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Conjugation Deficient E. coli K12 F- Mutants with Heptose-less Lipopolysaccharide 
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Summary. Two F -  mutants deficient in conjugation 
with F-type donors are isolated and characterized. 
Phenotypically, these mutants are similar; they have 
heptose-less lipopolysaccharide and lack some outer 
membrane protein. Genotypically, they are different. 
One mutant harbours a point mutation in the 70 
to 74 rain region, while the other is deleted for the 
chromosomal region 6.5 to 8.5 rain. Comparison of 
the properties of the conjugation-deficient mutants 
described in this paper with other such mutants sug- 
gests that an outer membrane protein is the receptor 
for the F-pilus. 

Introduction 

The first step in the conjugation process is the attach- 
ment of the F-pilus of the donor cell to the receptor 
site on the cell surface of the recipient cell (Curtiss 
et al., 1968). It is commonly assumed that the recep- 
tor site for F-pili consists of part of the outer mem- 
brane, but its chemical nature is unknown. The isola- 
tion and characterization of  E. coli K12 F -  mutants 
defective in conjugation at the level of contact forma- 
tion could be an approach for the characterization 
of this receptor site. In recent years E. coli K12 F 
mutants deficient in F-pilus attachment have been 
described. Skurray et al. (1974) isolated a conjuga- 
tion-defective (Con- )  mutant by selecting for bacter- 
iophage K3 resistance. This mutant lacked an outer 
membrane protein band and has normal lipopolysac- 
charide (LPS) sugar composition. A con mutation 
producing a similar phenotype was located at mi- 
nute 14 (Davies and Reeves, 1975) of the E. coli chro- 
mosome map (Taylor and Trotter, 1972). Reiner 
(1974) reported two types of conjugation-deficient 
mutants isolated amongst bacteriophage ST-1 resis- 
tant mutants. Genetic mapping of the mutations of 

type A was not possible because of the absolute conju- 
gation deficiency. The mutations of tye B were located 
between 70 and 74 rain of the chromosome map. 

A conjugation-deficient mutant described by Hay- 
ekes and Hoekstra (J. Bact., in press) which was iso- 
lated by means of a zygotic induction enrichment 
procedure, has no detectable alterations in its outer 
membrane protein composition or in its LPS compo- 
sition. The mutation in this strain is located at mi- 
nute 21.5 of the E. coli K12 chromosome map. 

In this paper we describe the isolation and charac- 
terization of conjugation-deficient mutants that have 
been found among strains resistant to the bacterio- 
phage T3, T4 and T7. 

Materials and Methods 

Bacterial Strains. All strains are derivatives of E. coli K12. Their 
relevant properties are listed in Table 1. Marker positions, origins 
and direction of transfer of the donor strains are given in Figure 1. 

Phages. Laboratory stocks of wild type coliphages T2, T3, T4, 
T5, T7, P1, K3 (Skurray et al., 1974) and 2 were used. 

Media. Cells were grown at 37°C in peptone-yeast broth, and 
plated on peptone-yeast agar or on minimal medium agar (Winkler 
and de Haan, 1948). If necessary streptomycin or tetracycline (both 
from Mycofarm, Delft, the Netherlands) were added to a final 
concentration of 100 and 50 ~tg/ml respectively. Media were sol- 
idified with Difco agar at a final concentration of 1.5%. The 
sources of the following antibiotics have been described previously: 
D-cycloserine, penicillin, chloramphenicol, vancomycin and bacitra- 
cin (Lugtenberg and de Haan, 1971), moenomycin, 11,837 RP and 
enduracidin (Lugtenberg et al., 1971), and novobiocin (Lugtenberg, 
1972). Rifampicin was a generous gift from Lepitit, Amsterdam, 
the Netherlands. Nalidixic acid was purchased from Calbiochem. 
McConkey agar was obtained from Oxoid. 

Bacterial Growth. Growth, represented by increase of turbidity, 
was measured in a Klett-Summerson photometer at 660 nm. 

Motility. Motility was judged by phase contrast microscopy. 
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Table 1. Bacterial strains a 
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Strain Mating type b Genotype and relevant characteristics ° Source, references 

PC 1511 Hfr KL14 
PC 0544 Hfr P72 
PC 0012 Hfr AB313 
PC 0031 Hfr R4 
PC 0008 Hfr H 
PC 0515 Hfr KL16 
A M  1056 F'  
J5-3 I-like 
JC 7620 F -  

strA 

F'lac + Hoekstra  
R144drd3 E. Meynell 
thr leu proA thi his argE A.J. Clark 
reeB recC sbeB lacY xyl strA BS R 

PC 2040 F -  as JC 7620 but  T3, T4 and  T7 R and BS s This paper 
PC 2041 F -  as JC 7620 but  T3, T4 and T7 R and BS s This paper 
Hfr R4 tet + Hfr R4 tet + Hoekstra  et al. (1973) 
A M  3050 F -  as PC 2041 but  Tet R (resistance introduced This paper 

by a cross with Hfr R4 tet +) 
as PC 2040 but  colicin 1R 
as PC 2041 but  colicin I R 
BS R revertant from PC 2041 

A M  3051 F -  This paper 
A M  3052 F -  This paper 
A M  3053 F -  This paper 

a All PC indexed strains are available at Phabagen Collection c/o Miss H.S. Felix, at the authors '  address 
b Marker  position, origin and direction of  transfer of  donor strains are given in Figure 1 
c BS R and BS s are abbreviations for bile salts resistance and bile salts sensitivity respectively 

Plasmolysis. Cells were harvested and resuspended in one volume 
10 m M  Tris-HC1 pH 7.8 containing 0.2 M NaC1. Plasmolysis was 
followed by phase contrast  microscopy. 

Leakage ofRibonuclease L Aliquots of  10 gl of  an overnight culture 
were applied to peptone-yeast agar plates containing an upper 
layer of  4 ml 1.5% R N A  (ribonucleic acid) in peptone-yeast agar. 
After growth overnight at 37 ° C, 8 ml of  0.5 N HC1 was carefully 
pipetted onto the surface of the plates in order to precipitate the 
remaining RNA,  The size of  the halo was measured after 
3 rain. This procedure was suggested by Drs. R. Weigand and  
L. Rothfield and is a modification of a procedure used previously 
(Lopes et al., 1972). 

Sensitivity to Bacteriophages. Various dilutions of phage suspen- 
sions were mixed with bacteria and applied as a top layer of  soft 
peptone-yeast agar on peptone-yeast  agar plates. The plates were 
scored for plaque formation after incubation at 37 ° C for 16-24 h. 
If plaques are formed the strain is sensitive to the phage. 

Rate of Bacteriophage Adsorption. To a suspension of about  107 
bacterial cells per ml were added about  2.103 plaque forming 

units/mt. Samples were taken at appropriate time intervals and 
filtered through a Millipore filter (diameter 25 ram, pore size 
0.45 gm). Plaque forming units in the filtrate were counted by 
the double layer method as described before. 

Sensitivity to Dyes, Bile Salts and Detergents. Aliquots of  0.1 ml 
of  10-s  dilutions of overnight cultures were spread on the surface 
of peptone-yeast  agar plates containing one of the following addi- 
tions: methylene blue (100 gg/ml), acridine orange (100gg/ml), 
bile salts (1.5 mg/ml,  McCoukey medium), deoxycholate (10 mg/ 
ml) and SDS (10 mg/mI). After incubation overnight at 37 ° C the 
strains were scored as sensitive if no colonies were formed. 

Sensitivity to Lysozyme and Antibiotics. Aliquots of  overnight cul- 
tures were spread on the surface of peptone-yeast agar plates (all 
plates had exactly the same thickness). After drying, 30 gl aliquots 
of several lysozyme or antibiotic stock solutions were spotted on. 
After incubation for 16 h at 37°C the diameter of  the zone of 
growth inhibition was measured.  

Crosses in Liquid Medium. Crosses in liquid medium were 
performed with log phase donor  and recipient cells grown in pep- 
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tone-yeast broth to a Klett reading of 30. Donor and recipient 
cells were mixed in the ratio 1:10 and incubated in a waterbath 
without shaking at 37 ° C to allow transfer. Transfer was terminated 
by violent agitation using a Low and Wood shaking machine (Low 
and Wood, 1965). 

Crosses on Filter. Donor and recipient cells were grown in log 
phase in nutrient broth to a Klett reading of 30. Cells were mixed 
in the ratio of 1 donor to 10 recipient cells and the mixture was 
immediately collected on a Millipore filter (diameter 25 mm, pore 
size 0.45 ~tm) by suction. The filter was placed on a prewarmed 
(37 ° C) peptone-yeast agar plate (collected bacteria on top) and 
incubated at 37 ° C. After 35 min the filter was placed in an appro- 
priate volume of peptone-yeast broth and cell separation was 
achieved by violent agitation. 

Mating Pair Formation. For determination of the number of mating 
pairs formed in a mating mixture we used the method described 
by Skurray et al. (1974). The method is based on the fact that 
mating pairs from a Lac + donor and Lac- recipient cell form 
colonies with many sectors on tetrazolium-lactose plates. 

Gradient of Transmission Curves. The method of de Haan et al. 
(1969) was used with the modification that the mating mixture 
was not shaken during transfer. 

Transfer of R144drd3. Log phase donor (ColI +, streptomycin-sensi- 
tive) and recipient (colicin I resistant, streptomycin-resistant) cells 
grown in peptone-yeast broth were mixed in the ratio 1 : 10 respec- 
tively and incubated in a waterbath without shaking at 37 ° C to 
allow transfer. Transfer was terminated by violent agitation. The 
mating mixture was diluted and plated on medium plus streptomy- 
cin (about 100 colony forming units per plate) and grown overnight 
at 37 ° C. The resulting colonies were killed by exposing them to 
chloroform vapour for about 20 rain. After disappearance of the 
chloroform vapour, the plates were overlaid with about 107 cells 
of a colicin sensitive strain suspended in 4 ml of peptone-yeast 
soft agar. After overnight growth at 37 ° C a clear halo was seen 
around a ColI + colony. 

Test for Cytosine Deaminase Activity. Cytosine deaminase activity 
was measured using the method described by Beck et al. (1972). 

Isolation of Cell Envelopes. Cell envelopes from exponentially grow- 
ing cells were isolated as described previously (Lugtenberg et al., 
1975). Protein content was determined according to Lowry et al. 
(1951 ). KDO (2-keto- 3 -deoxyoctonate) was determined by the thio- 
barbituric ~,cid method (Osborn, 1963) and heptose by the cysteine- 
sulfuric acid reaction (Osborn, 1963). In the case of heptose-con- 
taining LPS the measured KDO values were corrected for the 
fact that only two of the three KDO residues are measured (Dr6ge 
et al., 1970). 

Separation of Cytoplasmic and Outer Membrane Proteins. In some 
experiments cytoplasmic and outer membrane proteins were sepa- 
rated by extraction of cell envelopes with Triton X-100 in 
the presence of 10 mM MgC12 (Schnaitman, 1971). We modified 
this procedure as follows. Cell envelopes, preincnbated with 10 mM 
MgC12 for 1 h at 0 ° C, were incubated with 2% Triton X-100 
for 10rain at 23 ° C. After centrifugation at 23°C for 1 h at 
225,000 x g the pellet contains the outer membrane proteins. The 
cytoplasmic membrane proteins were precipitated from the super- 
natant with two volumes of ethanol at -20  ° C. Separation of 
cytoplasmic and outer membrane was carried out using the method 
of Osborn et al. (1972), except that the addition of EDTA was 
followed by incubation of the suspension for 10-15 min at 37 ° C. 
The latter treatment was required to obtained good spheroplast 
preparations (>98%). 

Results 

Isolation of  T3, T4 and T7 Resistant Mutants. A b o u t  

4.107 log phase cells o f F -  strain JC  7620 were spread 

on a nut r ien t  agar  plate together  with T3, T4 and 

T7 particles,  each at a mul t ip l ic i ty  o f  infect ion of  

about  0.1. Af te r  incuba t ion  for 24 h at 37 ° C surviving 

colonies  were purif ied and checked for resistance to 

T3, T4 and  T7, Some  of  the phage resistant  mutan t s  

were defective in con juga t ion  (tested with an F- type  

dono r  strain), and in this paper ,  two of  these, PC 2040 

and PC 2041 will be described. 

General Properties. Both  m u t a n t  strains PC 2040 and 

PC 2041 yielded small colonies  on peptone-yeas t  agar  

plates even after p ro longed  incubat ion.  Af te r  s torage 

on plates at 4 ° C for six weeks, colonies  o f  the m u t a n t  
strains were dead  in cont ras t  with those of  the paren-  

tal strain. The  mutan t s  formed,  in contras t  with the 

parenta l  strain, very few or no colonies  at 42 ° C. 

PC  2040 and PC  2041 were bo th  shown to be non-  

mot i le  by phase cont ras t  microscopy,  and were no t  

able to p lasmolyse ;  the parenta l  strain JC  7620 was 

mot i le  and showed good  plasmolysis.  The mu tan t  

strains leaked the per ip lasmic  enzyme r ibonuclease  I 

into the med ium,  whereas  the parenta l  strain did not. 

Sensitivity to Bacteriophages. As expected f rom the 

isola t ion p rocedure  the two mutan t  strains were resis- 

tant  to the phages T3, T4 and T7. In addi t ion  we 

found  that  they did not  adsorb  the t ransducing phage 

P1. The  parenta l  strain was sensitive to all these 

phages.  It  should be noted  that  mu tan t  strains were 

sensitive to concen t ra ted  lysates o f  T4 and T7. These 

results are explained by the sensitivity of  the mutan t s  

strains to lysozyme (see below). F o r  the specificity 

o f  " l y s o z y m e "  of  the phages T4 and  T7 see Inouye  

et al, (1973). The  two mutan t s  w e r e ,  like their  paren-  

tal strain, sensitive to T2, T5, )L and K3, a l though  

the adsorp t ion  rate o f  K3 was reduced 2 to 3 times. 

Sensitivity to Lysozyme, Dyes, Detergents, Bile Salts 
and Antibiotics. Both  mutan t s  strains were at least 

100 t imes m o r e  sensitive to lysozyme than  the paren-  

tal strain. The  mutan t s  and the parenta l  strain were 

resistant  to the dyes methylene  blue and acr idine or- 

ange at a concen t ra t ion  o f  1001,tg/ml. However ,  in 

contras t  to the parenta l  strain, the two m u t a n t  strains 

were sensitive to the detergents  sod ium deoxychola te  

and SDS as well as to bile salts. 
Tab le  2 shows that  JC  7620, PC 2040 and PC  2041 

were abou t  equal ly  sensitive to D-cycloser ine,  chlor-  

amphenico l ,  te t racycl ine and  penici l l in G. The  two 

m u t a n t  strains were 3 to 10 t imes more  sensitive than 

the parenta l  strain to nalidixic acid, vancom yc in  and 
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Table  2. Sensit ivity to ant ibiot ics  

Ant ib io t ic  Concen-  Zone  of  g r o w t h  inhibi t ion ( m m )  

t ra t ion  

(mg/ml )  Strain 

JC  7620 PC 2040 PC 2041 

D-cycloser ine  0.3 - - - 

1.0 12 13 13 

Nal idixic  acid 0.003 - - - 

0 . 0 1  - 1 0  1 0  

0.03 - 13 13 

0.1 12 17 18 

V a n c o m y c i n  0.1 - 
0.3 - 12 12 

1 . 0  - 12 12 

3.0 13 14 14 

Ch l o ram phen i co l  0.01 - - - 
0.03 - 12 12 

0.1 16 16 16 

Tet racyc l ine  0.003 - - - 

0.01 - 12 - 

0.03 14 12 12 

0.1 18 13 15 

Penicillin G 0.1 - - - 

0.3 10 - - 

1.0 14 13 12 

N o v o b i o c i n  0.03 - 10 12 

1.0 - 18 17 

3.0 10 19 19 

5.0 11 21 23 

11837 RP  0.001 - - - 
0.003 -- 11 - -  

0 . 0 1  - -  11 12 

0.3 12 19 18 

Endurac id in  0.1 -- - - 
O.3 - 10 10 

1.0 - -  10 10 

3.0 10 10 10 

Ri fampic in  0.0001 - 13 13 

0.0003 -- 14 15 

0.001 11 15 19 

M o e n o m y c i n  0.003 - - - 
0.01 - - 11 

0.03 - 12 13 

0.3 12 20 12 

enduracidin, and 10 to 100 times more sensitive to 
novobiocin, 11837 RP, rifampicin and moenomycin. 
Taken together these results show that the two mutant 
strains are unusually sensitive to a number of high mo- 
lecular weight antibiotics to which E. coli K12, in 
contrast with most grampositive organisms, is rela- 
tively resistant, e.g. enduracidin, vancomycin and no- 
vobiocin. The sensitivity of the two mutant strains 
to a number of low molecular weight antibiotics e.g. 
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Table  3. T r a n s c o n j u g a n t  f o r m a t i o n  f requency  with var ious  dono r  

strains a 

D o n o r  Recipient  Selected Con juga t ion  f requency 

marker  ra t io  ( p a r en t /mu tan t )  

Hf r  R4 PC2040 t h r  + 500 1,000 

Hf r  H PC2040 t h r  ÷ 500 1,000 

H f r  K L 1 6  PC2040 h i s  + 500 1,000 

F ' l a c  + PC2040 l a c  + 50-100 

Hf r  R4 PC2041 t h r  + 1,000 2,000 

Hf r  H PC2041 t h r  + 1,000-2,000 

F ' l a c  + P C2041 l a c  + 100-200 

Th e  t ransfer  t ime chosen  was  sufficient to reach an  op t imal  n u m b e r  

of  t r anscon jugan t s  with the paren ta l  recipient  

" Crosses were  p e r f o r m e d  in liquid m e d i u m  

D-cycloserine and chloramphenicol was not signifi- 
cantly altered. 

Recipient Ability. When PC 2040 and PC 2041 were 
used as recipients in crosses with various donor 
strains, marked reductions in the frequency of trans- 
conjugant formation was observed compared to the 
parental strain (Table 3). The mutants were poor re- 
cipients for plasmid as well as for chromosomal 
DNA, proving that the stage at which transconjugant 
formation is most critically impaired precedes the re- 
combination step. 

Stage at which the Recipient Strains are Impaired in 
Transconjugant Formation. A block in any of the con- 
jugation steps : (i) formation and stabilization of mat- 
ing pairs (specific pair formation), (ii) conversion of 
specific mating pairs to effective mating pairs, or 
(iii) transfer of donor DNA in effective mating pairs, 
would explain the results presented in Table 3. In 
this section we will try to distinguish between the 
various possibilities. 

In Table 4 the results of crosses in liquid medium 
and on a filter, using PC 2040, PC 2041 and the paren- 
t a l  strain JC 7620 as recipients, are compared. The 
increase of transconjugant formation frequencies in 
crosses on filters, where mating pairs are more stable 
and probably more frequently formed (Matney and 
Achenbach, 1962), suggests that the formation of spe- 
cific mating pairs is impaired in the mutant strains 
PC 2040 and PC 2041. To obtain more direct evidence 
for this supposition we measured the number of mat- 
ing pairs in mating mixtures by means of the tech- 
nique described by Skurray et al. (1974). The results 
presented in Table 5 show that strains PC 2040 and 
PC 2041 were defective in specific pair formation. 
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Table 4. Transconjugant formation frequency in crosses performed 
in liquid medium and on a filter" 

Recipient Mat ing Number of Conjugation 
strain conditions thr +leu +strA frequency ratio 

transconjugants/ml (parent/mutant) 

JC 7620 liq. med. 1.5 × 10  6 

PC 2040 liq. med. 9.0 x 103 200 
PC 2041 liq. reed. 7.0 x 103 200 

JC 7620 filter 7.0 × 10  6 - -  

PC 2040 filter 1.0 X 10  6 7 
PC 2041 filter 3.5 x 106 3 

a Strain Hfr R4 was used as donor strain. Transfer time was 
35 minutes 

To test genetic transfer in the mating pairs we 
decided to determine the gradient of transmission of 
Hfr donor markers in crosses with the mutant recip- 
ient and its parent. The results presented in Figure 2 
show that in the mutant F -  strains the gradient of 
transmission of Hfr donor markers is normal. The 
similarity of gradients of transmission suggests that 
whereas preliminary specific mating pairs are very 
weak or hardly formed, the effective mating pairs, 
once formed, are normal. 

It is generally supposed that the attachment of 
sex-pili to recipient cells occurs by their interaction 
with a receptor site on the cell surface of the recipient. 
F-like sex-pili differ from I-like sex-pili in their serol- 
ogy and the types of male-specific phages adsorbed. 
It is clearly possible that there are different receptor 
sites for these two kinds of sex-pili. We examined 
the specificity of the defect in recipient ability by 
using as donor, strain J5-3 carrying the derepressed 
R factor R144drd3, that makes I-like sex-pili. We 
observed that J5-3 transferred the R factor equally 
well to JC 7620, PC 2040 and PC 2041. 

Mapping of  the con- Mutations. When about 10 9 cells 
of strain PC 2041 were plated on McConkey agar 
(which contains bile salts), a number of surviving 
colonies was found, in contrast to strain PC 2040. 

Table 5. Mating pair formation" 

Recipient Ratio sectored colonies/ 
Lac- recipient colonies 
(%) 

JC 7620 16 (175/1117) 
PC2040 <0.08 (0/1219) 
PC2041 <0.3 ( 0/371 ) 

a Strain Hfr R4 was used as Lac + donor in all crosses. Sectored 
colonies were scored according to the technique described by 
Skurray et al. (1974) 
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Fig. 2. Gradient of transmission curves. The gradient of transmis- 
sion for donor markers in crosses using JC 7620 (©--o), PC 2040 
( x - - x )  and PC2041 (v ~7) as recipients and the Hfr R4 
strain PC 0031 as donor. Mating was performed as described in 
Materials and Methods, and interrupted by violent agitation after 
45 rain 

These surviving colonies were apparently revertants 
in that they were T3, T4 and T7 sensitive and Con +. 
With strain PC2040 revertants resistant to bile salts 
were never found. 

T3, T4 and T7 resistance might be due to a muta- 
tion in the tfrA gene (Curtiss, 1965) at about the 
7 min regioti of the E. coli map. The fact that we 
could not find revertants of strain PC 2040 might 
imply that in this strain the mutation arose by a 
deletion event. In fact we found circumstancial evi- 
dence for this supposition in that the strain PC 2040 
lacked cytosine deaminase activity coded for by the 
cod gene near tfrA (de Haan et al., 1972). Moreover 
we could not find proA + revertants, These results 
together suggest that there is a deletion in strain 
PC 2040 which includes the tfi'A gene and covers the 
6.5 to 8.5 min region of the E. coli map (Fig. 1). 

In order to locate the site of sensitivity to bile 
salts in PC 2041, transconjugants from crosses with 
several Hfr strains were analysed for sensitivity to 
bile salts. The genetic lesion causing T3, T4 and T7 
resistance appeared, surprisingly, to be located out- 
side the chromosomal region near tfrA. Genetic anal- 
ysis of argE + strA transconjugants from a cross be- 
tween PC2041 and Hfr KL14 showed that sensitivity 
to bile salts was more closely linked to xyl than to 
argE (Table 6). To obtain a more precise location 
of this cell envelope marker, transconjugants from 
crosses with Hfr P72 and Hfr AB313 and PC 2041 
were analysed for inheritance of unselected markers. 
A cross between Hfr P72 and PC 2041 yielded 
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Table 6. Genetic analysis of  t ransconjugants  from crosses between 
Hfr donor strains and PC2041 a 

Donor  Selected Unselected Linkage 
trans- character b (unselected character/ 
conjugant selected character) 

Hfr KL14 argE+strA BS R 42% 
xyl + 26% 

Hfr KL14 xyl+strA BS R 70% 
Hfr P72 argE+strA BS R 0% 
Hfr AB313 ¢ xyl+Tet R BS R 65% 

Crosses were performed in liquid medium 
b BS R stands for bile salts resistance (see Table 1) 

In the cross with Hfr AB313 as donor strain we used AM3050 
as recipient strain 

argE + strA transconjugant colonies all of which ap- 
peared to be sensitive to bile salts. After a cross be- 
tween Hfr AB313 and AM3050 (a TetR-derivative of 
PC 2041, see Table 1) 11 out of 17 xyl+Tet R transcon- 
jugants were resistant to bile salts and appeared to 
be conjugation proficient. We conclude that the mu- 
tant character of PC 2041 is caused by a revertable 
mutation in a gene located in the 70 to 74 rain region 
of the E. coli map. 

Composition of Cell Envelopes. Cell envelopes from 
the parental strain, the two mutatnt strains and from 
a revertant of PC 2041, AM 3053, were isolated. 
Chemical analysis showed no significant differences 
between parent and revertant strains. The mutants 
however, differed from the parent and revertant 
strains in that: (i) they had increased amounts of KDO 
relative to total cell protein; (ii)they were heptose 
deficient, (iii)the ratio of cell envelope protein to 
total cell protein was decreased, and (iv)they had 
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decreased amounts of Triton X-100-MgC12 insoluble 
envelope protein (Table 7). 

The protein composition of various cell fractions 
of the four strains were compared on polyacrylamide 
gels (Figure 3). In cell envelope preparations of the 
mutant heptose-deficient strains two proteins with 
molecular weights of 50 and 38.5 K were reduced 
or missing (Fig. 3 A). The 50 K protein probably rep- 
resents pilin (Lugtenberg, unpublished results). The 
38.5 K protein corresponds with protein b, one of 
the major outer membrane proteins (Lugtenberg 
et al., 1975). In addition several minor quantitative 
changes were observed between parent and mutant 
strains. One of these changes was a decrease of the 
amount of protein d in heptose-deficient mutants. 
The differences described above were also found in 
the Triton X-100-MgC12 insoluble material (Fig. 3 B), 
which contains the outer membrane proteins (Schnait- 
man, 1971). Only minor quantitative changes were 
found in the Triton X-100-MgCI2 soluble proteins 
(Fig. 3 C), which represent the cytoplasmic membrane 
proteins (Schnaitman, 1971). No significant differ- 
ences between the soluble protein fractions of the 
four strains were detected (Fig 3 D). The amounts of 
the major outer membrane proteins a, b, c and d 
relative to the total cell protein was calculated for 
strains JC 7620 and PC 2040. The calculation was 
based on the following data: (i) the fraction of the 
cell envelope protein relative to total cell protein (Ta- 
ble 7); (ii) the fraction of Triton X-100-MgCI2 insolu- 
ble envelope protein relative to total envelope protein 
(Table 7); (iii) the fraction of the major outer mem- 
brane proteins a, b, c and d relative to the total 
Triton X-100-MgCI2 insoluble protein. The latter 
fraction was determined from densitometer tracings. 
This calculation showed that the major outer mere- 

Table 7. Chemical composit ion of cell envelopes a 

Ratio Strain 

JC7620 PC2040 PC2041 AM3053 

K D O  in cell envelope 
(nmoles/mg) 

cell protein 

Heptose in ceil envelope 
(molar ratio) 

K D O  in cell envelope 

Cell envelope protein 
(weight ratio) 

cell protein 

Tri ton-MgCl 2 insoluble envelope protein 

cell envelope protein 
(weight ratio) 

2 t 26 32 24 

1.49 < 0.09 0.08 1.42 

0.154 0.135 0.134 0,150 

0.50 0.43 0.43 0.56 

a Cells growing exponentially in one liter of  peptone-yeast  broth were harvested. After washing cells were 
disintegrated by sonic disruption and cell envelopes were isolated. 

Protein, K D O  and heptose in cell envelopes were determined as described previously. K D O  values are 
corrected as described in Materials and Methods.  Cel! protein was measured after sonic disruption of the cells. 
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a ~ . _  
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c 
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1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Fig. 3A-D. Polyacrylamide gel electrophoresis of various protein fractions. A Cell envelopes ; B Triton X-100-MgCI 2 insoluble cell envelopes 
(outer membrane proteins); C Triton X-100-MgC12 soluble cell envelopes (cytoplasmic membrane proteins); D soluble proteins. The 
numbers represent the following strains: 1. JC 7620; 2. PC 2040; 3. PC 2041, and 4. AM 3053 

brane proteins a, b, c and d represent 0.3, 1.2, 0.4 
and 1.9 percent respectively of the total cell protein 
of strain JC 7620 and 0.16, 0.07, 0.5 and 0.77% re- 
spectively of the total cell protein of strain PC 2040. 
Comparison of these data shows that the heptose- 
deficient mutant PC 2040 contains 60, 5, 120 and 
40 percent of the major outer membrane proteins a, 
b, c and d respectively. It can be concluded that the 
amount of protein b, and possibly of d is decreased 
in cells of the heptose deficient mutant PC 2040. 

Discussion 

The two mutants described in this paper were isolated 
as strains resistant to bacteriophages T3, T4 and T7. 
They have the following properties in common: (a) 
decreased viability, (b) temperature sensitivity, (c) im- 
motility, (d) inability to plasmolyse, (e) leakage of the 
periplasmic enzyme ribonuclease I, (f) resistance to 
phage P1, (g) increased sensitivity towards lysozyme, 
bile salts, detergents and certain high molecular 
weight antibiotics, (h)reduced pair formation with 
E. coli F-type donor cells and (i) deficiency in LPS 
composition marked by absence of heptose. 
The mutants, although phenotypically similar, are 

genotypically different. Strain PC 2041 harbours a 
point mutation located at 70 to 74 min on the E. 
coli map. The mutation of strain FR-19B described 
by Reiner (1974), which is also heptose-deficient (Lug- 
tenberg, unpublished results), maps in the same re- 
gion. Strain PC 2040 is deleted for the chromosomal 
region 6.5 to 8.5 min. Similar deletions mutants previ- 
ously isolated by Curtiss (1965) were also resistant 
to T3, T4, T7 and P1, and conjugation-deficient with 
certain donor types; however, their heptose contents 
were not examined. The mutants PC2040 and 
PC 2041 are probably defective in genes involved in 
one or more of the following pathways: (a) the bio- 
synthesis of the heptose precursor, (b)the transfer 
of the heptose residue to its lipid A-KDO acceptor, 
or (c) the biosynthesis of lipid A-KDO acceptor LPS. 

The heptose-deficient strains PC 2040 and 
PC 2041 contain a decreased amount of the outer 
membrane protein b, and possibility also of d (Fig. 3 
and Table 7). Defects in the composition of the outer 
membrane proteins of heptose-deficient mutants of 
Salmonella typhimurium and E. coli K12 have been 
observed earlier by Ames et al. (1974) and Koplow 
and Goldfine (1974) respectively. 

Heptose-deficient mutants may be conjugative-de- 
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ficient because of these structural changes in the outer 
membrane, which might indirectly influence the activ- 
ity of the F pilus receptor. It is striking that protein 
d is present in only slightly diminished amounts, since 
Skurray et al. (1974) have suggested that this protein 
is the receptor protein for the F pilus or at least 
plays a role in the F pilus receptor site. There may 
be a further correlation between protein d the F pilus 
receptor, and the K3 receptor (Skurray et al., 1974). 
PC 2040 and PC 2041 still adsorb phage K3 although 
at a rate reduced 2 to 3 times. 

Conjugation-deficient mutants without detectable 
changes in the cell envelope protein pattern are more 
likely to be mutated in the structural gene for the 
F pilus receptor. Such a mutation was mapped at 
21 rain in the Con- strain AM 3001 (Havekes and 
Hoekstra, J. Bact., in press). Another conjugation- 
deficient mutant with properties like AM 3001 but 
resistant to phage K3 as well has also a mutation 
or lesion at 21 min (Havekes, unpublished data). Fi- 
nally the tolG gene which maps at the same site 
(Foulds, 1974 and pers. comm.) may be involved 
in the synthesis or regulation of the outer membrane 
protein d (Chai and Foulds, 1974), and is also conju- 
gation-deficient (Itavekes, unpublished data). In sum- 
mary we hypothesize that Con- mutations mapping 
at 21 rain that affect the F-pilus receptor and/or the 
K3 receptor might be mutated in the structural gene 
for the d protein. Other Con- mutations mapping 
elsewhere might be involved in regulation of this gene, 
or influence the structure of the outer membrane. 
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