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SUMMARY 

A mutant  was isolated from Escherichm col, K-I2 which became more sensitive 
towards dyes and detergents. This mutant,  which was isolated following nitroso- 
guanidine mutagenesis, was shown to carry at least two distinct mutations The first 
mutation resulted in the reduction of an acidic protein in the outer membrane fraction 
of the cell envelope. The second mutation affected the activity of phosphogiuco- 
isomerase. The alteration of the membrane proteins in this mutant  was demonstrated 
by polyacrylamide gel electrophoresis in 2 % sodium dodecyl sulfate, as well as by 
anion-exchange column chromatography of membrane proteins rendered soluble in 
6 M urea by the procedure of Moldow et al. (C. Moldow, J. Robertson and L. I. 
Rothfield, J .  Membrane Bwl . ,  1972, in the press). 

INTRODUCTION 

Electron microscopic studies have shown that  the cell envelope of Eschenchm 
col* and other Gram-negative enteric bacteria is a complex multilayered structure, 
in which the rigid layer of peptidoglycan and its associated components is sandwiched 
between the inner cytoplasmic membrane and the outer membrane-like layer1, 2 
Separation of cytoplasmic and outer membrane fractions was first achieved by Miura 
and Mizushima 3, 4, using sucrose density gradient centrifugation of EDTA-lysozyme 
spheroplast membranes. Osborn et al. 5 have demonstrated several differences in the 
chemical constituents and enzymatic complements of these two membrane fractions. 
In agreement with the immunological data of Miura and Mizushima in E. coli K-I2, 
lipopolysaccharide was found to be almost exclusively in the outer membrane of the 
cell envelope in Salmonella typhimurium. The protein components of these two 
membrane fractions were also found to differ in size distribution as revealed by 
polyacrylamide gel electrophoresis in 2 % sodium dodecyl sulfate, and a predominant 
polypeptlde band with an approximate molecular weight of 40o00 was found to reside 
in the outer membrane fraction of the cell envelopes of E. coli, S. typhimurium and 
other Gram-negative bacteria 5,~-s. Recent work of Moldow et al. 9 suggests that  this 
major outer membrane protein component is composed of a number of polypeptides 
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of similar sizes which could be fractionated by ion-exchange column chromatography 
and by polyacrylamide gel electrophoresis in 6 M urea at various pH values. The 
present communication is concerned with the isolation and characterization of an 
E. coli mutant  with alteration in this major component of the outer membrane 
proteins. 

MATE R IA L S  AND METHODS 

Bacterml strains and growth conditions 
The strains of E. coli K-I2 used in the present study are listed in Table I. Strain 

E I I I  required glucosamine for growth due to a genetic defect in the activity of 
glucosamine-6-phosphate synthetasO °. Media and growth conditions were the same 
as previously described 1°. 

TABLE I 

CHARACTERISTICS OF BACTERIAL STRAINS 

Strazn Mating Relevant genotypes Source and reference 
type 

ABII57 F- 
EliX F- 
EI27 F- 
EI34 F- 
HfrC Hfr 
DF2ooo Hfr 
EIII  pg~- F- 
EI27 pgi + F- 

arg-pro-leu-thr-h~s-thz- galK-strAr 
arg-pro-leu+thr+ h,s+thrgalE-strAr glmS - 
arg-pro-leu+thr+ h,s+thrgalE-strArpgr 
arg-pro -leu+thr+h,s+th,-galE -strArT4r 
strAs 
pgz-2 zwf-2 strA8 
arg+glmS-pgr (other markers not tested) 
arg+pgi + (other markers HOt tested) 

E. A. Adelberg 
WuX0 
EIII  (NTG), this paper 
EIII  (NTG), this paper 

D Fraenke132 
DF2ooo × EIII,  this paper 
HfrC × EI27, this paper 

Isolation of the mutant strain Ez27  
As shown previously, there was a very rapid loss of viability of cells of this 

mutant strain E I I I  upon removal of glucosamine from the media even in the presence 
of sucrose. The loss of viability of glucosamine starved cells was accompanied by an 
extensive degradation of preexisting peptidoglycan. We have taken advantage of 
this strong selection pressure to isolate mutants resistant to this killing. An exponen- 
tially growing culture of strain E I I I  was harvested, washed and treated with nitroso- 
guanidme at IO0/~g/ml for 20 rain at 37 °C at pH 6.0 (ref. II) .  The cells were washed 
once with normal sahne and grown overnight at 3 ° °C in proteose peptone beef 
extract broth containing 200/~g/ml glucosamine-HC1 Cells were washed again and 
resuspended in proteose peptone beef extract broth containing I0 % sucrose but no 
glucosamine. The cells were then incubated at 42 °C for 9 ° rain to enrich non-autolytic 
mutants. The survivors of this starvation of glucosamine for a limited duration were 
plated on proteose peptone beef extract media containing 0.05 % glucosamine-HC1 
and the plates were incubated at 30 °C. Mutant strain EI27 was isolated as one of 
these glucosamine-independent "revertants". 

Genetic techniques 
Conjugation was performed as described previously l0 To construct a pg i -  

derivative of strain E I I I ,  arg+ atrAr recombinants were selected in a mating ex- 
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periment between strain E I I I  and DF2ooo. Likewise, to isolate pgi+ derivative 
of strain EI27, arg+strA r recombinants were selected m a cross between EI27 and 
HfrC. These arg+strA r recombinants were grown and assayed individually for phos- 
phoglucoisomerase activity and the final assignment of pg, marker was based on 
direct biochemical assays of this enzyme 

Enzyme assays 
Preparation of cell free extracts and assays for the activities of glucosamine-6- 

phosphate synthetase, glucosamine-6-phosphate deaminase, UDPG::c-D-galactose- 
1-phosphate uridylyltransferase and UDPG 4-epimerase were described previously 1°, 12 

Activities of phosphoglucoisomerase, glucose-6-phosphate dehydrogenase, 
phosphoglucomutase and UDPG pyrophosphorylase were measured spectrophoto- 
metrically by coupling these reactions to the reduction of NADP + by glucose 6-phos- 
phate. The incubation mixtures contained, in a final volume of I ml, 50 #,moles of 
Tris-HC1 (pH 7.8), IO #moles of MgC12, o.3/,mole NADP +, crude extract and I / ,mole  
of glucose 6-phosphate for the assay of glucose-6-phosphate dehydrogenase. 

For the assay of phosphoglucomutase, 50/,moles Tris-HC1 (pH 7.8), 7.5/,moles 
MgC12, i #mole dithiothreitol, 0.3 #mole NADP +, ro nmoles glucose 1,6-diphosphate, 
excess glucose-6-phosphate dehydrogenase, crude extract and I /*mole of glucose 
1-phosphate were used. 

5o #moles of Tris-HC1 (pH 7.8), 7.5/,moles MgCI~, 0.3 #mole NADP+, excess 
glucose-6-phosphate dehydrogenase, crude extract and i /*mole of fructose 6-phos- 
phate were used for the assay of phosphoglucoisomerase; 50 /,moles of Tris-HCl 
(pH 7.8), I / ,mole  of MgClz, I / ,mole  of dithiothreitol, I / ,mole  of NADP +, 0.5/,mole 
of UDPG, IO nmoles of glucose 1,6-diphosphate, excess of glucose-6-phosphate 
dehydrogenase and of phosphoglucomutase, crude extract and 5 /*moles of inor- 
gamc pyrophosphate for the assay of UDPG pyrophosphorylase activity. 

Activities of these enzymes were expressed as/,moles of product formed per mg 
of protein per hour. 

Preparat, on of cell envelope fractions 
Bacteria were grown aerobically with vigorous shaking in 500 ml proteose 

peptone beef extract broth in a 2-1 Erlenmeyer flask and harvested at mid-logarithmic 
phase of growth. Cells were washed with saline and resuspended in IO mM Tris-HC1 
(pH 7.8). The cells were then sonicated at 4 °C and centrifuged at IOOO × g for IO min 
in a refrigerated Sorvall centrifuge for the removal of unbroken cells. The supernatant 
solution was centrifuged at 270000 × g for 2 h at 4 °C. The pellet was resuspended 
in I ml of IO mM Tris-HC1 (pH 7.8). Lysozyme was added to a final concentra- 
tion of IOO #g/ml and the suspension was incubated at room temperature for 30 mln. 
The lysozyme-treated sample was brought up to 12 ml with IO mM Tris-HC1 (pH 7.8) 
containing 5 mM EDTA and 0.2 M KC1, and centrifuged again at 270o0o × g for 2 h 
at 4 °C. The pellet was washed once more with the same buffer containing EDTA and 
KC1. The final pellet was taken up in I ml of water and the protein concentration was 
determined according to Lowry et al) 8. 

Separation of ,nner and outer membranes of E. coli cell envelope 
Fractionation of E coli cell envelope into inner cytoplasmic membrane and 

outer membrane was accomplished with the procedure of Osborn et al. ~. Cultures in 
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proteose peptone beef extract  broth were grown with vigorous aeration at 37 °C to 
an absorbance of 0.6 at 60o nm. Cells were harvested by  centrifugation and resus- 
pended in cold 0.75 M sucrose-Io mM Tris-HC1 (pH 7.8) at a final absorbance of the 
suspension of IO. Lysozyme was added to a final concentration of lO0-15o #g per ml 
of cell suspension. About 2 min later, the lysozyme treated cells were diluted slowly 
with two volumes of 1.5 mM EDTA (Na+), pH 7.5. The spheroplasts formed by the 
combined action of EDTA and lysozyme were lysed by  brief sonic oscillation. The 
membranes were collected by centrifugation at 270 ooo × g for 2 h at 2-6 °C, washed 
with 0.25 M sucrose-3. 3 mM Tr i s - I  mM EDTA by ultracentrifugation, and the washed 
membrane was suspended in small volume of 25 % sucrose (w/w) containing 5 mM 
EDTA (pH 7.5). The membrane suspension was then subject to isopycnic sucrose 
density gradient centrifugation at 41o00 r ev /min  for 12-16 h at 2-6 °C in a step-wise 
sucrose gradient of 30 to 60 % sucrose. Centrifugation to equilibrium resulted in 
separation of discrete membrane bands. 

Polyacrylamide gel electrophoresis 
All gels were run with circulating tap water for cooling. Sodium dodecyl sulfate 

gel electrophoresis was performed on 7.5 % polyacrylamide gels in the presence of 
2 To sodium dodecyl sulfate according to Fairbanks 14,15. Samples (15o-2oo/~g protein 
per gel) were heated to ioo °C for 20 min in 2 % sodium dodecyl sulfate, 25 mM 
dithiothreitol, 25 mM Tris-HC1 (pH 7.8) before being applied to the gels (0.6 cm × IO 
cm). Electrophoresis was run for 7-9 h at 3 mA per gel with pyronin Y as the tracking 
dye. The gels were fixed, the sodium dodecyl sulfate removed by soaking in 25 % 
isopropanol in IO % acetic acid and stained with Coomassie blue as described by 
Fairbanks14,15. For radioactive samples, ethylene diacrylate was used as the cross- 
linking agent at a final concentration of 0.2 %. Gels were sliced to I mm thickness 
each, and each shce was dissolved in I ml of I M NH4OH and counted in IO ml of 
Pat terson-Greene 's  scintillation solution TM. 

7.5 To potyacrylamide gel electrophoresis was also performed ill the presence 
of 6 M urea in potassium acetate buffer (pH 4.5) as described by Reisfeld et al.lL 
Samples were applied in IO mM sodium acetate buffer (pH 4.5) containing 6 M urea, 
5 mM/~-mercaptoethanol and IO % sucrose. Electrophoresis was run at 3 mA per gel 
for 12-14 h, and were stained for 2 h with 0.25 TO Amido Black in IO % acetic acid 
and destained electrophoretically. For alkaline urea gels, 7.5 TO polyacrylamide gels 
were prepared in 6 M urea and o.I M Tris-HC1 buffer (pH 8.5). The running buffer was 
25 mM Tris-glycine buffer at pH 9.2. Electrophoresis was run at 3 mA per gel for 
4-5 h, stained with Amido Black and destained electrophoretically as described above. 

DEAE-cellulose column chromatography of membrane proteins in 6 M urea 
Solubilization and fractionation of membrane proteins by DEAE-cellulose 

column chromatography were carried out by  the method of Moldow, et al.L DEAE- 
cellulose (Cellex D, Biorad) was extensively washed with 0.5 M NaOH, o.5 M HC1 
and then water. The washed DEAE-cellulose was equilibrated with 5 mM Tris-HC1 
(pH 7 8) containing 6 M urea. 

The pellet obtained after centrifugation of the cell envelope fraction at 27o ooo 
× g for 2 h at  4 °C, was resuspended and extracted with I ml of 6 M guanidinium 
thiocyanate buffered with IO mM Tris-HC1 at pH 7.8, and centrifuged at 17500o 
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× g for 2 h at room temperature.  The extraction and centrifugation were repeated 
and the supematan t  solutions were combined, and dialyzed against 250 ml of 5 mM 
Tris-HC1 buffer (pH 7.8) containing 6 M urea at 4°C overnight with two changes 
of dialysate. The solubilized membrane proteins were applied to a I cm /. 22 
cm column. The column was washed with IOO ml of 5 mM Tris-HC1 (pH 7.8) buffer 
containing 6 M urea, followed by a linear gradient of o to o 2 M NaC1 in the same 
Tr is -HCl-urea  buffer (200 ml each). The column was further eluted with 0.5 to I M 
NaC1 in the same buffer, followed by  IOO ml of 6 M guanidinium thiocyanate in 5 mM 
Tris-HC1 buffer (pH 7.8). 

Isolation of lipopolysaccharide and analys,s of its chemical composition 
For the isolation of lipopolysaccharide, bacterial cells were grown in proteose 

peptone beef extract  broth in a 12-1 fermentor. The cells at the early stat ionary phase 
of growth were collected by  continuous-flow centrifugation in a refrigerated Sorvall 
centrifuge. Lipopolysaccharide was isolated using the phenol-water procedure of 
Westphal et al. is. Heptose and 2-keto-3-deoxyoctonate were assayed as described by 
Osborn TM. Total phosphate was determined by the method of Ames and Dubin 2°. 
Glucose was determined with hexokinase and ATP coupled with the reduction of 
NADP + in the presence of excess glucose-6-phosphate dehydrogenase, following the 
hydrolysis of the hpopolysaccharide in I M HC1 at IOO °C for 5 h in sealed evacuated 
tubes. Internal standards were included and the values given have been corrected 
for lO-2O % loss of added glucose during hydrolysis. Glucosamine was measured by 
the Elson-Morgan reaction ~1, after hydrolysis of the lipopolysaccharide in 4 M HC1 
at ioo °C for 6 h in vacuo. 20-30 % loss of added glucosamine during hydrolysis was 
also corrected for. 

For the preparation of lipid A-free polysaccharide, lipopolysaccharide solution 
was hydrolyzed in 1% acetic acid at IOO °C for 30 min. The insoluble hpid A was 
removed by  centrifugation at 200o0 × g for IO min at 4 °C. The supernatant solution 
which contained lipid A-free polysaccharide, was assayed for total phosphate by the 
method of Ames and Dubin *°. 

Chemicals and other assays 
All chemicals used were reagent grade from commercial sources. 14C- and 

3H-labeled amino acid mixtures (NEC-445, IOO /zCi/ml and NET-25o, I mCi/ml, 
respectively) were purchased from New England Nuclear Corp. Radioactivities were 
determined in a Beckman scintillation counter with toluene-based scintillation 
solution. 

RESULTS 

General characteristics of strain Ex27 
Strain EI27 was obtained as a survivor of glucosamme starvation following 

nitrosoguanidine mutagenesis of strain E I I I .  In  addition to the ability to grow in the 
absence of glucosamine, other phenotypic properties in this mutant  which were 
suggestive of alterations in its cell envelope, are listed in Table II .  Thus strain EI27 
was found to be resistant to T4 phage, sensitive to C2I phage and its growth was poor 
on EMB and MacConkey media, suggesting increased sensitivity towards dyes and 
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detergents. As described below, there were at least two mutational events in strain 
EI27, either or both of which may be responsible for these phenotypic differences 
between the mutant and the parental strain. 

TABLE II 

P H E N O T Y P I C  P R O P E R T I E S  O F  M U T A N T  S T R A I N  EI27 As C O M P A R E D  T O  T H O S E  O F  T H E  P A R E N T A L  

S T R A I N  E I I I  

Growth Strain E x H  Strain Ez z  7 

Nutr ient  agar (no NaC1) 
Nutr ient  agar + o 0 5 % glucosamme + 
Nutr ient  agar containing o 5 % NaC1 
Nutr ient  agar containing o 5 % NaC1 

+ o 05 % glucosamme + 
L broth (contalnmg o 2 % glucose) 
L broth + o 0 5 % glucosamlne ± 
EMB + 1% N-acetylglucosamme + 
MacConkey + i % N-acetylglucosamme + 

Phage sens*tw,ty 
T4 

C2I 

+ 

+ 
± 
+ 

f m 

S Resistant  in minimal media, 
partially resistant in rich media 

S S 

" Plat ing efficiency of strain EI27 on EMB-GlcNAc plate was about 5" lO-4 
** Plating efficiency of strain EI27 on MacConkey-GlcNAc plates was about 5" lO-4 

111 , .  

m 

! 

| 

| 

! 

, + 
Fig i Polyacrylamxde gel electrophoresis in the presence of 2 % sodium dodecyl sulfate of total  
cell envelope proteins isolated from the wild-type strain (EI~I, left gel) and from the m u t a n t  
strain (EI27, right gel). The details for the  preparation of samples and for the sodium dodecyl 
sulfate gel electrophoresls were given in the  Materials and Methods. 
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Alterations of the envelope proteins in strain Ez27 
When the total envelope proteins of strain EI27 and strain E I I I  were analyzed 

by polyacrylamide gel electrophoresis in the presence of 2 % sodium dodecyl sulfate, 
there was a significant reduction in the staining of a protein band with a molecular 
weight of approx. 40000 (Fig. I). This protein band represents the major component 
seen by sodium dodecyl sulfate gel electrophoresis and is largely derived from proteins 
located in the outer membrane of the cell envelopeS, ~. 

The diminution of the major band in strain EI27 as compared to that of E I I I  
was confirmed by a double-labeling experiment. E I I I  and EI27 were labeled with 
3H- and 14C-labeled amino acid mixtures, respectively. The cells were then mixed and 
treated as a single sample during isolation of the cell envelope and the subsequent 
analysis. When the isolated envelope preparation was solubilized with 2 0/0 sodium 
dodecyl sulfate at I0O °C for 20 min and analyzed by polyacrylamide gel electro- 
phoresis in 2 % sodium dodecyl sulfate, there was a significant reduction in 14C counts 
in the region of the major band as compared to 3H counts (Fig. 2). The profiles of 
soluble proteins (270000 × g supernatant) analyzed by sodium dodecyl sulfate gel 
electrophoresis in the same double-labeling experiment showed no difference between 

3000 

200C 

IOOC 

~H 
J 5 ~4 c 

J 
' 20 ' '  

~ = 3 H 

• = 14 C 

T rack ing  
Dye 

I I 

L i i i L L 

4 0  60 80  I00 

FRACTION NO 

Fig  2. Po lyac ry l amlde  (7 .5%) gel e lectrophoresls  in 2 % s o d i u m  dodecyl  su l fa te  of m ixed  m e m -  
b r ane  p ro te ins  f rom wi ld- type  s t r a in  E r  I I (labeled w i t h  j a i l ] amino  acids) and  m u t a n t  s t r a t a  E I27  
(labeled w i th  [14C]ammo acids) E I I I  a n d  E I 2 7  cells were grown m 2oo ml  of m i n i m a l  m e d i a  (Mg) 
s u p p l e m e n t e d  wi th  2o # g / m l  each  of proline, a rgmine ,  leucme,  t h r e o m n e  a n d  his t id ine ,  5 # g / m l  
of t h i amine ,  2o0 # g / m l  of g l u c o s a m m e - H C l  and  i % glycerol The  cells were labeled w i th  radio-  
ac t ive  a m i n o  acid m i x t u r e s  (200 #C1 Ja i l ]amino actds  for E111 cells a n d  ioo #Ci  [14C]amino acids  
for E I 2 7  cells) for 3 h a t  37 °C These  two cu l tu res  were t h e n  m i x e d  u p o n  h a r v e s t  and  the rea f t e r  
t r ea t ed  as a single sample ,  The  doub ly  labeled cell max tu re  was  s o m c a t e d  a n d  mLxed m e m b r a n e  
f rac t ion  was  prepared .  Samples  were t r e a t ed  wi th  2 % s o d i u m  dodecyl  su l fa te  a t  ioo °C for 20 m m  
before e lec t rophores is  in 7.5o/0 po lyacry lamxde  gel w i t h  e thy lene  d]acry la te  as t he  c ross -hnk ing  
a g e n t  The  gel was  sliced into i m m  th i cknes s  each and  each slice was  dissolved in i ml  of i M 
N H 4 O H  and  coun ted  in io  ml  of to luene -based  scint i l la t ion solut ion con ta in ing  33 °/o T r i ton  X- ioo ,  
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E I I I  and EI27 (data not shown). Comparable results were obtained when the labels 
were reversed (3H-labeled EI27 and 14C-labeled EII I ) ,  namely there was a decrease 
in the major component of membrane proteins from EI27 as compared to E n I .  

When the solubilization of membrane proteins from E. coh or S. typhimur, um 
with sodium dodecyl sulfate was carried out at 37 °C or 70 °C, instead of IOO °C, the 
polyacrylamide gel electropherogram became quite different; instead of a major 
component with a molecular weight of 4 oooo, two bands were seen with apparent 
molecular weights of 60000-70000 and 3oooo-35 ooo, respectively 5,23. When EI27/ 
E I I I  doubly labeled membrane proteins were solubilized at 70 °C with 2 % sodium 
dodecyl sulfate, it was obvious that the protein components reduced in EI27, corre- 
sponded to both the 59000 and the 28ooo mol. wt species (Fig. 3a). When the same 
sample was solubilized at IOO °C, the resultant gel showed a reduction of the protein 
component with molecular weight of 38000 (Fig. 3b). 

(a) 

$H = 
0 

~*c • =t 

0 

8 

8 
0 

30 50 

38D00- .~  

(b) j 

(.# 

50C 

80 

I0 20 50 40  50 60 70 80 
FRACTION NUMBER 

Fig 3 Po lyac ry l amide  gel e lec t rophores ls  of doub l y  labeled m e m b r a n e  pro te ins  f rom s t ra in  E I I I  
(3H-labeled wild type)  and  s t ra in  E I 2 7  (14C-labeled m u t a n t )  (a) M e m b r a n e  p ro te ins  were solu- 
b lhzed a t  7 ° °C wi th  2 %  sod i um dodecyl  su l fa te  for 3 ° m m  (b) Same  p repa ra t i on  of m ixed  
m e m b r a n e s  was  solubihzed wi th  2 % sod i um dodecyl  su l fa te  a t  ioo  °C for 2o m m  The  detai ls  of 
label ing of t he  cells, p repa ra t ion  of m e m b r a n e  fract ions,  s o d i u m  dodecyl  sul fa te  gel e lec t rophoresm 
and  coun t i ng  of t he  gel slices were the  s ame  as descr ibed in the  legend to Fig 2 
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As mentioned above, this major protein component seen in polyacrylamlde 
gel electrophoresis after solublhzatlon of membrane proteins at Ioo "C with 2 %, 
sodium dodecyl sulfate is probably a mixture of a number of polypeptldes of similar 
molecular weight s. To examine the membrane protein missing in strata EI27 in 
greater detail, we took advantage of a new procedure developed by lVIoldow st al2 

for the solubihzation and fractlonation of membrane proteins based on differences 
in charge/mass ratio. The doubly labeled ( I3HIEI I I  and r14C]EI27) membrane pro- 
teins were solubilized by guanidinium thiocyanate, followed by dialysis against 6 M 
urea in Io mM Trls-HC1 (pH 7 8). The urea-soluble membrane protein mixture was 
then fractionated by DEAE-cellulose column chromatography in the presence of 
6 M urea The results are shown in Figs 4 and 5. A mildly acidic protein with a net 
negative charge at pH 7.8, was greatly reduced in the membrane of strain EI27 as 
compared to strain E11 I. This conclusion based on results obtained by anion-exchange 

/.., 

200¢ 

1500 

0. 
¢.3 

I000 

o=3, 
• = 14 C 

500 

60  70  

7• N=CI(M) ~ 

wm 01 

8 0  g O  tOO I10 Ig=O 500 
FRACTION NO. 

510 520 

Fag 4 DEAE-cellulose column chromatography  of membrane  proteins from wild type and m u t a n t  
cells in 5 mM Trls-HC1 (pH 7 8) and 6 M urea. Doubly  labeled membrane  proteins (3H-labeled 
wild type strain E l i  i and l¢C-labeled m u t a n t  strain EI27) were solubthzed in 6 M g u a m d l m u m  
thlocyanate,  dialyzed against  6 M urea m 5 mM Tns-HC1 (pH 7 8) and fractlonated on a DEAE-  
cellulose column in 6 M urea according to Moldow el al 9 After washing the column with  5 mM 
Tns-HC1 (pH 7 8) containing 6 M urea, a hnear  gradient  of o to o 2 M NaC1 m the same buffer 
was used to elute the adsorbed proteins Very htt le radioactive p ro tems  were eluted between 
o 2 and I M NaC1 gradient  The final etutton was aceomphshed with 6 M g u a m d m m m  thlocyanate  
For  details, see Materials and Methods 
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a. 
u 

i1•-" 
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, g,f"=" 

~;--~_~., 

NaCI (M) 
oJ 

. j .  . . . . . . .  • . . . .  

O.O8 

QID2. ~ 

-6~ 
5 g 

.4 z 

FRACTION NO. 

Fig  5 S a m e  as F ig  4 excep t  t he  s ample  a p p h e d  to D E A E  cellulose co lumn  was  ~aH~ammo acids  
labeled m u t a n t  m e m b r a n e  (EI27) and  [14C]amlno acids  labeled wi ld- type  s t r a t a  (El  I i) 

F ig  6 Po lyac ry l amlde  gel e lec t rophores is  of m e m b r a n e  pro te ins  f rom wi ld- type  s t r a t a  (EI II)  
and  m u t a n t  s t r a t a  (E127) m 6 M urea  a t  p H  4 5, 7 8, and  8 5, respect ive ly  The  procedures  used  
to solublhze t he  m e m b r a n e  p ro te ins  m 6 M urea  and  those  for gel e lec t rophores ls  m 6 M urea  
a t  acldlc, neu t r a l  and  a l kahne  p H  were given m detai l  m Mater ia ls  and  Methods  
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column chromatography was supported by polyacrylamlde gel electrophores:s in 
6 M urea at pH 4.5, 7 8, and 8.5, respectively (Fig. 6). At pH 4 5, the protein greatly 
reduced in strain EI2 7 migrated slowly towards cathode, whereas m gels run at 
pH 7.8 and 8.5, a fast moving protein (towards anode) was greatly reduced in EI2 7. 
These results with urea gels supported the data of DEAE-cellulose fractionation of 
membrane proteins that  an acidic protein is present :n greatly reduced amount m 
strain EI2 7 

Using the procedure of separatmn of tuner and outer membranes developed by 
Osborn et al?, it was found that the protein greatly reduced in strain EI2 7 was a 
component of the outer membrane proteins (Figs 7 and 8). Proteins from inner cyto- 
plasmic membrane and those from outer membrane are distinctly different m poly- 
acrylamide gel electrophoresis in 2 % sodium dodecyl sulfate. Inner membrane pro- 
teins contained more slow-moving protein bands (apparent tool. wt 5oooo or above) 
whereas outer membrane contains a major protein band with an apparent molecular 
weight of approx. 4oooo The protein band in the inner membrane at the position 
corresponding to the major outer membrane protem is probably due to contamination 
of this fraction by outer membrane. In the urea gel at pH 8.5, there seemed to be a 
few minor and fast moving bands towards anode in the mutant  extract which were 
not readily seen m the extract prepared from the wild type. The relationship between 
these fast moving bands and the protein missing in this mutant is not clear. 

IM OM 

M" 

E 111 .EI - :E_ 111 .... 

~Wp 

+ 

Fig 7- Polya~rylamzde gel electrophoresis of proteins from outer and cytoplasmic membrane 
fractions of wild-type strain (EIII)  and the mutant  strain (EI27) in 2% sodium dodecyl sulfate 
Separation of spheroplast membrane into tuner (IM) and outer membrane (OM) fractzons was 
achieved, using the procedure of Osborn et al 5 
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pH 8.5 
Fig  8 P o l y a c r y l a m l d e  gel e lec t rophores ls  of p ro te ins  f rom outer  (OM) and  cy top lasmic  m e m b r a n e  
(IM) f rac t ion  of w i ld - type  s t ra in  ( E I I I )  and  the  m u t a n t  s t r a m  (EI27)  m 6 lV[ u rea  a t  p H  8. 5. 
O the r  detai ls ,  s ame  as those  g iven m the  legends to Figs  6 and  7 

Defective phosphoglucoisomerase (Table III) 
The presence of this biochemical defect in strain EI27 was accidentally un- 

covered and would account for both the altered phage sensitivity and the growth 
inhibition on EMB and MacConkey media. The apparent resistance of EI27 cells to 
T4 phage could have resulted from the restriction, during subsequent infections, of 
non-glucosylated T4* phage produced in a phosphoglucoisomeraseless mutant grown 

T A B L E  I I I  

A C T I V I T I E S  O F  E N Z Y M E S  I N V O L V E D  I N  T H E  I N T E R C O N V E R S I O N S  O F  S U G A R  P H O S P H A T E S  I N  T H E  

C R U D E  E X T R A C T S  O F  A B I I 5 7  , E I I I  A N D  E I 2 7  

E n z y m e s  * Speczfic actzvzty (#moles~rag prote,n per h) 

A B.rz57 EIZI EI27 

Phosphog luco i somerase  
Glucose-6-phosphate  dehydrogenase  
P h o s p h o g l u c o m u t a s e  
U D P G  p y r o p h o s p h o r y l a s e  
Galactose-  i - p h o s p h a t e  u r l dy ly l t r a n s f e r a s e  
UDPga l ac to se  4-eplmerase  

65 9 71 6 o 75 
n d  ** 3 3  3 9  
n d  l O 9  7 7  
n d I 26 3 14 

5 ° 4 4  2 5  
34 o 06 o 04 

W a s h e d  cells were somca ted  wi th  a Branson  sonlfier and  the  somca ted  crude m i x t u r e  was  
cen t r i fuged  a t  20o00 × g for 20 m m  The 20000 × g s u p e r n a t a n t  fired was used for enzyme  assays  

** n d ~ no t  de t e rmined  
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in the absence of exogenous glucose 2s. However, no adsorption of T4 phage by EI27 
cells was detectable under conditions which effected irreversible adsorption of 9o % 
of T4 phage by EI I I  cells. The data given in Table IV strongly suggested that the 
altered phage susceptibility of strain EI27 resulted from changes in the lipopolysac- 
charide structure due to a defective phosphoglucoisomerase. Both the restoration of 
T 4 sensitivity in the presence of glucose, and the fact that resistance to phage C2I 
required the addition of both glucose and galactose to the plating media, were to be 
expected of a phosphoglucoisomerase-deficient mutant. When lipopolysaccharide was 
isolated by the phenol-water procedure is, the glucose content in the purified hpo- 
polysaccharide from EI27 was about one-third of that present m EII I  (Table V). 
Moreover, the lipopolysaccharide from EI27 was a good acceptor of purified UDPG: 
lipopolysaccharide glucosyltransferase (a gift from Dr E. Mtiller) but not an acceptor 
of UDPgalactose:lipopolysaccharide galactosyltransferase (a gift of Dr E. Mtiller) 
unless it was preincubated with UDPG and glucosyltransferase (data not shown). 

The second observation related to the pg, defect was the alteration in the buoy- 
ant density of the outer membrane fraction isolated from this mutant The outer 

T A B L E  I V  

PHAGE SUSCEPTIBILITY OF MUTANT STRAIN E I 2 7  IN DIFFERENT PLATING MEDIA 

A dd~twns * Strain E I I I  

T 4 Czz 

Stra*n EI z  7 pg,- Stra,n Ez27 pg,+ 

T 4 C2I T 4 C2I 

N o n e  S S R S S S 
G a i a c t o s e  S R R S S R 
G l u c o s e  S S S S 5 S 
G l u c o s e  a n d  g a l a c t o s e  S R S R S R 

* P l a t i n g  m e d i a  w e r e  p r o t e o s e  p e p t o n e  b e e f  e x t r a c t  a g a r  a n d  p r o t e o s e  p e p t o n e  b e e f  e x t r a c t  
s o f t  a g a r ,  c o n t a i n i n g  o i m l  of  2O°/o g l u c o s a m l n e - H C 1  o I m l  of  2 0 %  g a l a c t o s e  o r  2 o %  g l u c o s e  
w a s  a d d e d  a s  l n d m a t e d  

T A B L E  V 

CHEMICAL COMPOSITION OF LIPOPOLYSACCHARIDE FROM E I I I ,  EI27 AND E I 3 4  

Chemwal constzguent #moles/rag hpopolysaechamde 

Stra,n E H z  Ez27 Ez34 

H e p t o s e  o 68 o 6 i  o 49  
2 - K e t o - 3 - d e o x y o e t o n a t e  o 53 o 60  o 66  
T o t a l  p h o s p h a t e  I o8 o 91 o 76  
G l u c o s e  o 28 o i o  o 02  
G l u c o s a m m e  o 5 ° o 58 o 63 
G a l a c t o s e  * - -  - -  - -  
P l  in  p o l y s a c c h a r x d e  * * o 64  o 41 o 32 

* G a l a c t o s e  c o n t e n t  in  h p o p o l y s a c c h a n d e  w a s  n o t  d e t e r m i n e d  H o w e v e r ,  p a p e r  c h r o m a t o -  
g r a p h y  of  h p o p o l y s a c c h a r i d e  h y d r o l y s a t e  (I M HC1, 5 h a t  i o o  °C) m n - b u t a n o l - p y r x d m e - w a t e r  
( 6 : 4 . 3 ,  v / v / v )  s h o w e d  n o  t r a c e  of  g a l a c t o s e  in  a n y  of  t h e s e  t h r e e  l l p o p o l y s a c c h a r i d e  p r e p a r a t i o n s  

** L i p i d  A - f r e e  p o l y s a c c h a r l d e  w a s  p r e p a r e d  as  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s  

Bwchzm. Bwphys. Acta. 2 9 0  (1972)  2 7 4 - 2 8 9  



O U T E R  MEMBRANE P R O T E I N  M U T A N T  OF E. coh K-I2 287 

membrane fraction of strain EI27 was significantly less dense than that of strain E I I I  
and this could be correlated to the glucose deficiency in the lipopolysaccharide of 
this strain (Table VI). The restoration of normal buoyant density of E I I I  pgi- outer 
membrane by prior growth in media supplemented with glucose provided further 
evidence that  the structure of lipopolysaccharide in the outer membrane of the cell 
envelope affected its buoyant density. Further confirmation of these results was 
obtained with another E. coh mutant,  strain EI34. Strain EI34 was totally resistant 
to T4 EI34 cells were not killed by T 4 refection and under conditions in which more 
than 95 % oi T 4 were adsorbed by E I I I  cells, there was no detectable adsorption by 
EI34 cells. The lipopolysaccharide isolated from this mutant contained no detectable 
glucose (Table V) When spheroplast membrane from this mutant was fractionated, 
the two membrane fractions were almost identical in buoyant densities (1.17 g/ml). 

T A B L E  V I  

EFFECT OF pg*-  DEFECT ON THE BUOYANT DENSITY OF OUTER MEMBRANE 

Strain Buoyant density of membrane fractwn (g/ml) 

L,ght fractzon Heavy fractwn 
(,nner membrane) (outer membrane) 

E I I I  pg*+ I 17o I 206 
E I 2 7  pg,- I 166 I 186 
E I I I  pg*- I I 74  I 186 
E I 2 7  pg~+ I I 65  I 208 
E I I I  pgr  g r o w n  on  g lucose  i 172 i 208 

The deficiency in phosphoglucoisomerase activity in strain EI27 and its con- 
sequent alteration in the lipopolysaccharide structure, is unrelated to the defect in 
the outer membrane protein of the cell envelope in the same mutant.  This conclusion 
is based on the fact that strain EI_rZ pgi- (Table I) showed no alteration in membrane 
proteins whereas strain EI27 pgi + (Table I) retained its membrane protein defect as 
examined by sodium dodecyl sulfate gel electrophoresis (data not shown). 

Independence of growth of EI27 on glucosam,ne 
As mentioned previously, strain EI27 was isolated as a mutant  of strain E I I I  

resistant to killing by glucosamine starvation. It  grew well in proteose peptone beef 
extract media without added glucosamine. Addition of glucose to proteose peptone 
beef extract broth inhibited the growth of EI27 cells, presumably because of an 
accumulation of glucose 6-phosphate 24. When EI27 cells were grown in proteose 
peptone beef extract broth containing 0.05 % glucosamine-HC1, very low activity 
of glucosamine-6-phosphate synthetase was detected. However, this was found to be 
due to repression of the synthesis of this enzyme by glucosamine, rather than to 
a genuine loss of this activity in EI27. Therefore, it would appear that there was a 
third mutation in EI27 which caused direct or in&rect reversion of the defect in 
glucosamine-6-phosphate synthetase. 
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DISCUSSION 

The work of Leive, Heppel and others on the effects of EDTA or osmotic shock 
on the permeability of Gram-negative bacterial cells have suggested an important  and 
unique function of the outer layer of the cell envelope in these bacteria 25,2e. These 
previous studies have suggested that  the outer membrane constitutes a permeability 
barrier, in addition to that  imposed by the cytoplasmic membrane, against entry 
and/or emt of a variety of molecules. Many recent observations concerning the sus- 
ceptibility of bacterial cells towards a number of unrelated antibiotics, dyes and deter- 
gents 27~° and those concerning the release of periplasmic proteins by osmotic shock 
or as a result of mutational  events 31, are all consistent with this view. 

The data presented m this paper provide further evidence that  alterations in 
the chemical composition of the components of outer membrane of the cell envelope 
are accompamed by increased sensitivity of the mutant  cells towards dyes and deter- 
gents. The observation that  the buoyant  density of the outer membrane of a pg~- 
mutant  of E. col~ was significantly lower than that  of the wild type strain was sur- 
prising. The data does not distinguish among various possible explanations. I t  remains 
to be seen whether there is a decrease in the absolute amounts of hpopolysaccharide 
per mg of outer membrane protein or per cell, as compared to that  in the parental 
strata. I t  is worth noting that  Osborn et al. s have observed a similar reduction in the 
buoyant  density of outer membrane from a heptoseless mutant  of Salmonella typh,- 

The mutan t  described m this paper showed a slgmficant difference in outer 
membrane proteins. However, the physiological consequence of this loss of an outer 
membrane protein is probably minor, since the mutant  cells grow and divide at 
normal rate. Occasionally, a mild tendency of EI2  7 cells to form chains of four or 
more cells was observed. The lack of a distinct phenotype of this mutant  makes the 
genetic studies of this mutat ion extremely difficult. The present study does provide 
independent genetic evidence that  the major component of the membrane proteins 
seen m sodium dodecyl sulfate gel electrophoresis is a mixture of a number of proteins 
of similar molecular weights but different charge/mass ratios, a conclusion arrived 
at by  the recent work of Moldow et al 9. In addition, the results shown in Figs 4 and 5 
would indicate that  it would be feasible to purify the protein missing in mutan t  EI2  7 
cells since the radiochemical purity of the peaks In Figs 4 and 5 seems high. From 
the data in these two figures, the amount of the protein missing in mutant  EI2  7 
appears to account for approximately 2 % of the total membrane proteins Since 
outer membrane proteins constitute two thirds of the total membrane proteins, the 
protein absent in strain EI27 represent about 3 % of outer membrane proteins. The 
physiological function of this outer membrane protein remains unknown 

Recent studies on antibiotic-sensitive mutants  of E. col, have shown that  
alterations in the core region of the lipopolysaccharide of these mutants  are accom- 
panied by  changes in their susceptibility towards certain bacteriophages including 
T42v, 29. The present work on strains EI2  7 and EI34 strongly suggest that  the glucose 
moiety rather than the phosphate in the polysaccharide portion of E coh lipopolysac- 
charide is an important  part  of the T 4 receptor 
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