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SUMMARY 

14C]Gh-cine incorpora t ion  int~, Micrococcz~s  l v s o d c i k t i c u s  meml)ranes and 
membrane  prote in  showed a var iable  level of resis tance to the  inh ib i tory  effects of 
chloranlphenicol  a t  IOO /,g/ml,  a concent ra t ion  which inhib i ted  tile incorpora t ion  
into the  cy top lasmic  pro te in  fract ion to tile ex ten t  of 9 ° 97 %. Incorpora t ion  into the 
membrane  prote in  in the  presence of ch loramphenicol  ranged from 3 ° to ioo  °o tha t  
observed  for control  (no chloramphenicol)  membrane  protein fractions.  ()nlv z °i, of 
the to ta l  incorporat ion,  both in ti le presence and absence of chloramphenicol ,  could 
be accounted  for as N- te rmina l  groups of tile proteins.  Over 8o % of the  incorpora ted  
14C]glycine was recovered as glycine af ter  acid hydrolys is  and  on high-vol tage electro- 

phoresis of pronase digests,  the  label  migra ted  as free glycine and peptides.  F rac t i ona -  
tion of the membrane  prote ins  af ter  l ipid ex t rac t ion  with n-butanol  revealed tha t  the 
"water -so luble  p ro t e in"  fract ion was the  least affected by  chloramphenicol  and  tha t  
incorpora t ion  into the "water-insolul.)le p ro te in"  fraction was inhib i ted  to the ex ten t  
of 75 °o. No such differential  inhibit¢~rv effect upon incorpora t ion  into cy top lasmic  
and membrane  prote ins  was observed with puromycin  (5/~g/ml) which inhibi ted  the  
up take  into both cellular fract ions to an equal  ex ten t  (8o °o af ter  qo rain pre incubat ion  
with tile inhibitor) .  Cvcloheximide was ineffective on both  growth and incorpora t ion  
of 14C]glycine. 

1NTROI)UCT1ON 

The biogenesis of cell membranes  and membranous  organelles  such as mito-  
chondr ia  and chloroplas ts  has a t t r a c t e d  a great  deal  of a t t en t ion  in recent  years  (e.g. 
refs. I 3)- There is now a large body  ,,f informat ion on the incorpora t ion  of radio-  
act ive substances  into membrane  prote ins  and lipids (e.g. refs. 4, 5) and some of these 
s tudies  have  given an idea of t i le degrees of in te rdependence  of t i le b iosynthes is  of the  
prote ins  and lipids 6 s. A much clearer  unde r s t and ing  of the  biosynthesis  of mi to-  
chondria  has been gained dur ing the past  few years  from studies  of the  inhit) i torv 
effects of an t ibac te r i a l  agents.  Thus the  synthesis  of tile yeas t  mi tochondr ia l  inner  
membrane  and its cv tochromes  a, a a, t~ and c~ is inh ib i ted  by  a number  of an t ib io t ics  
including chloramphenicol  2,9. The ant ib io t ics  did not,  however,  interfere with t i le  
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forinat ion of the outer  membrane  or cer tain soluble enzyines of yeas t  mi tochondr iaE 
This has led to the conclusion tha t  the synthesis  of these inner  mi tochondr ia l  mem- 
brane components  is ca ta lysed  by  7o-S r ibosomes and tha t  the  format ion of the outer  
membrane  is med ia t ed  by the 8o-S, "cy top l a smic "  ribosomes. Similar  mechanisms 
appea r  to be involved in both animal  )° and yeast  mi tochondr ia  and chh)roplast  
membranes  n, 1',. The existence of 7o-S r ibosomes in chlorot)lasts was first es tabl ished 
b v  BOAR1)MAN ct al. l~. 

Although bac ter ia  do not  possess a comple te ly  separa te  mi tochondr ia l  organelle,  
it is ev ident  t ha t  the  mi tochondr ia l  funct ions for electron t r anspor t  and ox ida t ive  
phosphory la t ion  reside in thei r  membrane  svstems~L A p a r t  from the studies of 
WHITE 15,16 and the recent  inves t igat ion of KAHANE AND RAZIN 8, there  is very  little, 
informat ion on the format ion  and biogenesis of bacter ia l  membranes  and their  
resp i ra tory  coinponents .  In order  t() gain some insight into the biosynthesis  ()f a 
bacter ia l  ineml>rane, we selected Micrococc'us lvsodci/eticus which has a well-developed 
membrane  sys tem and is a s tr ict  aerobe possessing a powerful  system for ox ida t ive  
phosphory la t ion .  The results  of our inves t igat ions  on the incorpora t ion  of [~(; g lyc ine  
into  M. h,sodcikticus membrane  prote ins  are presented  in this  paper  together  with 
the  influence (>f ch loramphenicol  and  o ther  inhibi tors  on membrane  and cy toplasmic  
protein  synthesis .  

MATERIALS AND METHO1)S 

Growlh conditiolls amt mcmbram' isolalio~t 

3I. h,sodcikticus (NCTC 2665) was grown in the p e p t o n e - w a t e r  yeas t  ex t rac t  
medium as previously  descr ibed )7 and ae ra ted  by  vigorous shaking in a New Bruns- 
wick incuba to r  shaker  at  3o'q Overnight  inocula were used for each exper iment  and 
these were added  to sterile,  d i lu ted  (1:8) pep tone  w a t e r - y e a s t  ex t rac t  mediuin.  
( 'u l tu res  of d i lu ted  pep tone  water  yeas t  ex t rac t  medium conta in ing a 5 °o (by 
volume) imwulum of the overnight  cul ture  were al lowed to undergo about  a doubl ing 
of the  absorbance  before the  rad ioac t ive  anaino acid and /o r  the inhibi tors  were ad-  
ded (Fig. i).  

To arrest  the growth and label incorpora t ion ,  cul ture  sainples (co 5 ° inl) taken  
at  var ious  in terva ls  of t ime were added  to Ioo ml of ice-cold di lu ted  p e p t o n e - w a t e r -  
yeast  ex t rac t  medium. Bacter ia  were harves ted  by  centr i fugat ion in the cold and 
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l:ig. I. Groxxth of 31. lysodeikticus on d i lu ted  (I :8)  p e p t o n e - w a t e r - y e a s t  ex t r ac t  m e d i u m  a t  3 o' . 
i n d i c a t i n g  the  s tages  a t  which ch loramphenico l  (CAP) and i14Qglycine (tea) were added  to the 
cul ture .  
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each sample  pel let  was washed once with IO0 ml of cold, d i lu te  p e p t o n e - w a t e r  yeas t  
ex t rac t  medium.  The small  res idual  volumes of the  wash media  were careful ly  re- 
moved  from the cell pel lets  wi th  pas t eu r  pipet tes .  Each  pel let  was then  suspended in 
7 ml of cold, ~5 mM Tris HC1 buffer (pH 7.5) t ransfer red  to stainless steel Spinco 
centr i fuge tubes  and a solut ion conta in ing  50o #g  lysozyme (EC 3 .e . I . i7 )  (Worthing-  
ton Biochemical  Corp. crystal l ine,  egg-white  lysozyme) was added  to each of the cell 
suspensions at  o ° and  i m m e d i a t e l y  incuba ted  at  37 °. Bacter ia l  lysis was rap id  and 
af ter  Io  min, deoxyr ibonuclease  (24o/zg deoxyr ibonuclease /7-ml  sample) was added  
and the tubes  held at  37 ° for an add i t iona l  io  min. Membranes  were then recovered 
from the lvsate  by  cent r i fuga t ion  at  67000 x g for 3 ° rain at  o 5 °. The supe rna t an t ,  
cons t i tu t ing  the  "cy top la smic  f rac t ion" ,  was poured  off and  the membrane  pellets  
were washed once, in the  cold, with 5 ml 25 m M T r i s  buffer (pH 7.5), f inally suspended 
in I or 2 ml Tris buffer (25 mM, p H  7.5) and  des igna ted  as the  " m e m b r a n e  f rac t ion" .  
More concen t ra ted  cy top lasmic  fract ions had  to be d i lu ted  with buffer and recentr i -  
fuged at  07ooo ~ g to remove residual  membrane  fragments .  

Chloramphenicol  (Sigma Chemical  Co., St. Louis, Mo.) was usual ly  added  to the  
growing cul ture  5 rain before the addi t ion  of the  labeled amino acid, to give a final 
an t ib io t ic  concent ra t ion  of IOO /~g/ml in all exper iments .  Uni formly- labe led  l q ;  _ 
glycine ( >  6o mC/mmole) from New Eng land  Nuclear  Corp., Boston,  Mass. was used 
th roughou t  these studies.  For  most  of the  exper iments  14C glycine was added  to give 
o.I  o.5 ktC/ml cul ture  of M. lysodeikticus in the  d i lu ted  peptone  water  yeas t  ex t rac t  
medium.  

Preparation of membrane and cytoplasmic protei~z fractions 
p4ClGlycine incorpora t ion  into membrane  and cy top lasmic  protein  f ract ions  

was de te rmined  as follows: membrane  p repara t ions  and cy top lasmic  fract ions were 
t r ea ted  with t r ichloroacet ic  acid (IO °o (w/v) final concentra t ion)  for I5 -3o  min at  o ° 
and  the prec ip i ta tes  washed with 5 °o t r ichloroacet ic  acid. The prec ip i ta tes  were 
collected by  cent r i fugat ion  and the t r ichloroacet ie  acid- insoluble  residues were 
ex t r ac t ed  with 5 ml a c e t o n e - m e t h a n o l  (7:2, v/v) for I h at  37 ° as prev ious ly  describ- 
ed is to remove the lipids. The solvent  was p ipe t t ed  off af ter  cent r i fugat ion  and the  
pellet  was a i r -dr ied for a few minutes  and the prote in  residues were dissolved or 
dispersed in o.2 o. 4 inl I M NaOH (not all of the  membrane  prote in  dissolved).  Af te r  
2o-3o rain, NaOH was neut ra l ized  with HCI and tim prote ins  were again p rec ip i t a t ed  
with IO 0o t r ichloroacet ic  acid and the residues dissolved in o.2 0. 5 ml 0.5 M NaOH.  
Membrane  samples  were homogenized with o.5 M NaOH conta in ing o.5 °o (w/v) 
sodium dodecyl  sulfate and  these samples  were used for de te rmina t ions  of prote in  
conten ts  and rad ioac t iv i ty .  

In some exper iments ,  m e m b r a n e  pro te in  fract ions were ob ta ined  in an aqueous 
phase af ter  removal  of the tipids by  n-butanol  ext rac t ion .  Membranes  suspended in 
25 mM Tris (pH 7.5) were homogenized with an equal  w)lume of ice-cold, n -bu tano l  
and allowed to s t and  in an ice-bath  for I5 min. The p repara t ions  were then centr i -  
fuged at  3oooo >: g for 2o rain to break  the emulsion and the upper  solvent  phase 
conta in ing  l ipids and caro tenoid  p igments  was removed  and the in terfacia l  layer  con- 
ta in ing insoluble prote ins  was r insed several  t imes with ice-cold **-butanol. The 
bu tanol  dissolved in the  aqueous phase was removed  bv  dialysis  agains t  e i ther  25 mM 
Tris buffer (pH 7.5) or dis t i l led water .  This aqueous phase conta ined  insoluble pro te ins  
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in suspension and they could be separated fronl the soluble protein fraction by low- 
speed centrifugation (5ooo  i o o o o  , g, fiw 15 lllin). 

Proteins were determined by the method of LOWRy ~'t al. 19, using bovine SOlUrn 
albumin as a standard,  hleorporation of HC glycine into the X-termini of the mem- 
brane proteins was determined by reacting the labeled membranes with I;I)Nlg as 
described by (;HVVS~.;N ctal ."",  after prior trichloroacetic acid precipitation and 
acetone methanol extraction ()f the membrane fractions. The ethc'r soluble I )NP-  
amino acid fraction was obtained after acid hydrolysis of the reacted membranes by 
the method of (iHUYSI~.N t't al. "°. 

Radioaetivi tv measurements  were performed by applying o.oI o.ot)-ml samples 
of membranes, proteins or lipid fractions to \Vhatman No. 3MM paper dises, allowing 
them to dry and then placing the discs in vials containing 5 ml counting fluid (42 ml 
l.iquifluor, product  of Nuclear-( 'hieago, mixed with I 1 toluene). The samples were 
counted in a Nuclear-Chicago liquid scintillation counter, model Mark I. 

RF~SULTS 

lJzcorfloratiolz of laC glycim' i~zlo metal)ram' tirol O,toplasmic j?actioJzs 
The incorporation of i14(-glyeine into the cytoplasmic and membrane fractions 

of 31. lvsodcil¢ticcts in the presence and absence of chloramphenieol (IOO #g/ml) is 
illustrated by the results of a typical experiment in l:ig. z. In accordance with earlier 
studies 2~, chloramphenicol rapidly inhibited the uptake of :~(? ]glycine into the cvto- 
plaslnie protein fraction and the level of inhibition was 9 ° 97%. However, as shown 
in 1;ig. 2 only partial inhibition of H(-glycine incorporation int() membrane protein 
bv chloramphenieol was observed and over a series of many experiments the inhibitory 
level has ranged from o to 7o%. It has also been repeatedly noted (as in Vig. z) that  
:11('!glycine appeared in the nlembrane protein somewhat more rapidly during the 
first few minutes than it did in the cytoplasmic protein. The incorporation of 14Ci- 
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l:i~. 2. T h e  course  of i n c o r p o r a t i o n  of 14(" bIlycin~ illtt) ine l l lb rano  ;tll(l c y t o p l a s m i c  p r o t e i n  f rac-  
t i<ms f r o m  31. lysodci/, ' t icus g r o ~ n  a t  3 ° was  d e t e r m i n e d  a t  i n t e r v a l s  for  2o ra in  in t h e  p r e s e n c e  
a n d  a b s e n c e  of c h l o r a m p h e n i c o l  a t  a level of ~oo /~g/ml.  Kigure  sh o ws  [14C 'g lyc ine  i n c o r p o r a t i o n  
in to  the  c y t o p l a s m i c  p r o t e i n  f r ac t i ons  f rom c o n t r o l  (no c h l o r a m p h e n i c o l ) ,  • . . . .  • ;  a n d  chlor-  
a m p h e n i c o l  t r e a t e d  cells, Ill- - - • ;  a n d  t he  c o r r e s p o n d i n g  m e m b r a n e  f r ac t i ons :  • O ,  
no c h l o r a m p h e n i c o l  ; • • ,  c h h w a m p h e n i c o l .  

lN,>chlJt~, l~o/~hv*. . - t~la,  2o 3 ( l (Uo)  S 3 c~:; 
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glycine into the membrane  protein fraction in the presence of chloramphenicol  was, 

moreover, l inear for at least 6o min  as shown in Fig. 3- 
Some label from Ix4C!glycine also found its way into the membrane  lipid fraction 

as i l lustrated in Fig. 4. Although ini t ial ly this incorporat ion was rapid, after about  

z 

i o 

20 40 I 

/ / ' "  

TIME (nl*nutes) T i M E  ( m i n u t e s  ) 

Fig. 3. The incorporation of (14C~glycine into M. lysodeikticus membrane and cytoplasmic fractions 
was determined at 2o-min intervals for up to 6o min of growth in the presence and absence of 
chloramphenicol at ioo t,g/ml. Membrane protein control (no chloramphenicol), • • ;  
membrane protein-Jr chloramphenicol, • - I ;  cytoplasmic protein control (no chlor- 
amphenieol), • . . . .  • ;cytoplasmic protein -~ chloramphenicol, • . . . .  I .  

Fig. 4. I14CjGly cine incorporation into membrane lipid and protein fractions of M. lvsodeikticus 
grown at 3 °° in the presence and absence of chloramphenicol at xoo /,g/ml. Lipid fraction (no 
chloramphenicol), [ ] - - -  - - ~  ; lipid fraction + chloramphenicol, • • ; membrane protein 
(no chloramphenicol), O . . . .  O ; membrane protein L chloramphenicol, • . . . .  • .  

3 min it began to level off and upon longer periods of incubat ion  (e.g. 40 rain) it seldom 
exceeded I0 o; of the counts found in the membrane  fractions. Chloramphenicol was 
without  effect on the incorporat ion into the membrane  lipid fraction. Although the 
na ture  of the mater ial  labeled by [14C ]glycine and extracted by organic solvents has 
not been investigated,  the lack of l ineari ty in the appearance of label in the lipid 
fraction would argue against  simple breakdown of tile 14Clglycine and reuti l ization of 

its carbon for lipid synthesis. 
l :ur ther  a t tempts  were made to determine whether or not the 114Clglycine had 

become an integral  part  of the membrane  protein fraction. Although it seemed un- 
likely tha t  bound 14Clglycine would lye retained in the protein fractions prepared as 
described in MATERIALS AND METHO1)S, the membranes  were subjected to several 
addit ional  extract ion procedures. Lipid-extracted 14C!glycine-labeled membranes  
were either heated with 5 °o trichloroacetic acid, t reated for 2o min with I M NaOH 
(as described in MATERIALS A N D  METHODS) or t reated for 9 ° min with I M NaOH. 
Subject ing the membrane  protein fractions to these t rea tments  did not significantly 
alter the incorporat ion pa t te rn  as summarized in Table 1. The fact tha t  prolonged 
t r ea tment  with alkali and extract ion with trichloroacetic acid did not  lead to signi- 
ficant lowering of the radioact ivi ty  in the precipitated protein fractions minimizes 
the possibility tha t  the incorporat ion could have been due largely to the presence of 
ribosomes carrying incomplete or nascent  peptide chains. Such procedures as those 
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T A I ~ L E  1 

E F F E C T S  O F  S U B J E C T I N G  L A B E L E D  M E M B R A N E  P R O T F I N  F R A C T I O N S  O F  . ]1 .  [ySOdt'l]¢[ICllS F R O M  U N -  

T R E A T I ' ; D  ( N O R M A L )  A N D  C I I L O R A M P H E N I C O L - T R E A T H D  C E L L S  TO F U R T H F R  E X T R A C T I O N  T R E A T -  
M E N T S 

7"rcalmP1t! .ll~ mbra.(  [14C (;lycim' i~tcorp(,rah'd 
(c,)ltnls/mit~ per m<' pr(,lci*~) 

2 { )  rain 37 , t.o31 Na{)H 

q(} nIin 37 , t.o M Na()H 

- o '  r 5 rain I OO T , D o trichloroacetic acid 

Normal | 08 ooo 
Chloramphenicol 136 ooo 
Normal lO 4 ooo 
Chloramphenicol l 46 ooo 
~ ' o r l n a l  I O 6 0 0 0  

('hloramphenicol io 3 ooo 

"I'ABIA( 11 

1 N C O R I I O R A T I O N  O F  [ 1 4 C ] G L Y C I N E  I N T O  I 'Nr- 'I 'ERM1NAL A M I N O  ACID F R A C T I O N  O F  M E M B R A N E  P R O T E I N S  

l N  PRI ,2SENCE A N D  A B S E N C E  O F  C H L O R A M P H H N I C O L  

14(] (;lyci||e-labeled membranes were trichloroacetic acid-precipitated and acetone methanol- 
e x t r a c t e d  a s  d e s c r i b e d  i l l  M A T E R I A L S  A N D  M E T H O D S .  N t e r l l l i n a I  a i n i l I O  a c i d  a n a l y s i s  w a s  p e r f o r l n e d  

on dried, extracted membranes. The specific activity of these membrane proteins was approx. 
tooooo counts/rain per ll!g protein. Each sample used for N-terminal amino acid determination 
by reaction with FDNB contained approx. 74ooo counts/rain. After hydrolysis, counts were 
determined on the ether-soluble (1)NP-anlino acids) phase and the acid-soluble fraction (free 
amino acids). 

DA:P-amem~ acids 
(ether phase') 

31embrane, control 77 ° 
,Membrane, chloramphenicol 5'-5 

Fr¢~e ami*lo acids ° o of N-h'rmi*ml 
(acid-soluble phase) L14CJg(vl itH' 

67 725 T.r 
5" 745 l.o 

used  in th is  s t u d y  h a v e  also been used bv  o t h e r  i nves t i ga to r s  to r educe  r ibosoinal  

c o n t a m i n a t i o n  (e.g. refs. 4, 5, 28, 34-36) .  Moreover ,  unde r  our  cond i t ions  of pre- 
pa r ing  the  m e m b r a n e s  in the  absence  of Mg 'z; , R N A  accoun t s  for less t han  I 0o (ff t he  
m e m b r a n e  s t ruc tu re .  

The  poss ib i l i ty  t h a t  t he  i nco rpo ra t i on  obse rved  was due  s i m p l y  to the  add i t i on  

of 14Ciglycine to t im N - t e r m i n a l  ends  of p e p t i d e  cha ins  was e x p l o r e d  since severa l  

sy s t ems  ca t a ly s ing  N - t e r m i n a l  add i t i ons  of a m i n o  acids  to p ro te ins  h a v e  been repor t -  
ed  22,9a. T h e  d a t a  p r e s e n t e d  in T a b l e  I I  show t h a t  on ly  a b o u t  1% of t he  I~4C g lyc ine  

i n c o r p o r a t e d  a p p e a r e d  as N - t e r m i n a l  end  g roups  of t he  p ro te ins  and  t h a t  chlor-  
a m p h e n i c o l  d id  n o t  a l t e r  th is  level  of i n c o r p o r a t i o n  in to  N- t e rmin i .  

E v i d e n c e  t h a t  t he  [il4C]glycine i nco rpo ra t i on  is in to  p e p t i d e  in the  m e m b r a n e  
p ro te in  f rac t ions  was fu r t he r  sough t  by e x a m i n i n g  the  p r o d u c t s  of p ronase  d iges t ion  
of [14C~glycine-labeled m e m b r a n e s .  P ronase  d iges ts  of bo th  con t ro l  m e m b r a n e s  and  

m e m b r a n e  f rac t ions  l abe led  in t he  p resence  of c h l o r a m p h e n i c o l  were  e x a m i n e d  for 
r a d i o a c t i v i t y  a f te r  h igh -wf l t age  e lec t rophores i s  and  the  p a t t e r n  of labe l ing  in lqg.  5 
sugges ts  t he  presence  of an equa l  n u m b e r  of bands  c o n t a i n i n g  [14C]glycine. Un-  
d iges t ed  ~4CJglycine-labeled m e m b r a n e s  showed  no m i g r a t i o n  f rom the  po in t  of 
origin.  P ronase  diges ts  of t r i ch lo roace t i c  a c id -p rec ip i t a t ed ,  l i p id -ex t rac t ed ,  and  

Hiochim. t;mphy,~. Acta, 2o 3 (I97o) 83 93 



UPTAKE OF 14C]GLYCINE INTO BACTERIAL MEMBRANES 80 

NaOH-treated samples from the same membrane fractions behaved similarly on high- 
voltage electrophoresis. In each case, however, pronase liberated more free glycine 
from the membrane sample which had been labeled in the presence of chlorampheni- 
col. It is thus conceivable that membrane proteins which are synthesized in the 

7 f 
'~ 5 i glycine 
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Electrophoretic Migration From Origin (cm) 

l:ig. 5. Hig, h-voltage electrophoresis pa t te rn  of II4C~glycine-1abeled, pronase-digested membranes  
of  M .  l y sode ik t i cus  grown in the presence (11 II) and absence ( 0 - - 0 )  of chloramphenicol 
at ioo /ig/ml. Approx.  5oo /*g of each of the control and chloramphenicol-treated,  It4C]glycine - 
labeled washed whole nlembranes were digested with lOO /,g pronase for 16 h at 37 '~ in a final 
volume of o.45 ml (5 ° mM Tris HC1 buffer, p H  7.5). Samples of digested and undigested nlem- 
branes were applied on \ ¥ h a t m a n  paper  No. 3MM and electrophoresed for 3 h at p H  1.9 (buffer 
and condit ions of CEDAR AND SCHWARTZaT). Electrophoresis papers  were cut into strips (1.25 cm) 
and radioact ivi ty counted in the liquid scintillation counter. None of the radioact ivi ty in the 
undigested samples (not shown in figure) migrated beyond the origin. The location of free glycine 
nnder identical conditions of electrophoresis is indicated above the curves for digested membranes .  

presence of chloramphenicol are richer in glycine. Hydrolysis (4 M HC1, sealed am- 
poules at IiO ° for 2o h) of the pronase digests of membranes (Fig. 5) or lipid-extracted 
membranes, revealed on two-dimensional paper chromatography in the system 
previously described 24 that in all cases 82-89 °o of the radioactivity was recovered in 
the glycine spots on the chromatograms. 

Differential sensitivity of membrane protein fractions to inhibitory effects of 
ehloramphenicol 

Tile variability in the inhibitory effects of chloramphenicol on a4Clglycine in- 
corporation into the total protein fraction of M. lysodeikticus membranes has been noted 
above and at tile present time we have no obvious explanation of this feature of our 
observations. It is conceivable that not all membrane proteins are being synthesized 
simultaneously and that these variable effects could be due to differences in tile 
variety of the specific proteins being synthesized at any given time. Such a situation 
could account for tile lack of chloramphenicol inhibition observed in some of our ex- 
periments. Studies with M. lysodeikticus membranes in this laboratory have establish- 
ed that the relative strengths of association (probably of a hydrophobie nature) 
between membrane proteins and lipids show considerable specificity 25. The least 
soluble proteins of the membrane constitute the cytochromes a, b, e and succinate 
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dehydrogenase  complement  of M. @sodeikticus membranes  26. It was therefore of 
interest to determine whettIer clf loramphenicol  partially depressed all of the mem-  
brane proteins or if it specifically inhibited the svnthesis  of only a certain fraction 
of the proteins. 

T.kBI . I{  111 

I;FFECTS OF CHLORAMPHENICOL {1OO /*g/ml)  ON E14CIGLYCINE INCORPORATION INTO ~1I. lysodeikticu: 
CYTOPLASMIC AN]) MEMBRANE PROTEIN FRACTIONS 

M e m b r a n e  s u s p e n s i o n s  w e r e  e x t r a c t e d  w i t h  n - b u t a n o l  to  r e m o v e  l i p i d s  as  d e s c r i b e d  in  MATERIALS 
AND METHODS a n d  t h e  a q u e o u s  p h a s e s  s e p a r a t e d  i n t o  w a t e r - s o l u b l e  p r o t e i n  a n d  w a t e r - i n s o l u b l e  
p r o t e i n  f r a c t i o n s .  

Fraction 

( ' y t o p l a s m i c  p r o t e i n ,  c o n t r o l  
( ' y t o p l a s m i c  p r o t e i n ,  ~ c h l o r a m p h e n i c o l  

M e m b r a n e ,  c o n t r o l  
M e m b r a n e ,  + c h l o r a m p h e n i c o l  
M e m b r a n e  w a t e r - s o l u b l e  p r o t e i n ,  c o n t r o l  
M e m b r a n e  w a t e r - s o l u b l e  p r o t e i n ,  ! c h l o r a m p h e n i c o l  
M e m b r a n e  w a t e r - i n s o l u b l e  p r o t e i n ,  c o n t r o l  
M e i n b r a n e  w a t e r - i n s o l u b l e  p r o t e i n ,  - c h l o r a m p h e n i c o l  

Specific activity Inhibition 
(counts/rain per mg (%) 
protein) 

~4 5 ° 0  
414  07 

j 1 20:) 
19 o o o  39 
44 Ooo 
.53 200 19 
24 Ooo 

6 J oo  75 

(;rowing cells of 31. lvsodcikticus were accordingly exposed to [14C!glycine for 
2o rain in the presence and absence of chloramphenicol. Lysates from the two cultures 
were fractionated and assayed for [14Qglycine incorporation and the results are 
presented in the upper section of Table I II .  The corresponding membrane fractions 
from the control and chloramphenieol-treated cultures were further fractionated by 
extracting lipids with cold u-butanol as described in MATERIALS AND METHO1)S. From 
the data summarized in the lower part of Table I II ,  it appears that chloramphenicol 
specifically inhibited the incorporation of ]14Clglycine into the water-insoluble 
membrane proteins, i.e. the fraction containing the cytochromes and succinic de- 
hydrogenase activity. Furthermore, the specific activity of the control membrane and 
water-insoluble fraction from u-butanol-extracted membranes approached that of the 
specific activity of the corresponding cytoplasmic protein fractions. ('hloramphenicol 
had no inhibitory effect o n  i l i e  glycine incorporation into the soluble membrane 
protein fraction (i.e. soluble, aqueous-phase fraction after n-butanol extraction). 
Indeed, as shown in Table i i i ,  the specific activity of this latter fraction was about 
2o°o higher in the presence of chloramphenicol. 

I1~fluencc of other inhibitors of protein synthesis 
Puromvcin inhibits protein synthesis catalysed by both 7 °- and 8o-S ribosomal 

svstems"E The growth of 3i. lvsodcikticus cultures was completely inhibited, as de- 
termined by absorbance measurements, by 5/~g puromycin/ml diluted peptone water 
\'east extract medium after i6o 220 rain at 3 o( (i.e. approxiinately one mean genera- 
tion tilne). The effect of purolnycin on the incorporation of [1Wlglycine into both the 
cytoplasmic and nminbrane protein fractions was tested and the results are sun> 
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"I'A HLI~ IV 

P U R O M X ~ ' C I N  I N H I B I T I O N  O F  14(" G L Y C I N E  I N C O R P O R A T I O N  I N T O  C Y T O P L A S M I C  A N D  M E M B R A N E  

I, ROSEIN ov 3/. lv,~odcik[icu,~ 
])uromycin was added to a final concentration of 5 tlg/ml. After 2o rain in t:xpt. I and 9o rain in 
Expt. 11, II~( 'igly'cine was added and the ctfltures were incubated for an additional 3 ° rain. 
14(-!Glycine incorporation into protein was deternfined as described in MATERIALS AND METHOI)S. 
"l'h( growth of sinlilar cultures was completely inhibited by 5 //~4 puromycin/ml after i6o 220 nlin. 

lC.vpt. Prc~*wltbali(,ll lncorporati(m of ) ' W  'glycim' i , lo  Inkibiti(m (%) 
N.,. period . . . . . .  

(mi.~ Cytoplasn~ic proh'~n 3 lembra ,c  pro&i .  Cytoplasmic 31cmbran~ 
(counts~rain (counts/mi~z proh'i~z pro&i ,  
bt'r *ll< ~ pt'oh'in) [~cr mg protein) .t)'actiem fraction 

l 2o 032o 20 420 
20 * p u r o m y c i n  242(3 S 70o 71 5 s 

11 9o 8 i o o  20 300 
9o ~ p u r o m y c i n  15oo 5 3 ° 0  So So 

marized in "Fable IV. The rate of inhibi t ion of 14C jglycine ent ry  into protein by puro- 
mvcin was slower for the membrane  than  tha t  observed for the cytoplasmic proteins 
but  as shown in Table IV, upon longer pre incubat ion with puromycin,  the inhit)itorv 
effects on incorporation into membrane  and cytoplasmic proteins became similar. 

One other feature worthy of note in this (Table IV) and other experiments  with 
31. lysodeikticus, is the higher specific act ivi ty  of the membrane  protein compared to 
tha t  iff the cytoplasmic protein fractions. Specific activities of the membrane  proteins 
were often 2 or 3 tithes greater. I t  will be recalled that  a few years ago Tax i  axi~ 
HEN1~IJ.;IC ~ found tha t  membratle  fractiims from Escherickia coli spheroplasts were 
more active in amino acid uptake,  and such observations have been repeatedly en- 
countered in incorporat ion studies involving cell inembranes< 5. 

The ant i fungal  agent, cych)heximide, is a specific inhibi tor  of 8o-S ribosomal 
protein synthesis and is without  effect on the amino acid incorporat ion by 7o-S 
ribosomes froln E. coil 2~. Moreover, cvcloheximide is without  effect upon bacterial 
growth and in this respect, M. lvsodeiklicus proved to be no exception. ( 'vcloheximide 
had no growth inhibi tory effect on M. lvsodeiklicus when tested at concentrat ions as 
high as 2oo #g/ml nor did it inhibit  the incorporat ion of l~C]glycine into nmmbrane  
pri/tein. Although we would agree tha t  it seems most improt)able tha t  the chl~r- 
amphenicol-resis tant  glycine incorporati lm could be due to the existence of 8o-S 
ribosomes, this remote possibility cannot  be ruled out completely unt i l  it is established 
whether or not the cvcloheximide can pass across the permeabi l i ty  barrier of these 
bacterial  cells. 

IHS( 'USSION 

Earlier studies on the na ture  of chloramphenicol-resistant  incorporation of 
radioactive amino acids into bacterial  cells have indicated that  these could be account-  
ed for by wall pept idoglycan synthesis21, a°, uptake into cellular lipids"l, al, and lipo- 
aInino acids, or incorporat ion into polypeptide antibiot ics a~. The inhibi tory effect t/f 
chloramphenicl)l on the biosynthesis of bacterial cytoplasmic protein is well known '~l. 
\Ve have also observed a rather  similar level of inhibi t ion of the synthesis of the 
bacterial membrane  protein fraction which contains  components  of the electron 
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t r anspor t  sys tem (cytochromes and succinate  dehydrogenase  act iv i ty) .  I t  is perhaps  
s t r ik ing t ha t  the pa r t  of the  bac ter ia l  membrane  which is affected to the grea tes t  
ex ten t  by  chloramt)henicol , is the ' region '  of the  membrane  most  analogous to the 
inner membrane  of the  mi tochondr ion  and as a l r eady  noted  its biosynthesis  is also 
sensi t ive to this  drug. 

F rom the d a t a  avai lable  at  present ,  it  appears  most  unl ikely  tha t  the chlor- 
amphenico l - res i s tan t  incorporat ion into the  membrane  water-soluble  prote in  fraction 
could in any way be re la ted  to cell-wall pep t idog lycan  products .  Indeed,  the rigorous 
t r ea tmen t s  for the  separa t ion  of the membrane  prote ins  and their  response to pronase,  
dc. would argue agains t  cell-wall mate r ia l  as the  origin of the  res is tant  incorporat ion.  
The poss ibi l i ty  t ha t  the  membranes  contain  unusual  polypept ides ,  the synthesis  of 
which is not  med ia t ed  by  ribosomes,  ca lmot  be excluded at  this  stage. 

The remote  poss ib i l i ty  tha t  as in mi tochondr ia ,  the  synthesis  of some of the  
membrane  pro te ins  could be ca ta lvsed  by  8o-S ribosomes, has been ment ioned above.  
However ,  several  other,  perhaps  even more plausible explana t ions  m a y  be invoked.  
It is highly possible tha t  the biosynthesis  of the chh)ramt)henicol-insensit ive men> 
brane prote in  fraction is ca ta lvsed  by  membrane -bound  ribosomes, which a l though 
similar  to the  cytoplas in ic  r ibosomes,  can no hmger bind chloranlphenicol .  Inaccessi- 
b i l i ty  of the  chloranlphenicol - inhib i tab le  site could conceivably  exist,  if for example ,  
the synthes is  of cer tain classes of nmmbrane  prote ins  occurred on or in membranes  or 
membrane  vesicles e.g. mesosomes. The exp lana t ion  of our observat ions  nmst  remain  
specula t ive  unt i l  inore is known about  the sites of membrane  protein  synthesis  in 
relat ion to the  p lasma or mesosolne membranes  of the  bac ter ia l  cell and  the precise 
enzymat ic  s tep inhibi ted  by chloramphenicol  (e.g. ref. 33)- 

I t  should be noted  tha t  there  are several  o ther  reports  of the  occurrence of chlor- 
amphenico l - res i s tan t  prote in  synthesis  in bacter ia l  systems.  KUCAN AND LIPMANS a4 
found tha t  for E. coli, the amino acid po lymer iza t ion  on endogenous messenger RNA 
was more res is tan t  to chloramphenicol  inhibi t ion than  polymer iza t ion  occurring on a 
t empla t e  added  in vilro. LARK AND I,ARI,P % repor ted  tha t  the synthesis  of rep l ica tor  
protein  in E. coli was res is tant  to 3o /*g chloramphenicol /ml .  LEVlXl~; AND SINS- 
HEIMF-R aa found t ha t  the  synthesis  of q)X-vira l -d i rec ted  prote in  in E. coli was res is tant  
to 30/*g chlora inphenicol /ml  but  not to IOO/,g/ml.  This component  was, moreover,  
associated with a rap id ly  sediment ing  fraction wlaich p robab ly  corresponded to 
'naembrane '  or envelope mater ia l  a". 

The results  of our s tudies  and those ment ioned abovea< a6 suggest  tha t  there  
m a y  be dis t inct  differences in the classes of prote ins  in meinbranes  or associated with 
membranes  and tha t  the synthesis  of these prote ins  may  exhibi t  qua l i t a t ive  as well as 
quan t i t a t i ve  differences in response to inhibi tors  such as chloramphenicol .  The 
elucidat ion of the na ture  of these differences shouM throw further  light on the bio- 
synthesis  of the inembranes  and the mechanism of their  resis tance to the inh ib i tory  
effects of chloramphenicol  and  re la ted  ant ibiot ics .  

ACKNOWLEI )GMI~NTS 

This work was suppor t ed  in pa r t  t)y a g ran t  from the Heal th  Research Council 
of the City of New York (U-I646) and a g ran t  from the Nat iona l  Science Founda t i on  
(GB725o). 

l¢iochim, l¢iophys. Acla, 2o 3 (I97 o) ~3-93 



UPTAKE OF [14C~GLYCINE INTO BACTERIAL MEMBRANES 93 

I¢ .EFERENC1, /S  

I P. SIEKEVITZ, (;.  E. PALADE, (; .  DALLNER, I. OHAD AND T. OMURA, in H. J. VOGEL, J. O. 
LAMPEN AND V. BRYSON, Organizational Biosynthesis, A c a d e n l i c  Press ,  N e w  Y o r k ,  i967 ,  p. 331 . 

2 A. \V. LINNANE, in  E.  C. SLATER, J.  ~'~. TAGER, S. PAPA AND E.  QUAGLIARIELLO, Biochemical 
A @ccts of the Biogenesis of Mitochondria, A d r i a t i c a  E d i t r i c e ,  B a r i ,  I968 ,  p. 333- 

3 E.  D. KORN, in  A. COLE, Theoretical and tixperimental Biophysics, Vol.  2, D e k k e r ,  N e w  Y o r k ,  
1969, p. t. 

4 l~. \r~r. }~IENDLER, Protides of the Biological Fluids, 15 (I967) 37. 
5 R.  W.  ItENIILER, Protein Biosynthesis and 3Iembrane Biochemistry, J o h n  W i l e y ,  N e w  Y o r k ,  

I968 ,  p. 296. 
6 11. S. BEATTIE, Biochem. Biophys. Res. Comnzun., 35 (19091 67. 
7 p .  G. W.  PLAC, EMANN, Arch. Biochem. Biophys., i28  (I968) 7 o. 
8 l .  [{AHANE AND S. RAZlN, Biochim. Biophys. Acta, I83  (I9691 79. 
9 G. D. CLARK-WALKER .aND A. W.  LINNANE, J. Cell Biol., 34 (I967)  I. 

IO A. M. I(ROON, Bioehim. Biophys. Acta, 72 (I963) 4o3 . 
11 I. ()HAl), P. SIFKEVITZ AND G. E.  PALADE, J. Cell Biol., 35 (I967) 521. 
I2 J .  K. HOOBER, P. SIEKEVITZ AND (;.  1~. PALADE, J. Biol. Chem., 244 (I969) 2 6 2 L  
13 N. K. BOARDMAN, R.  1. B. FRANCKI AND S. G. WILDMAN, Biochemistry, 4 (I965)  872. 
14 N. S. GEL'MAN, M. A. LUKOYANOVA AND D. N. OSTROVSKII, Respiration and Phosphorylation of 

Bacteria, P l e n m n  Press ,  N e w  Y o r k ,  I967, p. 7 I. 
15 D. C. \VHtTV., J. Biol. Chem., 239 (19641 2055. 
I6  D. C. \VHITE, jr. Bacteriol., 93 (I9671 567 • 
17 M. R. J.  SALTON AND J.  H.  FREER, Biochim. Biophys. Acta, m 7 (I965) 53 I. 
18 M. R.  J.  SALTON AND M. D. SCHMITT, Biochim. Biophys. Acta, I35  (I967) 196. 
I9  (3. H.  LOWRY, N. J.  ROSEBROUGH, A. L. FAme AND R.  J.  RaXDALL, J. Biol. Chem., I93 (~95 l) 

265 • 
20 J.  M. GHUYSEN, D. J. TIPPER AND J. L. STROMINGER, Methods in Enzymology, 8 (I9001 085. 
2I 1:.. F. GALE, Promotion and Prevention of Hynthcsis in Bacteria, S y r a c u s e  U n i v e r s i t y  Press ,  i9~8 ,  

p, I(). 
22 A. l~AJl, H.  ['~AJI AND (~. D. NOVELLI, .]. Biol. Che117., 240 (I9651 1192. 
23 i .  L. SOFFEP,, Bioehim. Biophys. Acla, I55  (1968) 228. 
24 M. R. J.  SALTON AND J.  G. PAVLIK, Bioehim. Biophys. Acta, 39 (I96o)  398. 
25 E.  Mul~oz,  M. R. J .  SALTON AND D. J.  I';LL.XR, Syrup. Fed. European Biochem. Soc,  Madrid, 

I969, in t he  press .  
26 M. R. J.  SALTO.% J.  I t .  [;REEP. AND 11. J.  ]:.LLAR, Biochem. Biophys. Res. Commun., 33 (~9~18). 

9o9 • 
27 D. VAZQUEZ AND l{. 5'IONRO, Biochitn. Biophys. Acla, 1.t2 (1907) 155. 
28 J .  TAXI AND R.  \V. HENDLER, Biochim. Biophys. Acta, 80 ( i964)  279. 
29 R. COLOMBO, L. ]~'ELICETTI AND C. BAGLIONI, Biochim. Biophys. Acta, 119 (19661 IO9. 
3 ° J.  I\[ANDELSTAM .aND H.  J.  I{OGERS, Nature, 181 (1958) 956. 
31 E. F. (;ALE ANn J.  P.  FOLKES, Biochent. J . ,  94 (1965) 39 TM 

32 B. MATH, ] £. REICH AND E.  L. TATUM, Proc. Natl. Acad. Sci. U.S., 5 ° (1963) 175. 
33 D. VAZQUEZ, M. L. CELMA, R.  FERNAYDEZ-MUROZ, V. BATTANER AYD R. E.  MONRO, Fed. 

F. uropean. Bioehem. Soc., A b s t r a c t  83, 1969, p. 44. 
34 Z. KVCAN aXD F. LII, MaNN, J. Biol. Chem., 239 (f964) 516. 
35 K. G. LARK AXD C. LARK, J .  3IoI. Biol., 2o (I966) 9" 
36 .\ .  J .  LEXqNE AXD R.  L. SlXSItEIMER, .]. 3101. Biol., 32 (1968) 567. 
37 I t .  CEDAR AND J.  H. SCHWARTZ, .1. Biol. Chem., 0-44 (1969) 4 I I 2 .  

Biochim. Biop,~ys. Acta, 203 (197 o) 8 3 - 9 3  


