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SUMMARY 

The prohne transport system of membrane vesicles from Escherwhla colt was 
inactivated by a low concentration of detergents such as deoxycholate, dodecyl sulfate 
and Triton X-100 The addition of a large amount  of  bovine serum albumin to mem- 
brane vesicles which had been treated with one of  these detergents resulted m the 
restoration of the prohne transport activity The restoration of the transport activity 
by bovine serum albumin was most remarkable with the deoxycholate-lnactivated 
membrane vesicle 80 % inactivation of the transport system with 0 005 % deoxy- 
cholate was completely overcome by the addition of albunun The degree of restora- 
tion was dependent on the concentration of albumin Although albumin stimulated 
the prollne transport activity itself, the stlmulatory effect could not account for the 
restoration of  transport activity The binding of deoxy[i4C]cholate to the membrane 
vesicle was roughly proportional to the amount  of  detergent added Deoxycholate 
once bound to the membrane vesicle was removed almost completely by the incubation 
with albumin It is concluded that the removal of  detergent from the membrane vesicle 
by bovine serum albumin results in the restoration of the prohne transport activity. 

INTRODUCTION 

Many detergents are known to solubihze biological membranes Taking 
advantage of this property, many studies have been carried out to dissociate mem- 
branes to their molecular components and reassemble membranes by removal o f  
detergents [1] However, it was often difficult to remove completely the detergent 
bound to membrane components and this made it difficult to reconstitute functionally 
active biological membranes During the course of  studies on the role of  membrane 
components on the reassembly of  outer membranes in deoxycholate solution (Naka-  
mura, K and Mlzushlma, S ,  unpublished) and on the reassembly of outer membranes 
on hpoprotem-peptldoglycan sacculus in dodecyl sulfate solution (Yamada, H and 
Mlzushlma, S ,  unpublished), we have also found difficulties in the complete removal 
of  detergents 

It has been well known that bovine serum albumin has an ability of  binding a 
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considerable amount of  detergents such as dodecyl sulfate, deoxycholate and Triton 
X-100 [2, 3] The protein has a higher binding affinity to deoxycholate than cyto- 
chrome b 5, a hydrophobic membrane protein, when the concentration of the detergent 
was lower than the critical micelle concentration [4] 

Taking advantage ol the property of  bovine serum albumin, 1 have tried to 
reactivate a membrane function which had been destroyed by detergents When the 
membrane vesicles of E~chertchta ~olt were treated w~th a small amount of e~ther 
deoxycholate, dodecyl sulfate or Triton X-100, the ability of  prohne uptake was 
diminished almost completely The addition ot a large amount of bovine serum 
albumin to the membrane vesicle which bad been treated with a detergent resulted m 
the restoration of this ability During the incubation with albumin, the detergent once 
bound to the membrane vesicle wa~ removed almost completely from the membrane 
These results are shown in thl.s paper 

MATERIALS A N D  ME T H O D S 

Chemt~ als 
L-[O-14C]Proline (spec act 163 Cl/mol), L-[4,5-3H2]leucme (spec act 32 Cl 

mmol)  and [2-3H]glycerol (spec act 500 C1/mol) were purchased from Dauchl Pure 
Chemicals C o ,  Tokyo Deoxy[carbo,:vl-~C]chohc acid (spec act 47 3 Ci/mol) was 
obtained from ICN, lrvme, Cahforma Sodium dodecyl sulfate and sodmm deoxy- 
cholate were obtained from Yoneyama Chemicals lnd Ltd, Osaka, Triton X-100 was 
f rom Sigma Chemical C o ,  St Lores and bovine serum albumin (Cohn Fracuon V) 
was from Danchl Pure Chemicals C o ,  Tokyo 

Bactertal growth and membrane pt epat attons 
Eschettchta ~oh YA21 which has been used in a membrane research series was 

used The preparation of the purified cytoplasmic membrane was carried out b:y 
extensive dmlysis of spheroplast membrane against EDTA solution followed by an 
isopycmc sucrose gradtent centnfugation as described prewously [5] The purified 
cytoplasmic membrane labelled with [3H]leucme or [3 H ]glycerol was prepared as 
described previously [5] Kaback 's  membrane vesicle was prepared by the repeated 
washing of spheroplast membrane m EDTA solution as described [6] Spheroplasts 
which had lost about a half of  the cellular outer membrane were used as starting 
material [5] In this paper, Kaback 's  membrane vesicle and the purified cytoplasmic 
membrane will be called membrane vesicle I and II, respectively They were suspended 
m 100 mM potassium phosphate buffer (pH 6 6) to a final protein concentration of 
5 mg per ml and stored at 70 C 

Transport studtea 
The method was basically the same as that developed by Kaback [6] In the 

present study, sodium DL-lactate was used as an energy source The termination of the 
reaction and the washing of membrane vesicles on Mflhpore filters were carried out 
with 100 mM LICI/10 mM MgClz solution The specific activity and final concentra- 
tion of [14C]prohne were 163 Cl/mol and 9-101LM, respectively Incubation was 
carried out for 10 mln at 30 °C Radioactivity was counted m 7 ml of toluene scintilla- 
tion fluid with a Packard 3320 Trl-Carb scintillation spectrometer 



RESULTS 

PolyacrylamMe gel electrophorests 
Polyacrylarmde gel electrophoresls m the presence of sodtum dodecyl sulfate 

and urea was performed as described previously [5] 

Electron microscopy 
Samples were fixed, embedded and sectioned according to the method of Sdva 

and Sousa [7] Ethanol instead of acetone was used for dehydration Observations 
were made in a Hitachi HS-9 electron microscope 
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11 

Gel electrophorettc analysts of membrane protems 
Fig 1 shows a gel electrophoretlc profile of membrane vesicle I Several remark- 

able protein bands which cannot be found in that of the membrane vesicle II [5] were 
observed The position of these bands on a gel coincides with those of major outer 
membrane proteins as m&cated by arrows m Fig 1 
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Fig 1 Scan of polyacrylamlde gel electrophoresls of proteins of membrane vesicle 1 Sample had 
been preheated at 100 °C for 5 mm m the presence of sodmm dodecyl sulfate, mixed with sohd 
urea and apphed onto a gel containing 0 1% dodecyl sulfate, 8 M urea and 100 mM so&urn phos- 
phate buffer (pH 7 2) The top of gel Is to the right Arrows m&cate peaks corresponding to major 
outer membrane proteins 0-8 through 0-11 (Uemura, J and Mlzushlma, S, unpubhshed) 

Effect of bovme serum albumin on prohne transport 
As shown in Fig 2, bovine serum albumin stimulated the prohne transport m 

both membrane preparattons The transport reachon was lactate dependent and the 
stimulated actw~ty by albumin was also lactate dependent Albumin alone without mem- 
brane preparation d~d not result in any retention of 14C_prohne on a Mdhpore filter 
Although the achv~ty of  prohne transport was much higher with membrane vesicle I 
than w~th membrane vesicle 1I, a slgmficant achvity was also observed with the latter 
Previously it was reported that the purified cytoplasmic membrane (membrane vesicle 
II) had many open membranous structures when a negatively stained sample was 
exarnmed under electron microscopy [5] However, a thin sectioned sample showed 
that the preparation was mainly composed of closed vesicles the s~ze of which was 
comparable to an Intact cell (average &ameter, about 0 8 pm) (Fig 3) 
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Fig 2 Effect of bovine serum albumin on prohne transport actw]ty of membrane vesicles 20/d of  
membrane vesicle 1 (open symbols) or 11 (closed symbols) were mixed with 30pl of 100 mM potas- 
sium phosphate buffer (pH 6 6), 50 #1 of 20 mM magnesmm sulfate and 15/~1 of dtfferent concentra- 
Uon of bovine serum albumin, and incubated at 30 C for 10 mm At this time, 10ttl of either 200 mM 
sodium DL-lactate (©, 0 )  or water (~ ,  II) and, immediately thereafter, 10/tl of [14C]prohne were 
added and incubation was continued for 10 mm To terminate the reaction, each sample was rapidly 
dduted with 5 ml of 100 mM L]CI/10 mM MgSO4 solution, immediately filtered through a Mdhpore 
HA filter and ~ashed twice vHth an equal volume of the solution ~ ,  v,~thout membrane vesicle 

Fig 3 Electron mlcrograph of a thin section of membrane vesicle II Bar represents 0 2 om 

Effect of detergent on prohne transport 
T h e  effects  o f  d e o x y c h o l a t e ,  d o d e c y l  su l fa te  a n d  T r i t o n  X-100  o n  the  t r a n s p o r t  

o f  p r o l l n e  are  s h o w n  m Tab l e s  I, 1I a n d  I I I ,  r e spec t ive ly  P r o h n e  t r a n s p o r t  m the  

a b s e n c e  o f  a l b u m i n  was  s lgmf ican t ly  i n h i b i t e d  by 0 005~0 01 ° o s o l u t i o n  o f  these  
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TABLE I 

I N A C T I V A T I O N  OF P R O L I N E  T R A N S P O R T  BY D E O X Y C H O L A T E  A N D  R E A C T I V A T I O N  
W I T H  BOVINE SERUM A L B U M I N  

First incubation 20 #1 of  membrane vesicles were mixed with 30/~l of  100 mM potassium phosphate 
buffer (pH 6 6), 50 #1 of  20 mM magnesium sulfate and 5 /d  of  different concentrations of  detergent, 
and incubated at 30 °C for 10 min For  studying the effect of  detergent, 10/~l of  200 mM oL-lactate 
and 10 /d  of  [14C]prohne were added at this time and prollne t ransport  activity was assayed as 
described In Fig 2 Second incubation For  studying the effect of  albumm, 15/d of  10 % (w/v) bovine 
serum albumin were added to reactmn m~xture after first mcubaUon, and incubation was continued 
for 10 m m  Then, DL-lactate and [14C]prohne was added and transport  actwlty was assayed as 

described m Fig 2 

Membrane Concn of  Second incubation [t*C]Proline uptake 
deoxycholate in with albumin (pmol) 
first incubation (%) 

Membrane vesicle I 

Membrane vesicle II  

0 -- 230 
0 + 462 
0 005 -- 50 
0 005 -~ 445 
0010 - -  6 

0 010 + 280 
0015 -- 1 
0 015 + 102 

0 -- 63 
0 + 94 
0 005 -- 9 
0 005 + 75 
0010 - -  1 

0 015 -- 0 

TABLE II  

I N A C T I V A T I O N  OF P R O L I N E  T R A N S P O R T  BY D O D E C Y L  SULFATE A N D  REACTIVA- 
T I O N  W I T H  BOVINE SERUM A L B U M I N  

Experimental methods were the same as those described m Table I 

Membrane Concn of  dodecyl Second incubation [14C]Prollne uptake 
sulfate in first with albumin (pmol) 
incubation (%) 

Membrane vesicle I 0 -- 230 
0 + 462 
0 005 -- 112 
0 005 + 464 
0 010 -- 32 
0 010 + 206 
0 015 -- 0 
0 015 + 13 

Membrane vesicle I I  0 - 84 
0 + 141 
0 005 -- 11 
0 005 + 104 
0010 - -  1 
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TABLE Ill 

INACTIVAq-ION OF PROLINE TRANSPORT BY TRITON X-100 AND REACTIVATION 
WiTH BOVINE SERUM ALBUMIN 

Experimental methods were the same as those dest.nbed m Table I 

Membrane Concn of Second mcubauon ['4C]Prohne uptake 
Triton X-100 m first with albumin (pmol) 
mcubaUon (o0) 

Membrane vesicle I 0 2t0 
0 462 
0 005 124 
0 005 t60 
0 010 69 
0 010 266 
0 015 29 
0 015 ~ 159 

Membrane vesicle 11 0 - 64 
0 ~ 126 
0 005 18 
0 005 ~ 71 
o 050 o 

detergents The effect was more remarkable  wLth deoxycholate and dodecyl sulfate 
than with Tr i ton  X-t00 The possibility that detergents caused the passing of mem- 
brane vesicles through Mllllpore filters was examined using [3H]glycerol or [3H]- 
leucme-labelled membrane  vesicle II The addi t ion of [3H]glycerol or [3H]leuclne to 
the culture media resulted In the specific labelling of lipid and protein,  respectively 
[5] The addit ion of deoxycholate ranging from 0 01 to 0 1 o, did not cause any 
changes in the retention of membrane  vesicles labeled wlth either [3H]glycerol or 
[3H]leucme on Mllllpore filters under  the condit ions for t ranspor t  assay (data not 
shown) 

Restoration oJ prohne transport acttvtty by bovine serum albumm 
The effect of  bovine serum a lbumin  on the t ranspor t  ability which had been 

inactivated by detergents was stu&ed Membrane  vesIcles were prelncubated with 
detergent at 30 -C to inactivate the t ranspor t  activity Then they were incubated with 
a large a m o u n t  of a lbumin  for l0 mm at 30 ~C and subjected to the assay of t ranspor t  
activity The amoun t  of a lbumin  was fifteen Umes as much as that of protein m 
membrane  vesicles Results are shown in Tables 1, l[ and  l l I  The mcubaUon with 
a lbumin  resulted m a remarkable  restorat ion of the t ranspor t  activity The recovery 
from the inact ivat ion caused by deoxycholate was most  remarkable The restoration by 
a lbumin  from the dodecyl sulfate inact ivat ion was also significant However m the case 
of Tr i ton X-100, the effect of a lbumin  on the restorat ion was not  remarkable when the 
st imulative effect of  a lbumin  on the t ranspor t  activity itself was taken into considera- 
t ion A l b u m i n  alone did not  result m the re tent ion of [14C]prohne on Milllpore filters 

Fig 4 shows the effect of  a lbumin  concentra t ion  on the recovery of trans- 
port  activity from detergent inact ivat ion The higher the concent ra t ion  of deter- 
gent, the larger the a m o u n t  of a lbumin  reqmred for the recovery Because of the 
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techmcal difficulty, the effect of a h~gh concen t r anon  of a lbumin  more than 1 1 ~o was 

not  exammed Therefore, it is uncer ta in  whether the greater recovery can be achieved 
from the inact ivat ion by 0 015 ~ deoxycholate or not  Al though a lbumin  st imulated 
the prohne  t ranspor t  actwlty as shown m F~g 2, the st~mulatory effect could not  
account  for the remarkable  res toranon  of the t ranspor t  activity, since the a m o u n t  of  
a lbumin  reqmred was different m both cases and the considerable t ranspor t  actwlty 
was restored on the detergent-reactivated membrane  which had essentmlly no residual 
acttvlty 
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Fig 4 Effect of cortcentrat~on of bovine serum albumlrt on the restoration of deoxycholate-mactt- 
vated prohne transport Membrane vesicle I was used Con&t~ons the same as those gwen m Table I 
except amount of albumin was variable m this experiment Concentration of deoxycholate m the first 
mcubatlon was 0 ~ (O), 0 005 ~ (O) and 0 015 ~ (&), respectively 

Ftg 5 Binding of deoxycholate to membrane vesicles 40 #1 of membrane vesicle I was mixed with 
60/tl of 100 mM potassium phosphate buffer (pH 6 6), 100/A of 20 mM magnesium sulfate and 10/4 
of &fferent concentrations of deoxy[t*C]cholate After incubation at 30 °C for 10 ram, 50/d of 
samples were taken out and remalmng samples were centrifuged at 25 000 rev/min for 10 mm at 
20 °C to sediment the membrane vesicles Radioactivity in the whole sample and supernatant solution 
was counted with 10 ml of Bray's solution Amount of radloactlwty bound to the membrane vesicle 
was esnmated by subtracting the ra&oact~vlty in the supernatant solution from the total radio- 
activity 

Bmdm9 of deoxyeholate to membrane and tts removal by bovme serum albumm 
The b inding of  deoxycholate to the membrane  vesicle was studied using deoxy- 

[14C]cholat e Membrane  vesicle I was incubated w~th radioactive deoxycholate The 
m~xture was then centrifuged to sediment membrane  vesicles and  the radloactw~ty in 
the superna tan t  was counted Results are shown m Fig 5 The a m o u n t  of deoxy- 
cholate b o u n d  to the membrane  vesicle was roughly propor t ional  to the a m o u n t  
added The addi t ion of a lbumin  to the membrane  vesicle treated with deoxycholate 
resulted m an almost  complete removal of the detergent f rom the membrane  vesicle 
over a fmrly large range ofdeoxycholate  concen t ranon  (Table IV) It should be nonced  
that a l though deoxycholate was almost  completely removed by a lbumin  from the 
membrane  vesicle which had been pretreated w~th 0 015 ~ deoxycholate, the restora- 
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TABLE IV 

REMOVAL OF DEOXYCHOLATE FROM MEMBRANE VESICLE BY BOVINE SERUM 
ALBUMIN 

40 yl of membrane vesicle 1 were m~xed ~lth 60 t d of 100 mM potassium phosphate (pH 6 6) and 
100/d of 20 mM magnesmm sulfate and l0 td of different ~.oncentratlons ot deoxy[~'~Clcholate 
After incubation at ~,0 C for l0 ram, 30/d of l0 ° o (w/v) bovine serum albumin or water v~ere added 
and incubation was continued for l0 mm Then 50/d of samples v, ere taken out and the remalmng 
portions centrifuged at 25 000 rev/mln for l0 mln at 20 C to sediment membrane vesicle Radio- 
activity m whole sample and supernatant solution was counted m Bray s solutmn (10 ml) 

Concn of Album, rt m Deoxycholate (n mol) 
deoxycholate in second incubation 
first Incubation Total Supernatant 
(Oo) (A) solution (B) 

0 005 24 0 t 5 6 8 4 
0 005 24 0 24 0 0 0 
0 010 48 0 32 6 15 4 
0 010 48 0 47 4 0 6 
0015 720 540 180 
0015 + 720 720 00 

Membrane 
bound (A-B) 

t lon of the prohne  t ranspor t  activity was only partial  (see Table I) Th~s fact indicates 
that  the removal  of detergent was no t  sufficient for the restorat ion of the t ranspor t  
func tmn  m heawly damaged membrane  vesicles 

DISCUSSION 

In  the present study, I have used two kinds of membrane  preparahons,  that is, 
Kaback ' s  membrane  vesicle (membrane  vesicle I) and  the purified cytoplasmic mem- 
brane (membrane  vesicle II)  The membrane  vesicle I preparat ion used showed hlgh 
prohne  t ranspor t  activity, while conta in ing  a considerable a m o u n t  of the outer mem- 
brane protein  as shown in Fig l On  the other hand,  a l though membrane  vesicle I1 
showed lower prohne t ranspor t  activity, Jt is essentially free from the outer membrane  
[5] Since outer membrane  proteins are known  to have a pecuhar structure as mem- 
brane  proteins [8, 9], the poss~blhty that  outer membrane  components  may interfere 
w~th the reorganizat ion of membrane  components  required for the restorat ion of 
t ranspor t  activity had to be taken into considerat ion Therefore, membrane  vesicles I 
and II were used for compar ison  with each other Both preparat ions  gave essentially the 
same results on  the prollne t ranspor t  w~th respect to the reactivation by detergent and  
the react ivat ion w~th a lbumin  In  connec t ion  with this point ,  I am interested in a 
purified cytoplasmic membrane  preparat ion which was reported to possess a high 
prohne  t ranspor t  activity [10] 

Membrane  vesicles are fairly sensitive to detergents in their prohne t ranspor t  
activity For  example, a slgmficant lnacUvatlon was observed with 0 005-0 01 ~o 
deoxycholate (Table I) Under  the con&tlons  used more than 30 °/o of detergent was 
found  to be associated with the membrane  vesicle (Fig 5) This means that  2-4 mole- 
cules of the detergent per molecule of membrane  protein  as an average was enough to 
mactrvate the t ranspor t  activity, p rowdmg that  an average molecular  weight of mem- 
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brane proteins is 40 000 At present, it 1s unknown whether the detergent primarily 
attacks the transport machinery, the energy providing system or the membrane struc- 
ture itself 

It has been estabhshed that native bovine serum albumin has high affinity 
binding site for many detergents including deoxycholate, dodecyl sulfate and Triton 
X-100 The almost complete restoration of the transport activity which had been 
inactivated by 0 005 % deoxycholate was observed with a large amount of albumin 
In the reaction mixture (140 pl), the amount of albumin and deoxycholate were 
22 nmol and 12 nmol, respectively Then using results obtained by Makmo et al [3] 
and those in Fig 5, one can estimate the amount of deoxycholate bound to albumin 
and the membrane vesicles and that in solution (unbound) to be approximately 
l 1 6, 0 2 and 0 3 nmol, respectwely Since the amount of detergent bound to the 
membrane vesicle was about 4 2 nmol m the absence of albumin (from Table IV), 
one can conclude that more than 95 % of the detergent wtuch had been bound to the 
membrane vesicle should be removed by the addition of  albumin, prowdmg that the 
lnteracuon between the detergent and both albumin and membrane vesicle is revers- 
lble Data throughout the present paper clearly support this conclusion The extent 
of  deoxycholate removal m Table IV was even better Although I have not studied 
the binding of dodecyl sulfate to membrane vesicles, the restoration by albumin of the 
dodecyl sulfate-mactwated transport system may be explained in the same way, since 
the detergent also shows high binding affinity to bowne serum albumin [2] The 
restoration by albumin of the Triton X-100 lnactwated transport system was rather 
poor This can be explained by its relatively weak interaction with albumin [3] 

Under the conditions from which the restoration of deoxycholate-lntublted 
activity can be restored, the release of protein from membrane vesicles was mslgmfi- 
cant and the supernatant solution separated from the membrane vesicle after the 
detergent treatment was not required for the reactwatlon of the transport system 
(data not shown) This indicates that the restoration of transport actwlty by albumin 
~s not a result of the reconstltutlon of membrane structure but may be a result of the 
reorgamzatlon of the membrane structure including the transport macbanery by the 
removal of detergent under the conditions used However, when membranes had been 
treated with a large amount of detergent, the removal of detergent from membranes 
was not sufficient for the restoration 
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