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Either of two different proteins in the outer membrane of Escherichia coli K-
12 (LamB and OmpC) can function in the constitution of receptor activity for a
newly isolated T-even bacteriophage. This bacteriophage (SSI) differs from other
T-even phages which use the OmpC protein as their receptors. The simple
procedure used to isolate phage SSI may be suitable for the detection of bacte-
riophages with novel outer membrane receptor requirements.

Our understanding of the genetics and physi-
ology of the proteins in the outer membranes of
gram-negative bacteria such as Escherichia coli
has been greatly assisted by the availability of a
range of bacteriophages which use these proteins
to adsorb to sensitive cells (13). However, a large
proportion of the approximately 30 proteins in
the E. coli outer membrane remain unstudied,
in part because there are as yet no available
bacteriophages which are specific for these pro-
teins. We therefore decided to isolate novel bac-
teriophages (from a variety of sewage, fecal, and
water samples) which might use these proteins
as receptors. For this purpose, we used E. coli
CS162 which was derived from strain P435
(Wrm Hep™ [rfa]; devoid of all lipopolysaccha-
ride core sugars other than ketodeoxyoctonic
acid [4]) by successively selecting mutants which
were resistant to bacteriophages A, K3, T6,
BF23, and T5. Outer membranes prepared from
strain CS162 were shown by sodium dodecyl
sulfate gel electrophoresis (10) to be devoid of
the proteins which serve as receptors for these
phage (LamB, OmpA, Tsx, BtuB, and FhuA
[TonA]). They also contained considerably re-
duced amounts of the major outer membrane
pore proteins OmpF (protein 1a/Ia/b/09) and
OmpC (protein 1b/Ib/c/08), a feature which is
characteristic of other E. coli K-12 strains with
altered lipopolysaccharide structures (15).
Strain CS162 had a generation time of 150 min
in rich medium (1% tryptone, 0.5% yeast extract,
0.5% NaCl, pH 7.2) compared with 33 min for
the Wrm* parent strain (P400 [4]). Comparisons
of bacteriophage plaque counts for a sample of
sewage plated on strains CS162 and P400 indi-
cated that over 95% of the coliphage present
were unable to grow on strain CS162.
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Preliminary screening of the bacteriophages
isolated by using strain CS162 indicated that the
isolates were of a variety of different types.
Several of the bacteriophages formed plaques
only on E. coli K-12 mutants which produced
altered lipopolysaccharide or on E. coli B
strains. These phages presumably recognize
outer membrane components which are either
masked or inaccessible in E. coli K-12 strains.
Bacteriophages which formed plaques on wild-
type E. coli K-12 were used to select bacterio-
phage-resistant mutants. Mutants resistant to
two of the novel bacteriophages (SS1 and SS4)
were shown by sodium dodecyl sulfate gel elec-
trophoresis (10) to be devoid of the outer mem-
brane OmpC protein and were resistant to other
bacteriophages which are known to use this pro-
tein in the constitution of their receptor (Mel,
Tulb, and PA-2 [9, 13]). Mutants resistant to
bacteriophage SS1 were also devoid of the mal-
tose-inducible outer membrane LamB protein
(13) and resistant to bacteriophage A. Two pos-
sible explanations for the latter phenomenon
were initially considered. (i) The receptor for
phage SS1 was an outer membrane component
which, when removed by mutation, resulted in
the inability to synthesize OmpC and LamB or
in their incorrect assembly in the outer mem-
brane (18). (ii) Bacteriophage SS1 could use
either OmpC or LamB in the constitution of its
receptor, and, hence, only mutants lacking both
proteins would be SS1 resistant. We confirmed
that the latter interpretation was correct from
the following data (Table 1).

(i) Spontaneous SS1-resistant mutants ap-
peared at a frequency of 1078 to 107? in wild-type
E. coli K-12 strains. Over 80% of the isolates
studied were unable to ferment maltose in mal-
tose EMB plates, and the Mal™ A" phenotype
was shown by P1 phage transduction experi-
ments (7) to be cotransduced with the aroB*
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TABLE 1. Titration of LamB- and OmpC-specific bacteriophages on various E. coli K-12 derivatives®

Strain (temp [°C]) Floque tter/ml
mp

SS1 A (V) Tulb SS4
w3110 2.0 X 10 3.4 x 10" 2.6 X 10'° 3.4 x 10!
W3110 malT::Tn5 3.6 x 10%° <10 1.8 x 10 2.9 x 10!
W3110 ompC::Tn5 1.4 x 10 3.8 x 10! <10 <10
W3110 malT::Tn5 ompC <10 <10 2.0 x 10° <10
W3110 SS1* lamB ompC <10 <10 1.6 X 10° <10
pop1050 <10 <10 5.6 X 10° NT*
Pop1050 SS1* ampC ety 20 16 10 NT
popl1050 ompC ¢80supE 5.1 x 10 3.2 x 10" 7.4 x 10 NT
CS445 (30) 7.1 x 10" 8.4 x 10 6.3 x 10’ 3.8 x 10!
CS445 (42) 6.5 X 10" 6.8 x 10 2.6 x 10° 3.5 x 10"
CS445 SS1” lamB (30) 6.1 x 10" <10 2.6 x 10’ 4.5 x 10"
CS445 lamB (42) <10 <10 2.9 x 10° 2.8 x 10"

% W3110 is prototrophic, pop1050 is lamB200(Am) lacZ(Am) rpoB metA, and CS445 is supD(Ts) ompC (Am)
&yrA arg trp(Am) lacZ(Am) Val'. Strain CS445 produced substantially reduced levels of OmpC at 42°C and
near normal levels at 30°C. The OmpC protein produced by this strain at 30°C appears to have impaired
receptor activity for Tulb and Mel but not for SS1, SS4, or PA-2. The SS1° mutant of CS445 was selected after
growth at 42°C. Plaque titrations were as described previously (9).

® NT, Not tested.

allele into strain CS397 (aroB351 ompB156) at
approximately 75 min on the E. coli K-12 genetic
map (1). In the remaining 20% of cases, the
strains were Mal*, and the A" phenotype was
cotransduced with rpoB or metA (91 min). We
conclude that the bacteriophage A resistance in
the mutants originally isolated as SS1 resistant
was due to mutations either at malT or lamB,
a regulatory gene and the structural gene for the
bacteriophage A receptor in the E. coli K-12
outer membrane (1, 13). SS1" Mal™ mutants were
also devoid of a periplasmic protein (released by
cold osmotic shock [8]) which presumably cor-
responded to the maltose-binding protein MalE.
Resistance to bacteriophage Tulb was shown by
P1 transduction to be due to independent mu-
tations which were cotransducible with gyrd
and glpT (47 min) and therefore probably iden-
tical to the structural gene for OmpC (14; Lee,
Schnaitman, and Pugsley, manuscript in prepa-
ration). Resistance to bacteriophage SS1 was
not cotransduced with either Tulb or A" in these
experiments unless the recipients were already
resistant to bacteriophages A or Tulb, respec-
tively.

(ii) E. coli K-12 strains which were already
resistant to bacteriophage Tulb (OmpC~) or A
(LamB™) gave rise to SS1-resistant mutants at
considerably higher frequencies (10~° to 107%)
than wild-type strains (see above). E. coli B
strains (LamB~ OmpC~) were fully resistant to
SS1 but became sensitive upon transduction to
Mal* (\*), using P1 phage grown on E. coli K-
12

‘(i.ii) When SS1-resistant mutants of strain
pop1050 [K-12 lamB(Am)] were selected, all of

the 30 independent isolates remained Mal*.
When these mutants were lysogenized with
phage ¢80 supF, sensitivity to bacteriophages A
and SS1 was fully restored by supression of the
lamB mutation (Table 1) without affecting sen-
sitivity to phage Tulb. Similar results were ob-
tained when strain CS445 [supD (Ts) ompC (Am)]
was mutated to SS1 resistance at 42°C and then
tested for bacteriophage sensitivity at 30°C; sen-
sitivity to Tulb, SS1, PA-2, Mel, and SS4 was
partially or fully restored at 30°C by supression
of the ompC mutation, whereas sensitivity to
bacteriophage A was unaffected by the temper-
ature shift (Table 1).

(iv) Triton X-100-insoluble walls (outer
membranes [2, 20]) of SS1* mutants were unable
to neutralize bacteriophage SS1. The assay sys-
tem was as used by Bassford et al. (2) except
that the final concentration of phage was 10°
PFU/ml, and the entire incubation mixture was
plated to count residual viable phage. In a typi-
cal assay, no neutralization was obtained with
500 pg of outer membrane prepared from SS1-
resistant mutants. SS1-neutralizing activity was
restored to wild-type levels (99% neutralization
by <100 ug of outer membrane) when the strains
from which the membrane were prepared were
transduced to SS1 sensitivity at either the ompC
or malT and lamB loci.

When phage SS1 was examined by electron
microscopy after negative staining with phos-
photungstic acid, a morphology indistinguish-
able from phages T4 and T6 was observed. SS1
was also morphologically similar to phages Tulb
(11) and Mel (16), but different from PA-2, A
(lambdoid [12]), and SS4 (T5-like). When high-
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TasLE 2. Titration of OmpC-specific bacteriophages on E. coli K-12 strains which produce altered forms of
OmpC and are devoid of LamB (malT::Tn5)*

Plaque titer/ml
Phage
ompC* ompC173 ompC174 ompC175 ompC176 ompC177 ompC178
SS1 2.8 x 10%° <10 1.3 x 10" <10 2.1 x 10" <10 <10
Tulb 5.3 x 10" 1.3 x 107 3.8 x 107 3.7 x 107 1.2 x 10° 5.3 x 107 3.8 x 107
T4 2.9 % 10" 17x10°  3.1x10° 1.5 x 10° 1.7 x 10° 19x10°  21x10°

¢ T4 plaques formed on OmpC* strains were clear, and those formed on strains carrying mutant ompC alleles
were turbid. OmpC proteins formed by strains carrying the mutant ompC alleles were present in normal (wild-
type) amounts, but differed from wild-type OmpC protein in electrophoretic mobility during sodium dodecyl
sulfate gel electrophoresis and in peptide profiles obtained by protease or cyanogen bromide cleavage (Lee et al.

manuscript in preparation). The host range specificity of phage Mel was similar to that shown for Tulb.

titer stocks of phages SS1, Tulb, Mel, and T4
were dissolved in sodium dodecyl sulfate sample
buffer and examined by sodium dodecyl sulfate
gel electrophoresis as described by Laemmli (6),
the polypeptide profiles observed were almost
identical, again indicating the overall similarity
of these four bacteriophages.

We then wished to determine whether the
host range specificity of SS1 was similar to that
of other T-even phages which use OmpC in the
constitution of their receptor (Tulb and Mel) or
to phage T4, which is dependent upon the pres-
ence of OmpC to maintain the correct receptor
(lipopolysaccharide) configuration for adsorp-
tion to E. coli K-12 (5). In a previous study (Lee
et al., manuscript in preparation) we used one of
these bacteriophages (Tulb) to isolate E. coli K-
12 mutants producing altered forms of the
OmpC protein. The bacteriophage sensitivity
patterns of these mutants were reexamined after
introduction of the malT::Tn5 (A resistance) (3)
allele by P1 phage transduction (Table 2). These
results indicated that the host range specificity
of SS1 for OmpC was different from that of
Tulb, T4, Mel, SS4, and PA-2 (data not shown).

Strains CS791 (ompC:‘Tn5) and BZB1096
(malT:'Tn5) were mutagenized with ethane
methane sulfonate (7; Lee et al., manuscript in
preparation) and infected with phage SS1. Sur-
vivors were screened for sensitivity to bacterio-
phages A (strain CS791), Tulb, PA-2, Mel, SS4,
and T4 (strain BZB1096). In the former case, all
of the 30 independent Mal* mutants tested were
fully resistant to bacteriophages A and SS1. In
the latter case, some of the strains tested were
only partially resistant to SS1 (efficiency of plat-
ing, 107%) and were also partially resistant to
phage Tulb, but remained fully sensitive to Mel,
SS4, PA-2, and T4. All of the other mutants of
this strain were highly resistant to all of these
bacteriophages except T4 (efficiency of plating,
1072 to 1073).

There was a striking resemblance between the
results described here and those described pre-

viously for phage TP1 by Wandersman and
Schwartz (17). This phage is a mutant of phage
Tula and can use either the OmpF protein (the
receptor for Tula) or the LamB protein as its
receptor. Single-step mutants with reduced sen-
sitivity to TP1 were isolated by Wandersman
and Schwartz (17). These mutants are pheno-
typically and genetically indistinguishable from
PerA mutants described by Wanner et al. (18)
and M. Schwartz (personal communication).
PerA mutants are easily distinguished from
other membrane mutants by the fact that they
are insensitive to a wide range of colicins (A, E2,
E3, G, H,Ia, Ib,K,L, M, S4, V, and X) and are
also partially resistant to bacteriophages A, Mel,
Tula, Tulb, and SS1 (plating efficiencies, 10~ to
10*) after growth in tryptone-yeast extract me-
dium (data not shown). Similar mutants might
be expected to arise among SS1-resistant deriv-
atives of wild-type E. coli K-12. We therefore
screened 100 independent, spontaneous, ethane
methane sulfonate- and transposon Tn5-gener-
ated SS1-resistant mutants for changes in colicin
and Tula sensitivities. All of the mutants re-
mained fully sensitive to these agents, presum-
ably because the residual SS1 sensitivity in
PerA-like mutants was sufficient to prevent their
appearance as SS1-resistant clones.
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ADDENDUM IN PROOF

Two recent publications (C. Wandersman, F. Mor-
eno, and M. Schwartz, J. Bacteriol. 143:1374-1383,
1980; F. Moreno and C. Wandersman, J. Bacteriol.
144:1182-1185, 1980) provide further characterization
of PerA-like mutants and describe further derivatives
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of bacteriophage Tula with properties similar to those
of SS1.
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