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Lactose Carrier Protein of Escherichia coli. Transport and Binding 
of 2’-(N-Dansyl)aminoethyl 0-D-Thiogalactopyranoside and 
p-Nitrophenyl a-D-Galactopyranoside’ 

Peter Overath,* Ron V .  Teather,  Robert D. Simoni,] Gabriele Aichele, and Ursula Wilhelm 

ABSTRACT: The elevated level of lactose carrier protein present 
in cytoplasniic membranes derived from Escherichia coli strain 
T3 I RT. which carries the Y gene of the lnc operon on a 
plasmid vector (Teather. R. M., et al. ( 1  978) Mol. Grn. G m t .  
159. 239- 248), has allowed the detection of a complex betheen 
the carrier and the fluorescent substrate 2’-(il’-dansyI)- 
aminoethyl P-D-thiogalactopyranoside ( Dns2-S-Gal). Binding 
is accompanied bl  ;I 50-ni11 blue shift in the emission max- 
imum of the dansyl residue. The complex (dissociation 
constant. K D  = 30 1M) rapidly dissociates upon addition of 
competing substrates such as P-D-galactopyranosyl 1 -thio- 
P-D-galactopyranoside or upon reaction with the thiol reagent 
p-chloromercuribenzenesulfonate. Binding of both Dns2-S-Gal 
a nd p-  n i t ro p he n y I 0 - D- g a I a c top y ra nos id e ( C Y  - K PG ) occ u r s 
spontaneousl) in  the absence of an electrochemical potential 
gradient across the membrane. Comparison of equilibrium 

R e c e n t l y ,  the Y gene of the lac operon has been cloned i n  
a plasmid vector in  Escherichia coli (Teather et al.. 1978). 
Upon induction of the lac operon, this plasmid leads to elevated 
levels of lactose carrier protein (lactose permease. “M protein“) 
in the bacterial cytoplasmic membrane. The carrier could thus 
be readil) detected on polyacrylamide gels as a prominently 
stained band of molecular weight 30000 and could also be 
identified by previously described methods using the thiol 
reagent N-ethylmaleiniide and by double-labeling experiments 
with radioactive amino acids (Fox & Kennedy, 1965: Fox et 
al.. 1967: Jones & Kennedy. 1969). 

The amount of lactose carrier in  membranes of E .  coli has 
been determined in several laboratories. A comparison of these 
da ta  is difficult because of the use of different strains, the 
conditions of cell growth. and the type of membrane prepa- 
ration. On the basis of amino acid double label experiments, 
Jones & Kennedy ( I  969: compare also Kennedy, 1970) es- 
timated that the lactose carrier comprises 3% of the total 
protein in cell envelopes of strain ML30 grown on succinate 
a s  sole carbon source. This corresponds to 1 nmol of carri- 
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binding experiments using Dnsl-S-Gal or e - N P G  and dif- 
ferential labeling of the carrier with radioactive amino acids 
shows that the carrier binds 1 mol of substrate per mol of 
polypeptide (molecular weight 30000). I n  addition to specific 
binding to the lactose carrier. Dns?-S-Gal binds unspecifically 
to lipid vesicles or membranes. as described by a partition 
coefficient. K = 60. resulting in a 25-nm blue shift in  the 
emission maximum of the dansyl group. Both DnsZ-S-Gal and 
CY-NPG are not only bound by the lactose carrier but also 
transported across the membrane b) this transport protein in  
cells and membrane vesicles. The fluorescence changes ob- 
served with dansylated galactosides in  membrane vesicles in  
the presence of an electrochemical gradient (Schuldiner et al. 
( 1  975) J .  B i d .  Chrnr. 250, 136 1 -  1370)) are interpreted as 
an  increase in  unspecific binding after translocation. 

er/nig of protein. A reinvestigation by the same technique 
showed a carrier level of < I %  of the cytoplasmic membrane 
protein, i.e., <0.3 nmol/mg of protein. in strain ML30 grown 
on glycerol as carbon source (Teather et al., 1978). Alter- 
natively, several investigators have determined the amount of 
carrier by substrate binding experiments. Kennedy et al. 
( 1  974) showed that cell envelopes bind 0.11 nmol of 8-D- 
galactopyranosyl 1 -thio-~-D-galactopyranoside ( T D G ) ’ / m g  
of protein. A similar figure, 0.2 nmol/mg of protein. has been 
found by Rudnick et al. (1976) by binding studies using 
p-nitrophenyl tu-D-galactopyranoside (cY-N PG) and cytoplasmic 
membrane vesicles of strain ML308-225, grown on succinate, 
provided binding was estimated in the absence of an elec- 
trochemical gradient across the membrane. A considerably 

’ Abbreviations used: Dns. 5-dimethylaminonaphthalene- I -sulfonic 
acid: Dn$’-S-Gal. 2’-(.2’-dans!l)aminocth~l 1 -thio-iJ-D-gal;lctopSranoside: 
Dnh2-O-Gal. 2’-(.’l-danaql)aminoeth!.l d-D-palactopyranoside: Dns6-S-Gal. 
6 ’ - ( ,~ -dan~q . l ) a r i i i nohex~ l  1-thio-d-u-palactop)ranoside; Dnsb-O-Gal. 
6’-(,~-dansyl)aminohex!.l B-D-galactopqranoside: IPTG, isopropyl 1 -  
thio-3-D-galactopSranoside: TDG. $-D-g31aCtOp)ranOS)I I-thio-6-D- 
galactopyranoside: d-NPG, o-nitrophenll 8-D-galactopyranoside: n-NPG, 
p-nitrophenyl ~u-D-galactopSranosidc: p -CMBS.  p-chloromercuri- 
benzenesulfonate: B-galactosidase (EC 3.2.1.23):  transacetylase. ace- 
t~l-CoA:galactoside 6-O-acet~l t ran~ferase ( E C  7 . 3 .  I ,18). For genetic 
symbols, see Bachmann et al .  (1976). 
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higher estimate. 0.6--0.9 nmol/nig of protein (Belaich et al., 
1976. 1978) was recently obtained for the same type of 
membrane preparation by equilibrium binding studies using 
T D G  as substrate. Since in none of these studies the amount  
of carrier as determined by double labeling with radioactive 
amino acids was direct11 correlated to the amount of substrate 
binding. conclusions as  to the stoichiometry of the sub- 
s t ra te  carrier interaction a r e  doubtful. 

The  apparent discrepanc! betheen the amount of substrate 
binding in the absence of an electrochemical gradient (Rudnick 
et ai.. 1976) and the amount  of carrier protein present in  
membranes (Jones & Kenned!, 1969) was rationalized by the 
recent proposal (Reeves et 31.. 1973; Schuldiner et al.. 1975a.b: 
1976b, 1977; Rudnick et al., 1975: see also reviews bq 
Schuldiner et ai.. 1976a: Kaback. 1977: Schuldiner & Kaback. 
1 977)  that binding of various dansylated $galactosides or 
ri-NPG to about 90% of the carrier molecules present i n  
membrane keaicles of strain ML308-225 depends on the 
presence of an electrochemical gradient. It was suggested that 
such n gradient either exposes the binding site of the carrier 
to the outside surface of the vesicle membrane and/or  causes 
;in iiicrease i n  its affinit! for solute niolecules. This concept 
has been l;irgel), formulated on the basis of t u o  lines of ex- 
perimental evidence. Firstlq. a series of arguments has been 
put forward that  these substances are  not transported: their 
energ! -dependent associ;itioii UI ith membrane vesicles is 
therefore interpreted as stoichiometric binding to the lactose 
carrier. Secondlb, values for the amount of carrier molecules 
calculated from these euperiments range from I .  1 to 2.3 
nmol/ing of protein and are i n  reaxonable agreement with the 
estimate of Jones & Kennedy (1960). 

I n  this paper the binding of 3'-(.\'-dansyl)aminoeth!l 3- 
o-galactopyranoside (Dns*-S-Gal) and ri-h'PG to the carrier 
protein is correlated to the amount of Y-gene product present 
in the membrane a s  determined b) double labeling Mith ra- 
dioactive amino acids. This comparison leads to the conclusion 
that the carrier shons  stoichiometric binding of 1 mol of 
subhtrate in the absence of an  electrochemical gradient. 
Furthermore. evidence is presented that the carrier mediates 
the translocation of 2 '-( .~-dansyl)aminoethyl $-D-&ahcto- 
pqranoside (Dns'-0-Gal) and ct-UPG in cells and catalyses 
the ;ictiw uptake of Dns?-S-Gal and ( I -UPG in membrane 
vesicles 

Materials and Methods 
C'heir7ical5. W e  are most grateful to Dr. H .  R .  Kaback for 

sending us samples of Dns%-Gal and Dns6-S-Gal. Dns'- 
S-Gal and Dns6-S-Gal Here also prepared from 2'-aniinoethyl 
I - thio- , j -~-galactop)  ranoside hydrobromide (kindly provided 
b j  Dr. R .  U'eil) and  6'-aminohexyl I -thio-$-D-galacto- 
pyranoside ( a  gift from Dr.  S. Roseman).  respectively, ac- 
cording to Schuldiner et al. ( l 975a ) .  Dns'-O-Gal was sqn- 
thesixed as described by Schuldiner et al. (1975a). and  
1) n so- 0- G a 1 was ob  t a i n ed by da  n s y I a t  ion o f 6'- ami no h e x y I 
ij-o-galactopyranoside ( a  gift from Dr. S. Roseman).  

Buctericil .Strains. Prototrophic strains 11L308-225 ( lac  
I O + Z Y + )  and K131 ( luc I~O+Z-Y'. carries a polar l u i  Z 
mutat ion,  phenot lpe Lac I-O+Z Y : derived from strain 
hl1.308 ( l ~  I-O+Z+Y+)) have been described before (Devor 
et ai.. 1976) .  S t r a i n  T 4 4 R T  ( l a c  I+O+Z+Y.-(A+)/ 
F'I+O+l( Z)Y+.At) and the plasmid-containing strain T 3  1 R T  
( I c i i ,  I tO+ZSY~~A')/F'1qO+7.+\'~(Ai), carries l u i  I'O'l- 
(Z)\".\+ on the plasmid pC7) have been described (Teather 
et HI . .  1978; see also for complete list of additional markers). 
S t w i n s  K I68 ( l a c  I O'Z'Y'). K I69 (lcrc IO+Z-Y') .  and 
K I 7 0  (lut I O'Z+\r' ) are  derivatiws of the prototrophic 

Kl2-s t ra in  W3102 (gal-, recA, rpsL) .  Strains  DS338 ( l a c  
l+O+Z+Y--. me/ C I ,  gal K-, met B-. raf R-O+A+B-.D ) and 
its lac+-derivative strain DS338-2 ( luc I+O+Z+Y+) were kindly 
provided by Dr. R.  Schmitt. Both strains are pleiotropicall! 
negative (i.e..  nielC') for a-galactosidase and thiomethyl d- 
D-galactoside permease I I  coded for by the m e /  operon. They 
contain par t  of a plasmid derived ruf operon ( i .e . .  ru j  
K 0'.4'B D : cf.  Szhmid & Schmit t .  1976) on the chro- 
mosome and shou the constitutive s!nthesis of an  active 
(1-galactosidase coded b) the 11 genc. 

Growrh Conditions and Mrnihrane Isolation. Strains 
ML308-225. K131, T U R T ,  and T 3 1 R T  Mere grovrn a s  
previously described (Devor et iil.. 1976: Teather et al., 1978). 
Strains K168, K169. K17U. DS33X. arid DS338-2 h e r e  grown 
in Cohen- ricke en berg ( C R )  mineral salts medium (Anraku.  
1967) containing 0.5% glqcerol and 0.2% casamino acids. €-or 
induction of the Iuc operon. 0.5 m M  isopropyl I-thio-$-u- 
galactopyranoside \$as included in the medium for growth of 
strains DS338 and DS338-2. Cells Mere harvested in mid- 
exponential phase and \bashed with C R  salts medium. 

Membrane vesicles fro111 strains k.11308-225 and K 13 1 were 
prepdred according to Kaback (1971 ) ,  The same procedure 
was used for s t ra in  T3 1 R P  i n  the experiment shown in Figure 
8 .  For all other experiments with cytoplasmic membranes 
from strains T 3  1 R T  and T44RT. a combined L ,  + L2 fraction 
n ' t h  prcpared according to  Osborn et a i .  ( 1972) .  

FluoreJcence .Measirret~ierit~,  h Hitachi Perkin-Elmer 
Model MPF-3 spectrofluorimeter with a cuvette holder 
equipped with a magnetic stirrer \ \ a s  used. The  fluorescence 
signal \ + a s  either directlb. recorded on an  X Y recorder or  
averaged over a given time and recorded on punch tape using 
a PCS interface unit. Uncorrected eniission spectra are  
presented 

Dm2-.S-Gu/ Biriilirig E.~pcwii?ieiirs. Specific, unspecific. arid 
transport-dependent unspecific binding of Dn>?-S-Gal (cf. 
Results for definitions) c a n  be differentiated b1 the spectral 
changes which occur upon binding (cf. Figures 4 and 9 ) .  The 
validity of such an analysis depends on an adequate correction 
for unspecific fluorescence. light scattering, and inner filter 
effects. This spectral procedure \+as only used for unspecific 
and transport-dependent unspecific binding to ML.308-225 
vesicles and unapecific binding to lipid vcsicles. For deter- 
mination of specific and unspecific binding to membranes 
derived from strain T 3  1 R T  and K 13 I .  we have used a inore 
direct centrifugation a m ! ,  
L n s pec i f i c a n d transport -d e pe nden t u n x peci fi c b i n d i ng t o  

membrane vesicles from strain 2.1L.308-225 was determined 
by performing experiments such ah the one sho\4n in Figure 
9 (cf. Results) a t  various Dns'-S-Gal concentrations. The  
spectra 1% ere corrected for unspecific fluorescence. integrated 
b) cutting and weight determination, and corrected for inner 
filter effects. Unspecific binding was estimated froin the 
difference betbeen the intensit) before addition of D-lactate 
and the intensity of water-dissolved Dns'-S-Gal using a ratio 
for the quantum yield of unspecificall!. bound to water-dis- 
solved Dnsl-S-Gal of I? (cf. Table I ) .  The transport-dependent 
unspecific binding coinponent is ~i i i i i lar l j  obtained from the 
difference betaeen the intensity a t  the steady state of uptake 
(cf. Figure 8) and the intensity of the unspecifically bound 
compound. T h e  relative change i n  quantum yield upon 
transport-dependent unspecific binding is 27.  T h e  same 
procedure has  been used to  estimate the unspecific binding 
to E .  coli lipid vesicles. 

Binding to niembranes from strain T.11 RT was determined 
i n  thc  following u a )  (cf,  Figure 3 ) .  klcmbranes (59.2 mg of 
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F I G L K E  I :  Modes of association of Dns-Gal with cytoplasmic 
membranes of E .  coli. See tex t  for explanation. 

protein) \ \ere  suspended in a total volume of 11.8 mL of 50 
mM potassium phosphate, 10 mM magnesium sulfate. pH 6.6, 
containing 5.5 X I O 5  cpm of tritiated \hater. A second sample 
contained. in addition, p -CMBS at a final concentration of 
0.2 niM. Both samples were divided into 0.5-mL aliquots, and 
Dns'-S-Gal was added at  various concentrations. All samples 
ue rc  centrifuged at  20 " C  for I h a t  I 5OOOOg. An aliquot of 
the supernatant was taken for the determination of the specific 
radioactivity. The  supernatant was removed and the pellet 
resuspended in 1 mL of 50% ethanol. After centrifugation. 
aliquots of the supernatant were counted or diluted with 50% 
ethanol. The  Dns2-S-Gal in the ethanolic solution was de- 
t e r in i n cd f l u o r i met r i ca l l ! by comparison \4 it h suit a b l e 
standards in 50% ethanol. The amount of Dnsl-S-Gal in  the 
pellet was corrected both for water-dissolved substrate using 
the amount of pellet-associated 3 H z 0  and for other fluorescing 
compounds extracted from the membranes by inclusion of 
samples uithout Dns2-S-Gal. Samples without p-CMBS give 
the sun1 of specific and unspecific binding. samples with 
p-CMBS give only the unspecific binding component. 

Equilibriiiin Binding ofc\-.YPG. Cytoplasmic membranes 
from strain T 3  I R T  (77 mg of protein) were suspended to a 
total volume of 4.  I niL in 50 niM potassium phosphate. pH 
6.6,  containing 10 m M  ,VgS04. I O  rnM N a y 3 ,  and I O  mV 
2-mercaptoethanol. Aliquots (0.1 mL) were pipetted into one 
side of multicavit) niicrodialysis cells. The other side was 
provided with 0.1 mL of 4-100 p M  [ 3 H ] - ~ - N P G  (0.03 
pCi/sample; for preparation of [3H]-o-NPG, see Kennedy et 
al.. 1974) dissolved in the same buffer. Dialysis was performed 
for 6-9 h a t  room temperature with slow rotation. Aliquots 
of 50 pL were counted i n  5 m L  of Tritosol (Fricke, 1975). 

Results 
Modes of Association of Dansvl Galactosides with Cyto- 

plasniic Membranes. The conceptual frameivork within which 
this work was conducted is depicted in Figure I .  Dns-Gal 
standr for a number of dansyl $-galactosides (Schuldiner et  
ai.. l975a) .  in our work in particular for Dns*-S-Gal. Three 
means of association of Dns2-S-Gal \+it11 cytoplasmic meni- 
branes must be differentiated.  First. Dns2-S-Gal binds 
stoichiometrically to the lactose carrier in the absence o f  uti 
elrctroc>hn?iicul gradient. This type of binding is called specific 
binding. Second. Dns?-S-Gal binds to the lipid bilayer and. 
possibly, to various membrane proteins by way of its hy- 
drophobic dansylaminoethyl residue. This type of binding is 
termed irnspecui'c binding. Since Dns'-S-Gal rapidly equil- 
ibrates across the membrane both by passive diffusion and by 
transport via the carrier,  unspecific binding occurs on both 
sides of the membrane. Thus the amount of membrane as- 
sociated Dns2-S-Gal in the absence of' an electrochemical 
gradient is the sum of the specific and unspecific binding 
components. Third, the creation of an electrochemical gradient 
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across the membrane by addition of an oxidizable substrate 
like D-lactate leads to active transport of Dns2-S-Gal ( H + /  
Dns2-S-Gal symport) by way of the lactose carrier. Because 
of its marked tendency to partition into the membrane, most 
of the transported Dns2-S-Gal will be bound to the membrane. 
Only a minor fraction will be in solution in the aqueous lumen 
of the vesicles. Thus, active transport leads to an increase in 
the unspecific binding component. This type of binding will 
be termed transport-dependent unspecific binding. Under 
energized conditions, the amount of membrane-associated 
Dns?-S-Gal is the sum of specific, unspecific. and trans- 
port-dependent unspecific binding components. It might be 
noted that,  while it seems most likely that the transported 
substrate is released into the aqueous lumen as shown in Figure 
1, it is possible that release could occur in the lipid bilayer. 

Properties of Bacterial Strains. The expression of the lac 
operon products in the strains used in this study should be 
briefly described (see Teather et al.. 1978, for details). The  
constitutive strain ML308 (lac 1-O'Z'Y'A') gives rise to an 
activity of 0.28 pmol / (n i inmg of protein) for in  vivo $-NPG 
hydrolysis, a measure of Y-gene expression, and 0.003 
pmol/(min.mg of protein) for transacetylase. the A-gene 
product. These values are representative for strains carrying 
a single chromosomal lac operon. Strain T44RT. which carries 
active Y and A genes only on an F' factor. forms about twice 
as much of both products, i.e.. 0.5 and 0.006 pmol/(niin.mg 
of protein) for P-N PG transport and transacetylase. respec- 
tively. The plasmid-carrying strain T 3  1 RT shows activities 
of 0.5-1.7 pmol/(min.mg of protein) for in  vivo /I-NPG 
hydrolysis and 0.01 2-0.024 pmol/(  niin.mg of protein) for 
transacetylase after 1 - 1 3  generations of induction. The reason 
for the variability of this strain is probably related to the rapid 
loss of the plasmid from the cells upon induction. Since in 
vivo /3-NPG hydrolysis is not an adequate measure for high 
levels of carrier protein in intact cells (cf. Teather et al.. 1978). 
the strains are best compared in terms of their transacetylase 
activity. The ratio of transacetylase activity in cells from 
strains ML308 (or its derivative ML308-725), T44RT.  and 
T 3  1 R T  is 1 :2:(4-8). The  same ratio can be expected for the 
amount of carrier protein incorporated into the cytoplasmic 
membra ne. 

Estiniation of Lactose Carrier Content in CjYoplasniic 
Membranes. The amount of lactose carrier in  cytoplasmic 
membranes is determined by double labeling with radioactive 
amino acids and by equilibrium binding of the high affinity 
substrates a -NPG and Dns*-S-Gal. Figures 2A and 2B show 
the radioactivity profile of polyacrylamide gels from strain 
T 4 4 R T  and T31 R T  derived membranes double labeled ui th  
radioactive amino acids. The profiles show an excess of 'H 
label a t  the position of the lactose carrier protein (molecular 
weight 30000) of 1.4% for strain T44RT and 12.5% for strain 
T3 1 RT. These values correspond to 0.47 nmol of carrier/mg 
of newly made protein for strain T44RT and 4.2 nmol/mg of 
newly made protein for strain T3 1 R T .  Since strain T3 1 R T  
has normally been induced for only one generation, the 
membranes contain 2. I ninol of carrier/nig of total membrane 
protein. Similar experiments using strain M L30 (lac, 
I'O'Z'Y'A') showed that this strain forms less than 0.3 ninol 
of carrier/mg of membrane protein (Teather et al.. 1978). By 
giving the level in strain T 4 4 R T  an arbitrarq value of two, 
strains ML30, T44RT, and T3 1 R T  contain a relative amount 
of carrier <1.3:2:8.9. 

The amount of lactose carrier has also been determined by 
equilibrium binding of [3H]-a-NPG to membranes from 
strains T44RT and T31 RT. Membranes from the latter strain 
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t I O C  R F  3 Binding L>I Dii\'-S-(Jtil .ind t , - U P ( j  to c>tupl,i\inic 
iiii.iiibr;ine\ from \tr;iiii T3 I I < T .  Biiidiiig i.\periiritti\\ of' l>ii\'-S-(i;tl 
t 1) 'itid < t - \P( i  (R) wcrc pcrI'oriticd J \  described in \l;itcri,il\ ~ i i d  
\ l e t h o d \ .  i i\irig t h c  u t n c  prcp,ir;itiori of \tr'iin T 3  I R T  dcriicd 
iiiciiibrane~. Part .Z shoi\\ the unspccii'ic binding (O---O) arid the 
.;uti1 of unspecific and  specific binding (O---O), An e z t i i i i a t e  for the 
hi, of specific binding of Di1.s'-S-Gal t o  t h e  l ; i c i o ~  carrier i s  obtained 
,it the concentration of half-iii,i\inium specific binding. See t e x t  for 
f'u r t t i  er e \pi a n at ions , 

h a t e  been derived from the sitiie culture ;is used for the 
experiment sh0v.n in Figure 2 R .  .At saturating substrate 
concentrations. niembranes from strain T34RT bind 0.41 
nniol/ing of protein. Strain T3 1 KT derived membranes bind 
2 .  I niiiol/nig of protein. These i a lues  are  i n  good agreement 
\\ ith the va lue> obtained b\ the double-labeling experirnenta 
a n d  e5t;iblish that 1 niol ut' c;irricr proteins binds 1 mol af 
substrate. Taking the  ~ a l u c  ut' 0 .2  nniol!'riig ol' protein Lis 
determined b j  [ ' t i l - ~ t - Y P G  binding I'or iiicnibranc\ t'ruiii 
5train hlL308-225 (Rudnick et ai.. 1976). strains VL308-225. 
T'JJRT. and T3 1 R 7  contain rel;iti\c carrier l e ~ c l s  of 1 :2: 10.5. 
Our estimate for the disaociation constant. k ,  = 21 pL1 
(a\erage from s ix  experiment>). is three times higher than in 
previous reports (Kennedl  el a l . .  1974: Rudnick e t  AI.. 1976).  
I t  should be added that [3F4J- ( t -1PG binding to carrier-dc- 
t'icient iiiciiibr;ines derived t'ruiii unindticed strain T? I RT 
slionh ;I linciir concentration tiependcnce up tu 5 0  p M .  A t  this 
concentration the membranes bind 0.OY nmol ,~nig  uI' protein. 
Therefore. unspecific binding of this substrate i b  low 

Binding cxperirnents of Dna'-S-Cial Lind [ 'H]-(t-NPG using 
tlic same prepir;ttiori of T3 I RP-derlLeti rricriibrane:, ;ire 

ntcd i n  Figure5 3,\ and 3 H .  Judged b) t h e  :iniwnt of' 
[ ' H I - c t - 1 2  PG bound ; i i  : ,L i~urb i t i i i g  coticciitr;itionh, these 
iiieimbr;inea contained I .  I n n i o l  of ca r r i e r /n ig  of protein. 
Binding of DnsI-S-Gal t i a s  been determined in t h e  presence 
a n d  'ibsence of the S t  1 rc2:gent i '-chlorutiicrcuriben~erie- 
hulf'onate (p-C'L1BS). I t  i:, \+ell established t h ; i t  the lactose 
cnrricr contitins ~3 thiol group i n  t h e  substrkitc binding 5 i t c  

\+ hich i:, bluckcd b\ Sf1 re;igciit\ ( 1  < I \  & l i c n n a i ~ .  IO(i5: F'u\ 
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Table I :  Binding Characteristics of Dansyl Galactosides 

re1 
emission maxe quantum dielectric 

mode of binding type of membrane dansyl galactoside partition c o e f f  (nm) yieldf constant 

unspecific E. coli lipids Dns2-S-Gal 49b 518 20 12  

T3 1 RT Dnsz-S-Gal 59' (260 P M ) ~  514 i 6 22 9 

ML308-225 Dns2-S-Gal 113b 521 i 9g 17 16 
K131 Dns2-0-Gal 60' (900 pM)d  nd nd nd 

K131 Dns6-O-Gal 100' (850 P ~ M ) ~  nd nd nd 

transport-dependent ML308-225 Dns2-S-Gal 
unspecific T3 1 RT Dns2-S-C;al 

507 ? 6 27 5 
520 18 15  

specific T31RT Dns2-S-Gal 493  i 6 34 3 

a Partition coefficients are calculated on the basis of the lipid content taking a density of 1. Representative samples of membranes from 
strain K131 prepared according to Kaback (1971)  contained 0.31 mg of lipid/mg of protein. Membranes from strain T31RT prepared accord- 
inr to Osborn e t  al. (1972) contained 0.71 mg of lipid/mg of protein. Values determined by analysis of fluorescence spectra as described in 
Materials and Methods. Values determined by the centrifugation assay as described in Materials and Methods. Numbers refer to the free 
substrate concentration up to which unspecific binding has been found t o  be a linear function of the substrate concentration; Le., the parti- 
tion law has been verified. e Emission maxima have been derived in the way described in Figures 4 and 9. The excitation wavelength was 
340 nm in all cases. Values refer to the quantum yield relative t o  water. A standard curve was prepared by integrating the fluorescence 
spectra of 16.3 p M  Dns2-S-Gal in dioxanc/water mixtures. This yields a relation between the relative quantum yield (cf. also Schuldiner et 
d., 1977) ,  the emission maximum, and the dielectric constant of dioxsne/water mixtures. Mean standard deviation. 

et al.. 1967: Rudnick et al., 1976). In  the absence of p-CMBS 
Dns2-S-Ga1 binds specifically to the carrier protein and u n -  
specifically to lipids and perhaps to some other menibrane- 
associated proteins. I n  the presence of p-CMBS onl! u n -  
specific binding is observed. It is clear from Figure 3A that 
the unspecific component dominates the binding behavior. A t  
saturating concentrations about 1.2 nmol/mg of protein are  
specifically bound to the lactose carrier. in  agreement with the 
amount  of [3H]-(1-NPG binding depicted in Figure 3B. 
Specific binding of Dns?-S-Gal is half-maximal a t  a con- 
centration, K D  = 30 pM.  This value is in agreement wi th  the 
apparent affinity of Dns*-S-Gal for the carrier ( K ,  = 32 p l 4 )  
inferred from the inhibition of lactose transport in vesicles from 
strain ML308-225 (Reeves et al.. 1973). Since specific binding 
of Dns2-S-Gal is superimposed on a high background of 
unspecific binding, determination of the lower carrier levels 
in membranes from strains T44RT or ML308-225 by binding 
of Dns*-S-Gal has not been attempted. 

I n  summary. the data presented in this section demonstrate 
that  in the absence of a n  electrochemical gradient there is a 
1 : 1 stoichiometry for the binding of substrates to the lactose 
carrier protein. The absolute carrier levels in different strains 
determined either by double labeling with radioactive amino 
acids or by substrate binding show good agreement and the 
relative levels agree with the levels expected on the basis of 
transacetylase activities. assuming coordinate expression of 
the lac Y and A genes. 

Fluorescence Spectrum of the Dii.c?-S-Gal-~C'arrier C'om- 
p1e.u. The high carrier level in membranes from strain T3 I RT 
enables the direct demonstration of the carrier -substrate 
complex by fluorimetry. Addition of Dns'-S-Gal to the 
membrane preparation results i n  the spectrum labeled 
"membranes + Dns*-S-Gal" shown in Figure 4A.  The 
addition of p-CMBS to the cuvette lcads to a fluorescence 
decrease in the 440--560-nni region since the Dns'-S-Gal bound 
specifically to the lactose carrier is released. The difference 
spectrum (cf. Figure 4C. specific binding) has a maximutn at  
499 nrn (range 490-500. average 493 f 6 nm; see Table I ) .  
corresponding to the highly hydrophobic environment of a 
solvent dielectric constant, t = 3. Figure 4C also shows that 
the unspecifically bound Dns2-S-Gal reveals a slightly higher 
emission maximum a t  507 nm (range 506-520, average 514 
f 6 nm) .  Since small differences i n  the emission maximum 
are difficult to ascertain. a possibly significant difference 
between the fluorescence properties of specificall> and u n -  

P - C M E  

I ,  1 
6LO 680 

MEMBRANES 
/ + D N S 2 - S  -G41 12 

541 nm 

L20 L60 500 510 580 620 660 

507nm 

SPECIFIC 
BINDING 

3 LLO 480 520 560 600 61 
WAVELENGTH l n m l  

F I G U R E  4: Fluorescencc emission spectra of specifically and u n -  
specificall) bound Dns'-S-Gal to cqtoplasmic membranes of strain 
T31 RT. ( A )  The trace labeled "membranes" shows the unspecific 
fluorescence of cytoplasmic membranes ( I  .53 mg of protein) in 2 mL 
of 50 mM potassium phosphate buffer. pH 6.6. I O  m M  magnesium 
sulfate. Addition of 32.5 p M  Dns?-S-GnI results in the spectrum 
labeled "membranes + Dns2-S-Gal". The spectrum obtained after 
the further addition of 0.1 m M  p-CMBS is labeled "membranes + 
Dnc*-S-Gal + p-CMBS". The exciting light had a wavelength of 340 
n m .  ( B )  The t \ \o  upper spectra are those corrcsponding to scans 
"membranes + Dns'-S-Gal" and "membranes + Dns2-S-Gal + 
p-CMBS" shoMn in  part .4 after subiraction ol'unspecific fluorescence. 
The spectrum labeled "Dns?-S-Gal" shows the fluorescence of a 32.5 
p M  solulion of Dns'-S-Gai in  2 mL of 50 nib1 potassium phosphate 
buffer. pH 6.6. I O  m M  magnesium sulfatc. (C) The spectrum labeled 
"unspecific binding" is obtained b! subtracting the "Dns*-S-Gal" 
spectrum from the spectrum "membranes + Dns2-S-Gal + p-CMBS". 
Thc spectrum labclcd "specific binding" i \  the difference spectrum 
between spectra "membranes + Dns2-S-Gal" and "membranes + 
Dns'-S-C;al + p-CMBS". 

specificall! bound compound requires further investigation. 
Detertnination of Relatice Carrier Lerels by Fluorinietry. 

The change in the fluorescence spectrum in the 500-nm region 
provides a convenient way to compare the amount of carrier 
present in  different membrane preparations. This is dem- 
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Specificity of interaction 01' Dns'-S-Gal w i t h  the  lactose 
carrier. All samples contained membranes corresponding to 1 nig 
of protein. 32 pM Dns?-S-Gal. 50 niL1 potas\ium phosphate. pH 6.6. 
a n d  I 0  m M  magnesium sulfate in  ii final volume of 3 nil- ( T  = 25 
"c'). ,211 cxpcrinients were r u n  under constant ins t rumenta l  condition\ 
(cscitution 330 nm; emishion 500 n m ) .  The changes in  fluorescence 
in parts .4~-D are therefore directl! comparable. ( A )  Membranes from 
.;trciin T3 1 RT induced for the >! nihe5is of lactose carrier. The upper 
p a r t  shous  1hc fluorcsccncc change upon \iiccessivc addition of 30 
p l .  d 'bu f fc r .  IO p L  o f  p-CMBS (20  mM). and 20 p L  of TDG (0.3 
M ) .  Thc inset shows the fluorescence change upon addition of p- 
C \I BS plotted aemilogarithniic~ill~ on an extended time scale. I n  
t he  h e r  part the order of addition of p-C'MBS and TDG h a >  becn 
reversed. ( B )  Same as A for strain T3 1 RT derived membranes g roan  
without inducer.  (C a n d  D) Same as  ,A for membranes from s t ra in  
M1.308-1-15 and K131 

onstrated i n  Figure 5 for membranes from induced and 
uninduccd strain T 3  1 R T  and for vesicles derived from strain 
M L308-735 and the carrier-deficient strain KI 31. The  
changes in fluorescence intensit) are directly comparable since 
the amount of membrane and the instrumental conditions were 
the sa inc .  Addition of p-C'LIBS or T D G  to membranes from 
induced strain T 3  1 R T  causes a large and comparable decrease 
i n  fluorescence (cf experiments in the left of Figure 5.A). The 
subsequent addition of TDG or p-CMBS. respectivel). results 
in  further small  changes in fluorescence uhich are  also ob- 
served i n  the control membranes (Figure 5B) .  Comparison 
of parts C Lind D reveals that  p -CMBS causes a barelq sig- 
nificant fluorescence decrease i n  vesicles f rom strain 
M1.30X-225. Therefore. a carrier level in theorder  of 10-l5% 
01' that present in membranes from strain T31 R T  is difficult 
to detect. 

T h e  change in fluorescence intensity induced bq p-CMBS 
has becn studied as ;i function of Dns'-S-Gal concentration 
using membranes from strain T 3  1 R T .  The  apparent affinity 
of Dns'-S-GaI for the carrier obtained in this \ \ a > ,  Kl) = 72 
p \I. is in reasonable agreement with the estimates given before. 
A t  constant Dnsl-S-Gal concentration (33  p M )  the change 
in fluorescence intensity upon addition of p-CMBS is a linear 
function of the amount  of membrane u p  to a concentration 
of 0 .75 nig of protcin/niL. Thus.  although an  exact quan-  
titation oi' fluorescence changes in these highl) scattering 
nicinbrane samples is difficult. this assay provides a convenient 
seniiquantitative estimate o f  relative carrier levels. 

Kitirtics (4' Dti.s2-S-Giz1 Krleasr f rom rht' Carrier. The 
kinetics o l  the fluorescence decrease upon addition of p-CMBS 
is biphasic as shown in the inset to Figure 5A. Some 80% of 
the change occurs u i t h  ;I half-life. t , , ?  = 3 s. while the re- 
maining 20% has ;I rnuch slower half-life of t ,  ' ?  = I ?  s .  The  
most likelq interpretation of this observation is that onl! the 
initial fast component is related to the rate  of reaction of 

p-CMBS with the carricr because a minor slow component 
is also observed with conLrol membranes (cf. Figure SB). The 
displacement of  Dns'-S-Gal from thc carrier upon addition 
of T D G  is also verb rapid (half-life t I , ?  < 3 s. c f .  lotqcr p a r t  
of  Figure SA). The fluorescence decrease shows a sinLiII but 
highlq characteristic overshoot uhich is more pronounced \+ hen 
T D G  is replaced by lactose ( 5  m M  final concentration. datki 
n o t  s h w n ) .  Li 'e interpret this effect as ;i T D G  or lactosc 
driven counterflow of Dnsl-S-Gal from inside to outside \,i;i 
the lactose carrier M hich causes a transient decrease 01' u n -  
s pec i  f ica 1 I y membra ne bou nd nio I ecu I es . T h e i ni port ;I n t 
conclusion for the subsequent discussion is that both p-CM BS 
and a competing substrate like T D G  cause the rapid rcleasc 
of Dns?-S-<;al from the lactose carrier. 

L'nspecifc Binding of Datisylated Galac[os idrs  to  Lipid\ 
at id  .Mrnrbratics. The unspecific binding properties of 
Dns?-S-Gal and i ts  analogues require a closer exnniination 
because they provide the basis for the interpretation of the 
transport dependent fluorescence changes discussed belo\\. 
Thcsc data  arc sui i imarixd i n  Table I .  Danxll galactosides 
bind botil 10 lipid v e d e a  Lind iiicnihr;inCs. For i t l l  prepar;itiori\ 
the emission maximum. in the 5 1.1- 521 - n n i  region. is the sanie 
\+ithin the experimental error. Binding has been investigated 
a s  ;I function of I h - G n I  concentr,ition (sec. f o r  na i i i p l c .  
Figure 3 . 4 ) .  Uithin the concentration range iniesligaied (see 

numbers in brackets in  Table I). binding w a s  found to be ;I 

linear function of the Dns-Gal concentration. 7'hcrclorc. !'or 
this co ncc n t r ;I t i on r a  ngc I+ c can ;I p pro x i m ii t c t he binding 
behavior by defining a partition 'coefficient 

h = ('1 <'\\ 

where C refers to the concentration of  the compourid i n  the 
lipid phase of the membrane ( L )  and the aqueous phase (\i'). 
respectivelq. This definition implies that dansyl galactosides 
preferably associate with the lipid phahe of the niembrane. .\ 
direct centrifugation assah shows that  dam! laminoeth>,l 
galactosides bind unspecificall) to iilembranes I'rom the 
carrier-deficient strain K131 ( a n  \.It. s t r a i n )  or to p 
CMBS-treated membranes from strain T31 R T  (a  KI? strain) 
n i t h  a similar partition coefficient. h = 60. although these 
membranes differ in their lipid content.  This \slue is close 
to the partition coefficient. c = 49. obtained for E. coli lipid 
vesicles b! analhsis of the fluorescence spectra. F o r  nicm- 
branes from strain MI-308-725. this latter. indirect niethod 
hields ;I higher value of A = 1 1  3 s h i c h  is probabl! due to ;in 
overestimate of the emission intensit) i n  these highlq scattering 
sanipleb. Thc  more hydrophobic Dris6-O-Gal binds unhpe- 
cificall! to  membranes from $train K l  31 u i th  ;I value 01' h = 
100. ~\ .s i i i i i lar  va lue .  h = 8 5 .  can be cdlculated froin the 
binding data of Dnsh-S-Gal to membranes of the closely related 
strain ML30  reported b) Schuldincr et ai. ( l 9 7 6 b ) .  

I n  summ;tr). dam! I galactoside:, partition into the nlcin- 
brane over a v.ide conccntration r,inge. This rcsult has thc 
important consequence that. i f  Dns'-S-Gal or its analogues 
are actively accumulated i n  mcnibrunc vcsiclcs. iiiost of  thc 
molecules transported w i l l  be associated with the rnembriiric 
rather than dissolved i n  t h e  aqueous l u m e n .  

Trati.cport c?f'Dtis'-O-Gal ritirl tr-:YPG bj, the 1.mto.w C'irrrirr 
iri Cells. Transport of the I)ns2-S-(ial analogue. Dns?-O-Cj;il, 
and of ct- \  PG can be readily demonstrated in cells. provided 
a n  intracellular h\dr.olase splits the substrates after trans- 
location across the cytoplasmic membrane.  A typical ex- 
periment using Dns'-O-Gal is shoiin in f igure 6. Formation 
of  dansqlatninoethanol from Dns'-O-Gal is clearly dependent 
on the presence of 2-galactosidase since no reaction occurs i n  
the mutant K169 ( lac  I Z-Y'). In  s t ra in  K168 (Iiic. I %+Y+) .  
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FIGURE 6: Transport of DnsZ-O-Gal by the lactose transport system 
in E. coli cells. Incubation mixtures contained freshly harvested cells 
corresponding to I .8 mg of protein in Cohen-Rickenberg salts medium, 
50 pM Dns2-0-Gal and, when present, I m M  TDG in a final volume 
of 1 mL.  Reactions were allowed to proceed at  20 OC, and aliquots 
(200 p L )  were removed a t  appropriate times and added to an equal 
volume of absolute ethanol which had been preheated to 60-70 "C.  
After centrifugation, 20-pL aliquots of the supernatant solution were 
spotted on silica gel thin-layer plates and chromatographed using 
benzene:methanol ( 4 : l )  as a solvent system. The amount of dan-  
sylaminoethanol formed during the incubation was determined by 
scanning the fluorescence directly on the plate using a Vitatron Model 
T L D  100. Standard curves were constructed by chromatography and 
scanning of known amounts of dansylaminoethanol under the same 
conditions as used for experimental samples. 

Dns2-0-Gal is hydrolyzed at  a rate of 0.15 nmol/(min-mg of 
protein). About 5Ooh of the uptake occurs by way of the 
lactose transport system. the other half by passive diffusion 
as shown by the extent of inhibition using the competing 
substrate T D G  and by the control rate in the transport-de- 
ficient strain K170 (lac I-Z'Y-). While this experiment shows 
that Dns2-O-Gal is transported by the lactose carrier, albeit 
a t  the rather slow rate of 0.08 nmol/(min.mg of protein), it 
also shows the rapid passive permeability of this compound. 
In fact, a similar experiment with the more hydrophobic 
substrate Dns6-O-Gal did not reveal a significant difference 
of the rate of in  vivo hydrolysis in the presence or absence of 
TDG in strain K168. However, specific transport of this 
substrate could be shown with strain T31 RT. \\hich contains 
an  increased level of carrier activity. 

The  demonstration of a - N P G  transport by the lactose 
transport system was simplified by the availability of E .  coli 
strains (DS338-2 and its lac Y derivative DS338; cf. Figure 
7 )  which synthesize an active a-galactosidase. In  these strains 
the rate of i n  vivo hydrolysis of cu-NPG and /3-IVPG could bc 
directly compared in the same culture. It is evident from 
Figure 7 that both substrates are transported because control 
rates in the lactose-carrier deficient strain are low and pre- 
sumably due  to passive leakage into the cells. Transport of 
both substrates was competitively inhibited by substrates of 
the lactose transport system including T D G ,  IPTG,  lactose, 
or melibiose. Reciprocal plots of 1 / V vs. 1 / S  reveal a similar 
ra te  a t  saturating substrate concentrations, V,,, = 0.2 
pmol/(min.mg of protein) for both a - N P G  and @-NPG. The 
apparent affinity, K ,  = 50--200 pM. as well as the V,,,,,. for 
m-h'PG transport is somewhat uncertain because the a- 
galactosidase ( K M  = 0.14 mM; Schmid & Schmitt, 1976) may 
be rate  limiting. 

Transport of Dns2-S-Gal in Meriibrane Vesicles. This 
subject is best introduced by describing the basic experiment 
performed by Reeves et  al. (1973).  As shown in Figure 8, 
experiment 1, Dns2-S-Gal is first equilibrated with a vesicle 
suspension of strain ML308-225. Upon subsequent addition 

z 150 a - N P G  

n - N P G  or p - N P G  CONCENTRATION ( m M )  

F I G L R L  7: Transport of n-\PG or $NPG in  cells of strains DS338 
and DS338-2. Cells were gr0v.n in  the presence of the inducer IPTG 
as described in Materials and Methods. The rate of formation of 
p-nitrophenol or o-nitrophenol was followed as described before 
(Overath et al.. 1971: Teather et al.. 1978) in a double beam 
spectrophotometer a t  420 nm ( P  = 28 "C).  The  sample cuvette 
contained cells (0.1-0.2 mg of protein) in Cohen-Rickenberg buffer 
(Anraku. 1967) and the indicated concentrations of substrate. The  
reference cuvette contained only cells and buffer. Values for strain 
DS338-2 are uncorrected for passive diffusion of ( t -SPG or 3 - S P G .  
The  rate of passive diffusion is indicated b) the t\\o lower curves 
obtained for cells without the Y-gene product. 
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F I C L R E  8: Active uptake and efflux of Dns'-S-Gal in  membrane 
vesicles from strains ML308-275 and T31 RT.  Membranes from both 
strains were prepared as described by Kaback (I971 ) ,  All assays were 
performed at 25 "C and a constant setting of the fluorimeter (excitation 
340 n n i :  emission 500 nm).  Assays no. 1-3 and 5 contained the 
indicated membrane preparation (0.6 mg of protein) and 32.5 pM 
Dns*-S-Gal in  7.0 mL of oxygen saturated 50 m M  potassium 
phosphatc i l0  nib1 magnesium sulfate. pH 6 .6 .  Active uptake was 
induced b) addition of 20 m\4 o-lactate. ,After reaching the steady 
state. efflux \ \as induced by addition of 0 , l  n iM p-CMBS (experiments 
1 and 5 ) .  5 m M  lactose (experiment 2)  or 2 m M  T D G  (experiment 
3 ) .  Experiment no. 4 shows a similar assay where o-lactate was added 
first follo\ved by Dns2-S-Gal after 1 min. refers to the half-time 
required for reaching the stead! state or to the half-time of efflux 
taken from ;I semilogarithmic plot. 

of D-laCtate. a respiratory chain substrate creating an elec- 
trochemical potential across the membrane (see reviews by 
Harold ( 1  977) and Kaback ( 1  977)), one observes an increase 
i n  fluorescence intensity to a new steady state.  This 
fluorescence change is dependent on the presence of the lactose 
carrier and shows all properties of an active, energy-requiring 
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process (Reeves et a l . .  1973: Schuldiner e t  al.. 1975a). We 
propose the  following interpretation for this effect. Dns'-S-Gal 
is act ive ly  t a k e n  up  b) the vesicles. The accumulated 
I>ns?-S-Gal partitions into the inernbranc according to the 
partition coefficient, A .  resulting in a fluorescence increase. 
Thc fluorescence of these membrane-associated molecules can 
be used to incawre inllul; or efllux rates as well as the steady 
state.  \+here these opposing fluxes arc  equal. In  the case of 
daiisyl galactosides. the passive efflux rate is high and limits 
thc stcadq-st;ite level of accumulation. This interpretation is 
based o n  the following arguments .  First. on a molar basis. 
the amount o f  \csiclc associatcd Dns'-S-Gal i n  the steady state 
grcatl! exceeds the ciirrier level. Second. the fluorescence 
spectrum of the Dns?-S-Gal niolecules which become nculq 
associated with t h e  membrane in the presence of an elec- 
trochemical gradient is chariictcristic for unspecificall! bound 
molecules. Third.  the kinetics of the observed fluorescence 
changes arc consistent with carrier mediated transport  of 
Dns'-S-Gal. We will discuss these arguments  sequentially. 

( i )  A j  s h o ~  n above. stoichiometric binding of L>ns'-S-Clal 
to the carrier occurs spontaneous11 i n  the absence of an 
electrochemical potcntial. Therefore. Dns'-S-Gal is alread) 
i n  equilibrium with thc carrier before I)-lact:ite is added to the 
mcmbranc suspension. The amount of lactose carrier present 
i n  vcsiclcs I'rom strain I1 L.308-225 :illows for the binding of 
about 0 . 2  nmol of l igand/mg of protein at saturating con- 
centrations. In contrast. the fluorescence change upon addition 
of i)-I;ict;itc corresponds to 1.3 nmol /n ig  of protein.  in 
agreement \ \ i t h  the va lue  of 1.4 nniol/mg of protein reported 
bq Schuldiner et  al. (1975a ) .  These estimates exceed t h e  
carrier level b) ;I factor of swcn. Furthermore. the stead) state 
of the 1)-lactate induced fluorescence change depends on factors 
such a s  the qualit1 of the Lesicle prepar;ition. while the specific 
binding t o  the lactose carrier does not. h ' i th  the membrane 
prcparations s h o b n  in Figurc 8. the relative ratio of specific 
binding is 1 : 3  for strains ML308-225 and T 3  1 RT. u hile on 
the same scale D-hctate induces a relative change of 2 O : l O  for 
the s;imc vesiclc tlpcs. respcctivcll. Therefore. i n  spite of t h e  
higher carrier content. membranes from s t ra in  T3 1 R T  show 
;I smallcr increase i n  Dnsl-S-Gal binding in the prcscncc of 
a n e Icc t roc hem ic;i I pot en t i ;I I t h a n  me m bra nes from s t r;i i n 

( i i )  The fluorescence spectrum of Dns'-S-Gal molecules 
which become associated with the membrane i n  the presence 
of un clcctrochcmical gradient has ;I m:iximum at  505 nm (cf. 
transport-dependent unspecific binding i n  Figure 9: range 
500 5 15 nin: average 507 4~ 6 n n i ;  cf. Table I ;  compare also 
K c c ~ e s  c t  al.. 1973) for strain ML.308-125 and 520 nni for 
strain T3 I RT.  These values ;ire characteristic for the emission 
niaxiiiiuni of unspccifically bound ligand. Thus. the spectra 
a r e  consistent v, i th  the vie\+ that  Dns'-S-Gal tnolcculcs 
p:i r t i  t i  o n i n t o the me ni br a n e a ft e r t ra n \ I ocii t i  on 

( i i i )  The kinetic properties of thc fluorescence change 
observed with vesicles are readily explained i n  terms of carrier 
mediated transport .  The  half-time. required to complete the 
fluorescence increase after addition of 1,-lactate. i s  t i  = 1 2  
s (cf.  l'igurc 8. experiment I ) .  in agreement with previous 
results (Kceves  et 2 1 1 . .  1973) .  The time course of the 
fluorescence change is similar \+ hen the membranes arc first 
incubated N#ith D-lactate followed bq the  addition of Dns'- 
S-GnI (cf. Figure 8. experiment 1): i.c.. the kinetics of the 
fluorescence change cannot be explained by the rate  of for- 
mation of the electrochemical gradient. Therefore. the i n i t i a l  
rate of the lluoresccnce incrense appears to be limited by the 
activit) of t h e  litctosc carrier. The  initial ratc of the  

M1-308-225. 
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f t c i i  R I  9: Spectral changes upon tranaport of Dns'-S-Gal bb c ) -  
topl'isiiiic inicinbrancs of striiin hl1.308-225. (;\) The tr;icc labclcd 
"membranes" shows the unspecific fluorescence of e)  toplasmic 
tnenibranes (0.6 nig of protein) in  2 mL of 50 m M  potassium 
phosphate buffer. pH 6.6. 10 mM magnesium sulfate saturated w i t h  
oxhgcn. :\ddition of 32.5 p11 Ilns'-S-Gal results in the trace labeled 
"membranes + lIns'-S-Gal". 20 mM lithium I)-liict:itc \ + a b  added 
to the cuvette and thc increase i n  lluoresccnce M X  nionitorcd a t  500 
n n i  (excitation a t  340 nni). Maximal increase v.as observed after 2 
iiiiti .  The spectrum labeled "membranes + Dns2-S-Cial + u-I;ictLite" 
\+;is recorded n i t h i n  the next 2 m i n .  ( B )  The  two upper spectra 
correspond to the scans "inenibrancs + Dns2-S-Gal" and "mcnibrancs + Dns'-S-GaI + I)-lact;itc" after subtraction of unspccific Iluorcsccnce. 
Thc spectrum labeled "Dns'-S-GaI" \hot\$ the fluorescence of a 32.5 
p l l  solution of Ihs?-S-CaI in  2 mL. of buffer. (c') The spectrum 
"\pecific + unspecific binding" is obtained b! subtracting thc 
"Dns?-S-<ial" spectrum from the "membranes + Dns'-S-Gal" 
spectrum. Note that the  contribution of the specific binding to the 
lactose carrier to the  spectrum is negligible. Transport-dependcnt 
binding is obtained b! jubtracting the spectra "membrane\ + 
Dns!-S-GaI" froin "membranes + Dn\?-S-Cal + t)-I:ictatc". 

Iluorescence change expressed a s  nmol/(  min-mg of protein) 
can be plotted as a function of Dns'-S-Gal concentration. The 
maximum rate is Vn,,, = 5 nniol/(niin.mg of protein): t h e  
apparent Michaelis constant K, = 33 m M .  This value is the 
same a s  tha t  obtained for the K,, of Dns?-S-Gal binding to the 
lactose carrier (Figure 3). Moreover. a similar estimate for 
the apparent affinity is also obtained b! analysis of t h e  stead! 
state of the fluorescence change as a function of Dns'-S-Gal 
concentration (Reeves et al.. 1973) .  The  fact t h a t  both t h e  
initial rate and stead) state of uptake show the same K\, is 
typical Tor active solute uptake b! the lactose transport system 
(Rickenberg et a l . .  1956) and is consistent with t h e  proposal 
of Winkler ti Wilson (1966) t h a t  energ! coupling changes thc 
:iffinit) of the carrier fo r  the  substrate on t h e  inside of the 
me i n  br ;I n c . 

Further arguments for t h e  translocation of Dns'-S-Gal b) 
the lactose carrier have been obtained b! studying the rate of 
efflux from the vcsiclcs. Addition of p-CMBS causes :I rapid 
decrease of the t)-lactatc induced fluorescence level which can 
be described by the half-time. t i  ?. of ;I first-order process (cf. 
Figure 8. experiments I .  1. and 5 .  itnd Schuldincr et  al..  
1975b). Average values for the  rate of efflux of I>ns2-S-Gal 
from "energized" besiclcs :is \+ell as for the efflux of Dnsl- 
S-Gal from passivel! lcxided vesicles a rc  shown in Table  I I .  
The  rate of efflux from "energized" vesicles from strain 
ML308-225 (rl12 = 23 s) and strain T31RT (t l  31 s: compare 
also Figure 8) upon addition o f p - C M B S  is similar to the rate 
of efflux from passively loaded p-C 21 BS-treated M 1-308-225 
\,csiclcs ( t :  = 35 s )  or lactose carrier deficient vesicles frurn 
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Table 11: Efflux of Dns2-S-Gal from Membrane Vesicles 

half-timed 
addition ( S )  

efflux from passively 
loaded vesicles 

ML308-225" 
lactose 
p-CMBS 

K131a 
lactose 
p-CMBS 

E. coli lipid vesiclesb 

efflux from steady state 
of active uptakeC 

ML308-225 

T3 1 RT 

p-CMBS 
lactose 

lac to se 
p-CMBS 

17 
15 
35 
34 
32 
31 
32 

23 
11 

31 
9 

a Vesicles (4.5 mg of protein) were incubated for 30 min a t  0 
"C in 1 mL of 50 mM potassium phosphate/lO mM magnesium 
sulfate, pH 6.6, containing 0.65 mM Dns*-S-Gal. The samples 
were heated for 5 min a t  25 "C and a 0.1-mL aliquot was rapidly 
diluted into 2 mL of buffer with or without 5 mM lactose. The 
time course of efflux was followed fluorimetrically a t  the emission 
wavelength of 500 nm. For the determination of non-carrier- 
mediated efflux, vesicles were first treated with 0.1 mM p-CMBS, 
collected by centrifugation, resuspended in Dns2-S-Gal-containing 
buffer, and diluted as above. Total phospholipids ofE. coli (5 
mg/mL) were sonicated in buffer for 3 min a t  room temperature 
and subsequently incubated with 0.33 mM Dns2-S-Gal a t  0 'C for 
30 min. After heatine for 5 min to 25 'C an aliquot of  0.2 mL 
was diluted tenfold with buffer and the fluorescence decrease re- 
corded as described above. The data refer to the efflux experi- 
ments shown in Figure 8. The values given are the average from 
several experiments. Half-times for efflux were taken from semi- 
logarithmic plots of fluorescence decrease vs. time. All plots in- 
dicated a monophasic exponential decrease of vesicle associated 
Dns2-S-Gal. 

strain K131 ( r l 1 2  = 34 s). A similar ra te  ( r l ; ?  = 32 s) is 
observed for efflux from vesicles of total lipid extracts of E .  
coli. These rates are about an order of magnitude slower than 
the rate of release of Dns*-S-Gal from the carrier upon addition 
of p-CMBS (cf. Figure 5A).  Therefore, the half-time, t l 12  = 
30  s, is characteristic for the rate  of passive diffusion of 
Dns2-S-Gal through the lipid bilayer of the membrane. I t  
should be noted that  upon dilution of Dns2-S-Gal loaded 
vesicles equilibration of compound bound to the outer surface 
of the vesicles with the external aqueous phase is expected to 
be fast so that the rate of fluorescence decrease observed upon 
dilution is determined by the rate of efflux of molecules bound 
to the inner face of the vesicles. 

In spite of the high passive permeability, carrier-cataly7ed 
efflux or counterflux can be demonstrated for Dns2-S-Gal as 
for other more hydrophilic galactosides. First. efflux from 
ML308-225 vesicles ( t l 1 2  = 17 s) is tuice as fast as in control 
vesicles from strain K 13 1 : i.e.. the carrier catalyzes Dns2-S-Gal 
efflux. Second. while addition of high lactose concentrations 
causes only a small increase in  the rate of carrier-mediated 
efflux from passively loaded ML308-225 vesicles ( r l ; 2  = 15 
s vs. t I l 2  = 17 s: cf. Table  f l ) %  this substrate leads to a sig- 
nificant increase in the  rate  of Dns2-S-Gal efflux from 
"energized" vesicles (cf. Figure 8, experiment 2 ,  and lower part 
of Table  I I ;  see also Reeves et al .  (1973) and Schuldiner et 
al. ( I  97523)). This effect is readily explained by facilitated 
exchange diffusion. Third,  when vesicles containing a high 
internal lactose concentration a r e  diluted into a buffer con- 
taining Dns6-S-Gal, a transient increase in fluorescence is 

observed (Schuldiner et al..  197Sa) which finds a straight- 
forward explanation i f  interpreted as Dns'-S-Gal counterflux 
driven by lactose efflux. 

In summary,  the data  presented in this section show that  
the lactose carrier catalyzes the transport of Dns2-S-Gal in 
membrane vesicles. In fact, this fluorescent compound and  
its analogues are most convenient tools for studying the kinetics 
of @-galactoside transport. 

Transport of CY-NPG by Membrane Vesicles. In the 
presence of D-lactate, membrane  vesicles f rom strain 
ML308-225 rapidly take up  CY-YPG to  a final level of 2 
nmol/mg of protein (data not shown; compare also Rudnick 
et al.. 1976), which corresponds to an  inside vs. outside 
concentration gradient of 45. In the absence of D-hCtate less 
than one-tenth as much solute becomes associated with the 
vcsicles. This small amount is most likely due to a combination 
of carrier mediated and passive diffusion of solute into the 
vesicles, since the inclusion of p-CMBS in the wash buffer 
assured the inactivation of the carrier and release of specifically 
bound solute in a few seconds. Addition of p-CMBS causes 
efflux with a half-life of 40 s while addition of lactose causes 
a ten times more rapid exchange diffusion of the accumulated 
a - N P G .  In taking into account the arguments  for the rate 
of reaction of p-CMBS Hith the carrier and the actual carrier 
level in these membranes (see above), it is clear that the lactose 
carrier catalyzes active uptake of a - Y P G  i n  membrane 
vesicles. 

Discussion 
T h e  lactose carrier binds one molecule of Dns?-S-Gal or  

tu-NPG per polypeptide of molecular weight 30000  in the 
absence of an electrochemical gradient. Both solutes a re  
transported by the carrier in cells. In membrane vesicles, the 
carrier catalyzes both the translocation of Dns2-S-Gal and,  
in the presence of an electrochemical gradient. the active 
uptake of Dns'-S-Gal and (u-NPG. These conclusions are  a t  
variance with the proposal of Schuldiner et al. (1976a)  that  
these solutes are  not transported by membrane vesicles and 
bind to the carrier only in the presence of an electrochemical 
gradient. O u r  reinterpretation of the fluorescence changes 
observed upon transport of Dns*-S-Gal and its homologues in 
cytoplasmic vesicles is based on the passive permeability and 
unspecific binding properties of these amphipathic molecules 
which cause a distinctly different behavior compared with a 
hydrophilic substrate such as  lactose 

One argument of Kaback and his collaborators which clearly 
supported some kind of binding phenomenon is based on the 
observation that  the amount  of Dnsh-S-Gal which becomes 
associated with vesicles from strain ML308-225 upon addition 
of D-lactate is the same ( I  .5 nniol/mp of protein) whether 
determined fluorimetrically or  by flow dialysis using radio- 
active ligand (Schuldiner et al., 1976b). T h e  fluorescence 
measurements a re  based on a spectral shift and can only 
monitor molecules that  have changed their environment by 
association with the membrane. This method does not dctect 
molecules which are  dissolved in the aqueous lumen of the 
vesicles. On  the other hand. flow dialysis determines all vesicle 
associated molecules whether the> arc bound to the membrane 
or  in  the lumen. T h e  agreement between these two dcter- 
minations can be accounted for in terms of preferential 
partitioning of the transported Dns'-S-Gal molecules into the 
membrane. First, there is a class of nonsaturable binding sites 
in  the lipid phase of the membrane.  The  da ta  summarized 
in Table I show that, up to a concentration of 1 mM,  unspecific 
binding is a linear function of the Dns?-O-Gal or Dns6-0-Gal 
concentration and, therefore. can be described by a partitioning 



between meinbrane and  aqueous phase. Moreover. i t  is evident 
from flov dialjsis experiments of Schuldiner et al.  ( 197hb)  
t h a t  e l m  ;i t  3 concentration of 1 i i iM the unapecific binding 
sites are not saturated because nonradioactiic Dnsh-S-GaI doc\ 
not d is place u n s peci fica I1 5 bou nd rad ioa c t i \,e I i g :i nd fro iii I 11 c 
membrane. Thus. the flou dial>sis experiments a r e  conai\tent 
w i t h  the vieu t h a t  ;i partition la\\ i a  applicable i n  t h i s  con- 
centration range. Second, the partition coefi'icient. A .  ciiusc\ 
a preferential association of the tran4poried Dnsl'-S-(i:il 
molecules \\ i t h  t h e  nieiiibriine. Taking iiri intravc\iciilLir 
volume of 2.2 pl-/iiig of protein (Kaback B Barnes. I97 I J. 
a membrane lipid wlume  of 0.31 pLiii ig of protein (cf. Table 

I ) .  i t  is calculated t h a t  0.1 ni i io l i i i ig  ot' protein. i.e.. 7('0 ol ' the 
total ;inioiirit of I . 5  niiiol/iiig of protein. will be in tlie ;tqueou\ 
1 u ii le n , l- here fore the fluor i inetr  ica I I! det e r  m i ned c s  I i i n :i t e 
i s  expected to be the same a s  t h a t  determined by flow dialbsis. 
within the  cxpcririicntal errur. bec;iuse t h e  l'raclioii 01' 
Dnsh-S-Gal i n  the aqueous lumen of the vesicle$ i \  m;ill. 
Although ;I s imilar compari xi between f lou di;iI!\is a n d  
fluorimetrg i \  not a\,ailable f r the more h>.drophilic [ In\ ' -  
s-(ial, the partition coefficient for th i s  coiiipound ( h  = (JOJ 
en5 u res t h , i  t the rndio'icl i i .1 t !  1 1  i e ~  \ u reiiieii t t i i  ng fio\i d i;i 1) b 1 \ 

should exceed the fluorimetricall!. determined v a l u e  b! riot 
inore t h a n  1 Ir 'n.  Third,  Dn\--S-G;il i i i o l ecu le~  bound t i n -  

~pccil'ic:ill! i n  the presence ur ;ibsciicc oi' ti11 electroclieiiiic~i! 
potential :ire i n  ii hJdrophubic cn\.ironiiiciit '15 she,.\ ii b! L! 

coniparable blue shift in the emibsion ma\iiiium. -41 present. 
i t  i \  no t  clc,ir i f  t h e  difference i n  the  hpcctruiii ut' t h e  D i i x ' -  

S-C,,il i i ioiecules bound to the iiicmbr,iric iii 11 
= 52 1 f 9 nm) and the prexncc o1':iii electrocheiiiic;il gradient 
(A,,, = 507 i 6 n i n .  cf .  Figure 9 a n d  Table I J is significant. 
T h e  f i n t  \ x i t i e  refers t o  ;in equilibrium 5itu:ition ;it Ion intr:!- 
'i n d  cxt r awsicu Iu r 1) ns'-S-G ii I concc n t r;i tion. Ii i Ie t he I c~ I I c 
v L i l ~ i e  refer5 to ;I high internal and lo\\ cxtcrni i l  conccnti-citioii. 
The dif'fcrencc i n  the  fluorescence h p c c t r u i i i  i i i ' i ~  intlic;itc tlit1.t 

I ti c s u r r o ti n ti i n g 5 o i' I Ii e u ii x pe e i j.i c .i ii d i r ;i ii 5 po r t - d c pc 11 d c 11 I 
unrpcciI'ic binding coniponentb a r e  n o t  the \iiiiic. \ l t ) reo\  c r .  
these tire binding components differ in the i r  rotatiunal r c -  
laxcation t i m e s  (Schuldiner et ; i I . .  1 9 7 5 ~ ) .  

1 he kiiictic aspects oi' the I'ltiorexceiice chiingex {)t)x,r '\  eii 
for  iiiernbranc vesicle\ iiiust t ake  into account tlie high pii\si\ c 
permeabilit! of Dns'-S-Gal ,ind its honiologues. This propert! 
cxplaiiib ilic rapid decrc:isc af t h e  I j - l a c t a t c  induced 
fluorescence c1i;inge upon addition of p-C M BS (Schiiltiincr 
et ~ i l . ,  1975bj  and the  inabilitg t o  d r i ic  I;icto>e upt,ii\c i n t o  
vesicles b! Dnbl-S-Cial efflux (Schuld iner  e t  a i . .  I(I?5;iJ, \ 
related observalion. nai i ie t ) .  tha t  ci-Yl'C; a n d  I l i i~"-S-(~;~l , i t  

high concentrations (70- 50 times above the  KLl v d w J  inhibit 
rather t h a n  accelerate lactose efflux (Schuldiner et ai.. 1975b: 
Kudriick et ~ i l , .  1 9 7 h ) .  i5  explained b! the rapid saturation t ) f  

the  c'irricr b) these high af i ' in i i )  b u b 4 t r ; i t e b  o n  either side iil' 
the nicinbranc. Both t h e  u o r k  of Schuldiner et a l .  ( I975 ' i )  
ar id  our results huggebt that under .ippropriaie conditions i'lux 
coupling between lactose and (k-h PG o r  I)ns'-S-Gal v ia  the 
carrier ciin be demonstrated. 

Se\,er;il points r,iised b! the studie\ of  Kaback et i i l .  i iiu\t 

bs ciaril'icd b) f u t u r e  studies. 'The observation (Scliuidincr 
et al.. 1977) that a homologous series o f  dans),l galactosidex 
shous approxiiiiately t h e  same steady-state level of accu- 
mulation must  be trcaied i n  t e r m  of ii theor! which takes into 
;iccou~it t h e  r'ites of both the carrier-mediated arid pass i i  c 
f luxca.  r 'ur thcrr l iorr .  i t  rcninins unclear \\ h! dansyl gaiac- 
to\idc.\ cia n o t  s e n e  ci\ inducer\ of the / m  operon i n  \ i w ,  n l i i l e  
the! do s o  i n  v i t r o  (Schuldiner et ai.. 1975b) .  

1 ), illid i l  \ clltle fo r  h = 100 (Cf. \ illlie f0l I>llS"-O-Gd\ i l l  1-Jblt 
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Reconstitution of Oxidative Phosphorylation by Chemically 
Modified Coupling Factor F,: Differential Inhibition of Reactions 
Catalyzed by F1 Labeled with 7-Chloro-4-nitrobenzo-2-oxa- 1,3-diazole 
or 2,3-Butanedione? 

Robert C. Steinnieier' and Jui H .  Wang* 

ABSTRACT: Energy coupling factor F, from beef heart mi- 
tochondria has been chemically modified by either 7- 
chloro-4-nitrobenzo-2-oxa- 1.3-diazole (KBD-CI)  or 2.3-bu- 
tanedione. Labeled F, was used for the reconstitution of 
oxidative phosphorylation in urea-washed submitochondrial 
particles ( A S U  particles). Inhibition of ATPase activity b) 
NBD-CI follows a simple exponential decay. reaction is first 
order with respect to NBD-CI,  and magnesium complexes of 
methylene analogues of A D P  or A T P  produce sevenfold re- 
duction in the rate of inhibition. Spectral evidence indicates 
labeling of tyrosine. with a biphasic incorporation approaching 
2 mol of N B D  label per mol of F , .  Experiments on F, in- 
volving labeling by both NBD-CI and 2.3-butanedione reveal 
no competition between the two labeling agents. When ASU 

C o u p l i n g  factor F,, first isolated by Racker and co-workers 
(Pullman et al., 1960: Penefsky et al.,  1960). is generally 
regarded as the terminal enzyme of oxidative phosphorylation. 
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particles are reconstituted with F, containing 1.35 to I .65 mol 
of N B D  label/mol of F,. the activities for A T P  == P, exchange, 
ATP-driven reverse electron transport. and membrane-bound 
ATPase a re  almost completely inhibited. however. the re- 
maining activity for net synthesis of A T P  is 35-65% of the 
initial value. For A S C  particles reconstituted with 2.3-bu- 
tanedione labeled F , .  the loss of activity for reverse electron 
transport occurs at  a fivefold greater rate than loss of activity 
for net A T P  synthesis, emphasizing a functional separation 
of these processes. These results are difficult to rationalize 
by a compulsory alternating site model but can be explained 
b) the presence of catalytic sites specialized for ATP utilization 
and synthesis. respectively. 

Its known properties have been recently reviewed and emphasis 
has been placed on the remarkable complexity of this enzyme 
(Pedersen, 1975; Panet & Sanadi,  1976). Studies by Senior 
(1975) and Wagenvoord et al. (1977) support a subunit 
stoichiometry of cu2/32y2ds~2. where x is presumably 1 or 2. 
Preliminary crystallographic studies have revealed a twofold 
axis of symmetry (Amzel & Pedersen, 1978).  

It is clear from work in several laboratories that F, possesses 
several nucleotide binding sites, including 2 sites for tightly 
bound A D P  and 0. I ,  or  3 sites for tightly bound A T P  
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