  showed  
res is tance of  growth,  pro l ine  t ranspor t  and oxidat ive  

phosphoD' la l ion  Io the uncot .p lcrs  [ :C( 'P .  T T F B  and  

Bu~Sn( ' l .  while re ta in ing  scnsflivity to deoxyeho la t e  
[15.16]. This  bchav iou r  is ana logous  to that obsc rved  

with UR-3 .  A signif icant  d i f f e rence  b e t w e e n  T U V  and  
[JR-3 is lhal  the  fo rmer  has losl the  pe rmeab i l i t y  of  its 
pa ren t  s trains to l ipophi l ie  ca t ions  likc l e t : a p h e n y l -  

p h o s p h o n i u m  [17]. F u r t h e r m o r e ,  T U V  is res is tant  to 

novobiocin  in cont ras t  wilh Doc-S  [16]. Both A S - !  and  

U R - 3  arc reD'  sensi t ive to novobioe in .  Beeehey  and his 

co l leagues  have sho,~vn r e e e n l b  that  the d e t e r g e n t  and  

novobiocin  sensitivity o f  Doc-S  ar ises  f rom a mu ta t i on  

in the rl~ gene  (81 min}. ] 'h i s  m u t a t i o n  is absent  in 
T U V  [17]. By contras t  the mu ta t i on  in A S - I  is in the  

acrA gcne  (1{| min)  and  a p p e a r s  1o be r e t a ined  in 

UR-3 .  UR-3 ,  c o m p a r e d  with T U V ,  is novobioc in -scns i -  

t ire.  Thus ,  it is unlikely that  the  u n c o u p l e r  res i s lance  

of  U R - 3  is assoc ia tcd  with the (la gene .  Becchey  and  

his co-workers  [17] ha~c c o n c l u d e d  that  res is tance  to 

uncoup le r s  m T U V  it duc  to exclus ion of  the  uncou-  

p ler  by t h e  ou te r  m e m b r a n e .  As w i t h  our  s tudies  
desc r ibed  here ,  anoma l i e s  still exist. ] h e  u n c o u p l e r  
"VI'I-zB co l lapsed  the t r a n s m e r a b r a n e  p H  grad ien t  of  

res t ing cells, m e a s u r e d  by p h o s p h o r u s  nuc lea r  mag-  
net ic  r e sonance .  | o  a like d c g r c e  in both  Doc-S  and 

TLIV implying that the u n c o u p l e r  could  p e r m e a t e  thc  
cell enve lope  in T U V  [16]. This  bchav iour  re.,,cmbles 

that  of  U R - 3  in the p ro ton -equ i l i b r a t i on  e x p e r i m e n t s  
descr ibcd  above,  l : u r l h e r m o r c ,  these  worker, ,  f lmnd 

that  the m m s m e m b r a n e  pH grad ien t  in "I 'UV was more  
resis tant  to col lapse  b~ u n c o u p l e r  when  the re  ~ a s  

ac | ivc  ce l lu lar  resp i ra t ion  [16]. it is difficult  to ra t ional -  
ize these  ef fec ts  with a m e c h a n i s m  of  res i s tance  which 
rel ics  solely on lhc  passive exclusion o f  u n c o u p l e r  by 

the o u t e r  m e m b r a n e .  A complex  in le rac t ion  b e t w e e n  
inner  and ou t e r  m e m b r a n e  p e r m e a t i o n  and encrg iza -  

|i~m is impl ied  by Beeehey ' s  and our  s tudies.  
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