
Bh~chimica el Biophy.sica Acta, 332 (1974) 329-335 

c Elsevier Scientific Publishing Company, Amsterdam Printed in The Netherlands 

BBA 76556 

I N F R A R E D  SPECTRA OF O U T E R  A N D  C Y T O P L A S M I C  M E M B R A N E S  

OF ESCHERICH1A COLI  

KENZO NAKAMURA ;~, D. N. OSTROVSKY ~,', TATSUO MIYAZAWA ~',*" and SHOJI 
MIZUSHIMA=~. *, 

aD(,parllllelll o f  AL*ricullural C]lelllislr3', A/a,~o.l'a U#liversl'l.l', Na~t,'o3'a, 464 (J(ipall) alld h/liSt/lille 
for Protein Research, Osaka Universit.l', Yamada-kami, Suita, Osaka, 565 (Japatt) 

(Received September 17th, 1973) 

SUMMARY 

Outer  and cytoplasmic membranes  of Escherichia colt were prepared by a 
method based on isopycnic centr ifugation on a sucrose gradient. The infrared 
spectra of solid films of these membranes  were studied. The cytoplasmic membrane  
had an amide ! band at 1657 cm ~ and an amide II band at 1548 cm -I . The outer 
membrane  had a broad amide I band at 1631 1657 cm -1 and an amide II b:.tnd 
at 1548 cm i with a shoulder at 1520 1530 cm i Upon deuterat ion,  the amide 
1 band of the cytoplasmic membrane  shifted to 1648 cm ], whereas the band at 
1631 cm t of the outer membrane  remained unchanged. After extraction o f l i p id s  
with chloroform and methanol ,  the infrared spectra in the amide I and amide 11 
regions of both membranes  remained unchanged. Although the ouler  membrane  
specifically contained lipopolysaccharide, this could not account for the difference 
in the infl'ared spectra of outer and cytoplasmic membranes.  It is concluded thai. 
a large portion of proteins in the outer membrane  is a /;-structured polypeptide, 
while this conformat ion  is found less, if at all in the cytoplasmic membrane.  

INTRODUCTION 

The cell envelope of Escherichia colt contains two membranous  components ,  
the outer membrane  and the cytoplasmic membrane.  They have been separated 
from each other [ I -3] ,  and structural  and functional  differences between these 
components  have been studied [I 10]. 

Recent evidence indicates that infrared spectroscopy is a useful technique 
for s tudying the conformat ion  of proteins of cellular nlembranes and the inter- 
relationships between membrane  proteins and lipids [11 17]. In the present sludy, 
infrared spectra of the outer  membrane  from E. colt was compared with those 
of the cytoplasmic membrane.  The outer membrane  was found to differ significantly 
from the cytoplasmic membrane  in the conformat ion  of its proteins. 

" Present adress: Institute of Biochcmistry, Academy of Sciences of lhc U.S.S.R., Moscow, 
U.S.S.R. 

** To ~vhom correspondence should be addressed. 
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M [ : f H ( ) I ) S  

l,~glcl{,ria/ .~lrtziH 
E. coli YA21 was used, a leucine-auxotroph mutant derived from 1:'. u, / i  

K l 2 ( m e t  , F , ,:+ ) tised in the previousst t ldy [ 2 ] .  

I>r47>uralioH +~/ ouler aHU c l'lo/Uu.v/~/ic m+'#l/hram'.~ 
Outer and cytoplasmic membrut-ms were prepared principally ;_tccording to 

the rnethod described previously [1] with some modifications (Mizushima, S. and 
Yamada,  H., unpublished). Details o1" the procedure will be published elswhere. 
Briefly, cells were grown in a modified Fraser and Jerrels" medium [18] in which 
the amount  of  glycerol and polypeptone was one third of  th~.tI of  lhe original com- 
position. For the preparation of  spheroplasts, ice-cold reagents were slowly added 
to 35.5 niI of  the washed cell suspension (I g dry weight)in ice water in the t~)llowing 
order:  20 ml of  0.1 M Tris HCI buffer (pH 8.0. at 24 C), 18 rnl of  2 M sucrose. 
3.5 ml ot" I"<, Na-EI)TA (pH 7.0) ~.tnd 3.5 ml of 0.5<',, lysozyme. The mixture was 
warmed to 30 C within 2 3 rain and kept at this ternperature for 60 rain. A part 
of  the outer membrane was rele;_tsed l'rom spheroph.tsts during the incubation. The 
released rnembrane was sep;xrated from spheroph.tsts by centrifugation at 15 000 
rev./min for l0 rain. sedimented by high-speed centrit 'ugation (38000 rev./rnin 
lor 45 rnin) and purified by centril 'ugation on a sucrose gradient (outer mernbranc 
I). A membrane fraction was also prepared from the spheroplasts and separated 
into a cytoplasmic and an outer mernbrane fraction by sucrose density gradient 
centrifugation (cytoplasmic nlembrane and outer rnernbrane I1). Membrunes 
were recovered by cerltrifugution (38000 rev. /rain, 20 rain), washed three times 
with water and suspended in water to make the protein concentration 10 15 
lng/ml. For 2H labeling, membranes were washed tht+ee times with 2H,O. 

h!/J'aruU V>u('tr+z 
A Hitachi Model EPI-G3 or .h tsco  Model I R-G infrared spectrophotcm'mtcr 

was used. A standard polystyrene lilm (Hitachi Ltd.. Tokyo)  wus used t'or the calibra- 
tion c,f absorption peuk frequencies. 

For the preparation of solid lilms, a preparation (20 40 MI. 0.3 0.6 mg protein) 
was spread on u K RS-5 plate into rectangular shape (10 rnrn. 20 ram) and was 
dried in air at roorn temperature. In case of  the 2H-h.ibeled preparations, solid 
lilms were prepurcd in wicuo inside the moisture control cells equipped with 
K R S - 5  plates. All measurements on ell-labeled preparations were carried out in the 
absence of -'H+O vapour because - 'H,O vapour (320<> saturat ion:  with C'aCI, 
saturated with : H 2 0 )  did not make ~_tny difference in the spectra. Infrared spectra 
in 2H+O solution were measured witll a KRS-5 liquid absorption cell (path length 
0.()5 11111]). 

Oth+u" s~lvlhotL~ 
Lipopolysaccharide was prepurcd t'i'Olll the cell envelope of  the same strain 

according to the method of  Osborn [19]. Purilied murein of E. coli was a gift from 
Dr Yanai. 

The HII10tlI11 Ol" [ip(~polys;.t+.+'L'll~It'idc i l l  OLIICI" I l lCl l l l 'q '~l l lC pl'L'p~+ll'~llJOn:-, \\4", 
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estimated from their 2-keto-3-deoxyoctonic acid content which was determined 

as described by Osborn et al. [20]. The purified lipopolysaccharide was used as 
reference material. The amount  of  rnurein in outer membrane preparations was 
estimated from their diaminopimelic acid contenl which was determined by means 
of  an amino acid analyser (Japan Electron Optics Lab., JLC-SAH). Samples were 
hydrolysed with 6 M HCI at 110 C tk)r 20 h. The purified murein was used as refer- 
ence t-naterial. 

R E S U I . T S  

h!/i'ared spectre, qf outer am/c.vlop/a,~mic membranes 
Fig. I shows the amide I and amide I1 regions of  the infrared spectra of  dried 

films cast from aqueous suspensions of  outer and cytoplasmic membranes. The 
amide I band of  the cytoplasmic membrane showred a peak centered at 1657 cm t 
indicating an ~-helical and/or  random-structured polypeptide. The lack off absorption 
around 1631 cm ~ indicates that there is little fi-structured polypeptide in the 
cytoplasmic membrane. On the other hand, the amide 1 band of  outer membrane 
showed a broad peak at 1631-1657 cm i covering the region associated ~.ith /;- 
structured polypeptides as well as an z-helical and/'or random-coiled structure. 

Another  difl'erence between the two preparations was observed in the amide 
I1 band. The amide II band of  the outer membrane showed a peak at 1548 cm 
with a shoulder at about 1520 1530 cm -~ where the amide [1 band of / ; -s t ructured 
polypeptides should be expected [21.22]. The shoulder was hardly visible in the 
spectrum of the cytoplasmic membrane. Outer membrane 11 separated from 
cytoplasmic membrane by centrifugation on a sucrose gradient showed e,,;senlially 
the same spectrum as thal of  outer membrane 1 (Fig. 2). 

Q.2 

0 .4  c 

L 
o 

0 6  

G8 

1.0 

m m 

I 
1700 1 5 0 0  

F r e q u e n c y  (cm "1 ) 

0 2  

0.4 

0 6  

0.8 

10 

\ 

I I 
1 7 0 0  1 5 0 0  

F r e q u e n c y  (cm -1 ) 

Fig. I I n f r a r ed  spec t r a  of  a so l id  f i lm of  o u t e r  a n d  c y t o p l a s n l i c  m e n l b r a n e s .  , o u t e r  m e m -  
bl'~lllC ~ . c y t o p l a s m i c  I l l e l l l b l ' i l l l C .  Hi tach i  E P I - G 3  in f r a r ed  s p e c l r o p h o t o l n c t c r  w a s  u s e d .  

Fig. 2. I n f r a r ed  specll'l.lll) o f  ~1 so l id  flirt1 of  OLller i1~1c1111~i-[11]~2 II. t l i t a c h i  E P I - ( , 3  hfl ' rarcd si~cCll'O- 
p h o [ O l l l ¢ I C l "  \~.,~ts klxCd. 



As shown in Fig. 3, tile ex t rac t ion  o l ' l i p ids  f rom dried films with ch lo ro fo rm 
m e t h a n o l  (2: 1. v/v) did not  a l ter  the spectra  oi" the amide  1 and  amide  1I regions.  
Judg ing  f rom the d i sappea rance  of  the band  at 1740 cm ~ due to C = O  s t re lch ing  
v ib ra t ion  of  Fatty acid esters [14], the removal  o l ' l i p ids  f rom tile cy top lasmic  mem-  
b rane  seemed comple te .  A small  peak in the spec t rum of  tile l ip id-deple ted  ou te r  
m e m b r a n e  at 1740 cm t must  be due to fat ly acid esters in l ipopolysacchar ides .  
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Fig. 3. Effect of lipid extraction on inl'rared spectrum of menlbrancs. A solid l}lm o1" membrallc 
v, as kcpi overnigl'll in ct'dorol'ornl methanol (2:1, ,. v ) and  dried in vacuo. (a)lipid-depicted 
outer rncmbranc 1; (b) lipid-depleted cyloplasmic ii-lcmbrane. Hitachi I!PI-G3 infrared spcclro- 
p h o t o i l l c l o r  \~,~.lS t lscd. 

Fig. 4. Inl'rarcd spectra oI a solid film or ell-labeled outer and c$.toplasmic membranes, la) outer 
menlbranc 1: {b) cytoplasmic meml-~ranc. Hitachi EPI-G3 hH'r'ared sl~eclrophotomcicr was tiscd. 

~n/fared Xlwclr a q [  2 l l - labe/ed oulev and c rloplusmic membram'~ 
Fig. 4 shows infrared spectra  ol" dr ied films cast From 2H-labeled suspens ions  

of  m e m b r a n e  p repara t ions .  U p o n  -'H label ing,  the amide  I band  oF the cy top lasmic  
m e m b r a n e  was shifted to 1648 cm l This  indicates  that a large por t ion  of" tile 
amide  1 b;.tnd of  cy top lasmic  m e m b r a n e  was due to tile r a n d o m  coil conlk~rmatJon, 
l'or r andon l  coil is the oilly con t \ ) rma t ion  which readi ly changes  the pos i t ion  o1" lhe 
am ide  1 band  upon  2H htbel ing [22[. In the 2H-labeled ou te r  m e m b r a n e ,  a peak 
at 1631 cm ~ is p r e d o m i n a n t  in t h e a m i d e  1 region,  s u p p o r t i n g  theabove-ment io i~ ,ed  
obse rva t ion  that  /:~-structured po lypep l ides  are s igni t icant  in the ou te r  m e m b r a n e .  

Fig. 5 shows infrared spec t ra  of  m e m b r a n e s  w.ashed and  suspended  in - 'H ,O.  
Spectra  a r o u n d  the amide  I region were ident ical  to those ob t a ined  on dried l i lms 
cast t 'rom 2HeO suspens ions .  

In all spect ra  examined  so far, there was no resolved shou lder  a r o u n d  
I685 cm i. charnt. ' lerislic o l  lhc : . inl iparal lel-chain pleated slleel [211. 
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Fig. 5. Infrared spectra of outer and cytoplasmic membranes in eH20. Protein concen{ration of 
membrane preparation was about 30 mg/ml. (a) outer membrane [; (b) cytoplasmic membrane. 
Hitachi EPI-G3 infrared spectrophotometer was used. 

Fig. 6. Infrared spectra of a solid film of lipopolysaccharide and murein. 1.6 mg of lipopoly- 
saccharide in 800 tal of water or 0.35 nag of murcin in 70 ffl of water was cast over KRS-5 plate. 

-, l ipopolysaccharide; .- , murein..lasco I R-G infrared spectrophotometer was used. 

Fig. 7. Infrared spectra of a solid film cast from a mixture of cytoplasmic membrane and lipo- 
polysacharide. Cytoplasmic membrane (0.32 mg protein) in 40 ffl of water was mixed with various 
amounts of lipopolysaccharide (2 mg/ml) and cast over KRS-5 plate. Jasco IR-G inflared 
spec/rophotomeler was used. Amount of lipopolysaccharide per mg protein: - , 0 rag, . . . . . .  , 
0.63 rag; • - ,3.12 rag. 

ht/tuence of  other constituents qf  the membrane preparation on #,~'ared ,g~ectra 
Besides pro te ins  and  lipids,  l i p o p o l y s a c c h a r i d e  and l 'nurein were  t h o u g h t  Io 

be cons t i t uen t s  o f  the o u t e r  m e m b r a n e .  The  o u t e r  m e m b r a n e  used for  inf rared  

spec t ro scopy  con ta ined  0.3 0.8 mg  o f  [ ipopo lysaccha r ide  per  mg  pro te in  whi le  
the  a m o u n t  o f  mure in  was on ly  a b o u t  20 fig/nag pro te in .  

The  infrared spec t rum o f  pur i f ied l i popo ly saccha r ide  is shown in Fig. 6. 

A l t h o u g h  the spec t rum was qu i te  di f ferent  f rom that  o f  the o u t e r  m e m b r a n e ,  it 

had an abso rp t i on  band a r o u n d  1630 cm - I .  The  poss ib i l i ty  tha t  the  presence  o f  
l i p o p o l y s a c c h a r i d e  cou ld  accoun t  for  the dif ference in the spec t ra  o f  o u t e r  and 

c y t o p l a s m i c  m e m b r a n e s  was then  examined .  Fig. 7 shows the inf rared  spec t ra  

o f  the  c y t o p l a s m i c  m e m b r a n e  mixed  with  different  a m o u n t s  o f  l i popo lysaccha r ide .  
The  a m i d e  I region o f  a sample  in which the p ro te in :  l i popo lysaccha r ide  ra t io  was 
the same  as that  in the ou t e r  m e m b r a n e  was s imi l a r  to tha t  o f  the  c y t o p l a s m i c  

m e m b r a n e .  Spec t r a  o f  samples  wi th  a h ighe r  l i popo lysaccha r ide  con ten t  were  
d i f ferent  f r o m  tha t  o f  the  ou t e r  m e m b r a n e  (Fig.  7). A l t h o u g h  the di f ference was 
no t  so s ignif icant  as in the case o f  the amide  I region,  the  amide  II region o f  the 
c y t o p l a s m i c  m e m b r a n e  with  l i popo ly saccha r ide  was also different  f rom tha t  o f  the  
o u t e r  m e m b r a n e  (Fig.  7). The  infl-ared spec t rum o f  mure in  is shown in Fig. 6. 
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Al t l lough llle amide 1 region of  murein wits ,,cry s imilar  to that of  f.he outer  men> 
brahe,  such a small  anlou]lt  of  mureiil  ~ts found in lhe Otiler membrane  prepltrali tnl  
did not make any signil icant difference in the infrared spect rum of  the membrai!e 
p repara t  ions. 

I)IS(USSION 

Extensive studies have been carr ied out on the pos i t ions  and shifts of  amidc  
I and I1 bands.  It is flow possible to relate small  differences in band posi t ion to 
specific difl 'erences in the cont\~rnlations of  poly.peptide chains [21 ]. The lJ'-struciured 
po lypep t ide  chain shows amide  I and amide  11 bands at 1628 1635 cm ~ and :.tt 
1521 1525 cm ~ respectively, while the ~-helical or random-coi l  polypept ide  
sho~.s amide  1 and amide 11 bands at 1652 1657 cm ~ ~_tnd 1545 1551 cm 1 
respect iveh .  Al though the random-coi l  polypept ide  chain is knowl~ to have an 
amide  1 band slightly higller ill frequenc 5, than thai  of  the ~_-llelical chitin [21 ]. 
quant i ta t ive  analysis  on the content  of  po lypepi ides  of  each contk~rmation is ha rd l \  
possible.  

The infrared spectra  of  cel lular  membranes  ha \ e  been studied extensively. 
Spect ra  of  e ry throcyte  ghosts [11,12], p lasma membrane  and endoplasmic  ret iculum 
o l  Ehrlich ascites ca rc inoma [14] showed no indicat ion o l ' t h e  />'-structured poly- 
pepi ide  chain in these membranes .  Recently, however, the presence of  /;-con- 
l'c)rmation in the mi tochondr ia l  membrane  [15] and rat ad ipocyte  p lasma membrane  
[17] has been shown by infrared spect roscopy.  

In the present study,, we have found some signil icanl dilTerences in inl'r~u'ed 
spec t ra  of  cy top lasmic  i:nd outer  membranes  both of  which were deri, ,ed from the 
sltme bacterial  cells. Differences were l\)und to be due to the presence of  a significant 
amount  of  l~'-structured po lypept ide  chain in the outer  membrane  from the fol lowing 
observat ions"  {1) The amide  1 band o|" the outer  membrane  shov,.ed a broad peak 
(1631 1657 cm ~) covering the region due to /)-structured polypept ide .  (2) Upon 
2H labeling, the peak at 1631 cm t remained unchanged. (3) Lipid depletiori  of 
membrane  p repara t ions  with chloroform and methanol  did not change the spectra 
of  amide  1 bands.  (4) The presence o1' l ipopolysacchar ide ,  another  111~.tJl+l const i tuent  
of  the oute i  membrane ,  could not account for the character is t ic  absorp t ion  a round  
1631 cm ~. (5) The amount  o f m u r e i n ,  vvhich showed absorp t ion  at 1630 1640cm 1 
was insignificant in the outer  membrane  prepara t ion  studied in the present p+tper+ 
A signil icant amount  of  murein was t \mnd in an outer  membrane  prepara t ion  
prepared  in a difl'erent way [20]. (6) In the spectrum of  the outer  membrane ,  a 
shoulder  was observed at 1520 1530 cm ~ where t h e a m i d e  II band o f l ; - s t ruc tu red  
po lypept ide  is h)calized. 

Proteins of  the outer  membrane  are supposed to be synthesized inside the 
cy top lasmic  membrane.  Therefore.  these membrane  proteins  ha,~e to be excreted 
through the cy toplasmic  membrane  ~.hich is composed  of  many proteins.  How 
do bacter ia  dist inguish proteins  which are lo be excreted out of  the c~toplasmic  
membrane  and incorpora ted  into the outer  membrane,  from those to be incorpora ted  
in the cy toplasmic  membrane?  It would be interesting, on this point,  if some difl'er- 
ences in te r t i a ry  s tructure were observed between outer  membrane  alld cytoplasmic  
membrane  proteins.  
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By lhe  m e t h o d  d e s c r i b e d  in t h i s  pape r ,  a b o u t  h a l f  o f  the  o u t e r  m e m b r a n e  

( o u t e r  m e n a b r a n e  1) was  a lways  re leased  f r o m  s p h e r o p l a s t s ,  wh i l e  the  o t h e r  h a l f  

r e m a i n e d  o n  s p h e r o p l a s t s  ( o u t e r  m e m b r a n e  11). As  far  as i n l r a r e d  s p e c t r a  a re  

c o n c e r n e d ,  h o w e v e r ,  no  d i f f e rence  was f o u n d  b e t w e e n  t h e m .  

F ina l ly ,  o u r  s t u d y  i n d i c a t e s  t h a t  i n f r a r e d  s p e c t r o s c o p y  is a useful  t e c h n i q u e  

l\~r a r ap id  d i s t i n c t i o n  b e t w e e n  o u t e r  and  c y t o p l a s m i c  m e m b r a n e s .  
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