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Protein 1 was shown to be the receptor for phage PA-2 by the observations that
the purified protein inactivates the phage, mutants lacking the protein are
resistant to the phage, and mutants selected for PA-2 resistance have altered
protein. Protein 1 appears as two bands (la and lb) on high-resolution polyacryl-
amide gels. The most abundant classes of mutants (ParI and ParI) selected for
PA-2 resistance were found to lack band lb. The mutations responsible for the
ParI and ParII phenotypes were mapped at a locus termed par, which is near
nalA on the Escherichia coli chromosome. The cyanogen bromide peptides of
proteins la and lb are similar, suggesting that these bands represent modified
forms of the same polypeptide. Strains carrying the tolF mutation produce only
band lb. When a par tolF double mutant was constructed, this strain produced
only band la. These results suggest that genes at the par and tolF loci are
involved in modification of protein 1, or regulation of such modification, and are
not structural genes for protein 1.

Escherichia coli lysogenic for the lambdoid
phage PA-2 produces a new, major outer mem-
brane protein ("protein 2") that is not produced
by nonlysogenic cells (21). When wild-type lyso-
genic cells are grown under conditions of low
catabolite repression, protein 2 almost entirely
replaces protein 1, which is the major outer
membrane protein of nonlysogenic cells. Pro-
teins 1 and 2 are very similar in structure and
presumably in function. They are, however,
distinctly different polypeptides (8).
This unusual form of lysogenic conversion, in

which a protein coded for or directed by a pro-
phage replaces a normal protein on the cell
surface, suggested that the phage receptor
might be the protein that is replaced during the
lysogenic state. Preliminary results on the rate
of adsorption ofphage to lysogenic and nonlyso-
genic cells (21) indicated that this assumption
might be correct. Lysogenic cells grown under
conditions where they made little protein 1 ex-
hibited a reduced rate of phage adsorption. We
were unable to test this directly at that time,
first because no mutants lacking protein 1 were
available, and second because the high lysogen-
ization frequency of phage PA-2 prevented the
use of wild-type phage for the selection ofresist-
ant bacterial mutants. These problems have
now been overcome, both by the isolation of
mutants lacking protein 1 and by the isolation
and construction of clear-plaque or virulent
phage having the PA-2 host range that may be

used to select resistant bacterial mutants. This
report describes in detail evidence that protein
1 is a component of the receptor for phage PA-2
and some of the properties of PA-2-resistant
mutants.

MATERIALS AND METHODS
Bacteria and bacteriophage. Bacterial strains for

this study are described in Table 1, and the bacterio-
phage are described in Table 2. Cultures of E. coli
used for isolation of outer membrane protein for
phage neutralization or for isolation of proteins la
and lb were grown on minimal medium with either
[3H]- or ['4C]leucine and 0.5% lactic acid as the
carbon source, as previously described (23). Cultures
grown for electrophoretic analysis of outer mem-
brane proteins were grown on the medium described
above with either lactic acid or 0.5% glucose as
carbon source, or on various complex media as indi-
cated in Results. Minimal medium for plates was
medium A of Davis and Mingioli (7) supplemented
with appropriate amino acids, vitamins, and carbon
sources as required. Bacteriophage were assayed
and propagated on Luria broth (LB) as previously
described (21), with the exception that 0.05% mal-
tose was added to the seed culture medium and to
the soft agar overlay in the case of hy7.

Construction of hybrid phage. An overnight
shaken culture of W1485F- in LB was diluted 1:25 in
tryptone broth (16) and shaken for 1 h at 37°C. To 2
ml ofthis culture 0.5 ml oftryptone broth containing
8 x 108 plaque-forming units (PFU) of each phage to
be crossed was added, and this was allowed to stand
for 20 min at 37°C. This mixture was diluted 1:100
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TABLE 1. Bacterial strains

Strain Genotype or phenotype' Source or derivation

Escherichia coli
K-12 strains:

W1485F-
PB101

PB102

PB103

PB104

PB105

PB106
PB107

PB108
PB109
AB1133

P210
P460
P530
P692
P783
JF568 tolF4

PB1002

Lin221
DF2000
M226
D31m3

As W1485 (CGSC 5024), except F-
As W1485F-, except par-1; EMS-induced ParI
mutant

As W1485F-, except par-2; spontaneous ParI
mutant

As W1485F-, except par-3; spontaneous ParII
mutant

As W1485F-, except par-4; EMS-induced
ParIII mutant

nalA Par+

nalA par-1 (ParT)
nalA par-3 (ParII)

EMS-induced TolIV mutant in W1485F-
EMS-induced TolXIV mutant in W1485F-
F- thi argE his proA thr leu mtl xyl ara galK
lacY rpsL supE

As AB1133, except TolIb
As AB1133, except his+ non ompA
As AB1133, except TolXIV
As AB1133, except TolIV
AlamB
ilv-277 metB65 his-53 purE41 proC24 cyc-I
xyl-14 kscY29 rpsL77 tsx63 tolF4

trp(Am) lacZ(Am) valr supD74(Ts)

CGSC 4861; AphoA8 glpT6 relAl tonA22
HfrC thi pgi zwf
CGSC 4997; trp-50 galU106 rel-1 rpsL150
CGSC 5166; ampAl rpsL174 his-51 trp-30
galU50 lac-28 pro-23 tsx-81

(21)
This study

This study

This study

This study

From W1485F- by Plkc
transduction with a nalA
derivative of PB1l1

As PB105
From W1485F- by Plkc
transduction with a nalA
derivative of PB103

This study
This study
CGSC

(6)
(22)
(6)
(6)

W. Woods
J. Foulds

From MX364 of M.
Oeschger by conjugation
with MX419 ofM. Oesch-
ger

CGSC
R. Kadner
CGSC
CGSC

E. coli B strains:
B(Hill)
BE
B837

ATCC 23225; wild type
Wild type
rB- mB+ gal met X-sensitive (24)

aAbbreviations are those of Bachmann et al. (2). CGSC, E. coli Genetic Stock Center, Yale University.
ATCC, American Type Culture Collection.

with prewarmed tryptone broth and shaken at 37°C
for 90 min. Chloroform was added, and dilutions of
this culture were plated on appropriate selective
strains (Table 2).

Genetic techniques. Interrupted mating and
phage PLkc transduction were as described by Miller
(16). Spontaneous nalA mutants were selected for
resistance to 20 gig of nalidixic acid per ml, and the
delayed selection technique of Hane and Wood (12)
was used to select nalA transductants. Acquisition of
glpT+ after transduction was selected for by growth
on minimal plates supplemented with 0.4% a-glyc-
erol phosphate as sole carbon source.

Selection of mutants. Mutagenesis with ethyl
methane sulfonate (EMS), 2-aminopurine (2-AP), or

N-methyl-N'-nitro-N-nitrosoguanidine (NTG) was
carried out as described by Miller (16). Phage PA-2-
resistant mutants were selected by mixing 0.1 ml of
phage suspension containing 2 x 1011 PFU of either
PA-2c or hy2 with 0.1 ml of a mid-log-phase culture
of bacteria. This was incubated for 10 min at 37°C,
added to soft agar, and plated on LB. Resistant
clones were picked, restreaked several times, and
tested for phage sensitivity. TolIV and TolXIV were
selected in the same fashion from EMS-mutagenized
cultures, except that 0.1 ml of colicin E2 (a 1:25
dilution of a stock solution with a titer of 105 killing
units) was added to the phage-bacteria mixture.
Resistant clones were then tested for sensitivity to
colicins El, E2, E3, and K and phage BF23.

ATCC
J. Rosenbusch
R. Benzinger
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TABLE 2. Bacteriophage strains

Growth or plaque morphology on:

Strain Genotypea PA- p530 P783 Source
W45- W1485F- A 50 P82

PA-2 Wild type Small, Npb NP Small, (21)
turbid turbid

PA-2c-1 PA-2c Small, NP NP Small, NTG mutagenesis of
clear clear W1485F- * PA-2

hy2 Xvir h'-A-2 Large, Large,c NP Large, PA-2 x Xvir, selected
clear clear clear on P783 - PA-2

hy7 PA-2hA Small,d NP Small, NP PA-2 x X, selected on
turbid turbid P530 * X

hy8 PA-2c hA Small, NP Small, NP PA-2c-1 x X, clear
clear clear plaque selected on

P530

Genetic symbols: c, clear plaque; vir, virulent; h, host range.
bNP, No plaques.
c When plated on a PA-2 lysogen on LB without glucose, hy2 yields only 10% of the plaques observed on a

nonlysogenic host due to the presence of protein 2. The difference in plating efflciency on lysogenic and
nonlysogenic hosts is abolished by the addition of glucose to the medium used for the seed culture and to the
soft agar.

d Plated on LB + 0.05% maltose. Plaques are very small when maltose is omitted.

The phage mutant PA-2c-1 was selected by muta-
genizing a culture lysogenic for wild-type PA-2 with
NTG. After outgrowth of the mutagenized culture,
the culture supernatant fluid was screened for
phages forming clear plaques.

Colicin sensitivity was determined by spot testing
(17), and phage sensitivity was determined by cross-
streaking, by reduction in plating efficiency, or by
the multiple-spot test (25).

Envelope isolation and fractionation. Mid-log-
phase cultures were broken by passage through a
French pressure cell; the envelope was isolated by
centrifugation, and cytoplasmic membrane proteins
were removed by extraction with Triton X-100 (20).
The Triton-extracted envelope was dissolved di-
rectly in the appropriate solubilizing solution when
samples were to be analyzed by sodium dodecyl sul-
fate (SDS)-gel electrophoresis. Isolation of envelope
fractions for phage neutralization involved differen-
tial extraction with SDS plus Mg2+ followed by ex-
traction of protein 1 by Triton X-100 plus ethylenedi-
aminetetraacetic acid (EDTA), as previously de-
scribed (8). When protein 1 was to be separated into
la and lb components, the same procedure was fol-
lowed except that the Triton-EDTA-solubilized pro-
tein was precipitated with ethanol and dissolved in
tris(hydroxymethyl)aminomethane(Tris)-Triton-
EDTA buffer (6), and 46 mg of the protein was
applied to a 100-ml column of quaternary amino-
ethyl (QAE) Sephadex A-50 equilibrated in the same
buffer. This column was washed with 200 ml of the
same buffer, followed by 600 ml of a salt gradient of
from 0 to 0.2 M NaCl in the same buffer. Peak
fractions enriched for protein lb were identified by
SDS-gel electrophoresis (thin-slab system) and were
pooled and precipitated with ethanol. These were
dissolved as above and applied to a 50-ml QAE-
Sephadex column. This was eluted with 100 ml of
buffer followed by a 300-ml salt gradient as above.

The peak fraction of protein lb was again precipi-
tated, and it yielded 8 mg of protein.
Phage neutralization by isolated envelope frac-

tions. A mixture consisting of 0.1 ml of various
dilutions of envelope fractions, 0.2 ml of LB contain-
ing 2.5 mg of bovine serum albumin per ml, and 0.6
ml of LB was warmed to 37°C. To this was added 0.1
ml of LB containing 108 PFU of PA-2c, and this was
incubated with gentle mixing for 60 min at 37°C.
The tubes were then chilled on ice, diluted, and
plated to determine residual viable phage. Controls
consisting of the various buffers and detergent solu-
tions in which the envelope fractions were suspended
or dissolved showed no phage inactivation.

SDS-polyacrylamide gel electrophoresis. Sam-
ples for analysis in 5-mm cylindrical gels were pre-
pared by boiling in an SDS-EDTA solution, as previ-
ously described (20), followed by electrophoresis in
the alkaline phosphate-buffered system of Bragg
and Hou (20). Samples were also analyzed in a high-
resolution thin-slab system. The thin-slab system
was the discontinuous buffer system of Laemmli (13)
and incorporated modifications suggested by Ames
(1) and Lugtenberg et al. (14). The thin-slab gels
were 0.75 mm thick and 30 cm long, contained 11.5%
acrylamide, 0.21% bisacrylamide, 0.1% SDS, and
3.0% urea, and were prepared in 0.375 M Tris ad-
justed to pH 8.8 with hydrochloride. The gel was
polymerized by the addition of 40 gl of N,N,N',N'-
tetramethylethylenediamine (TEMED) and 15 mg of
ammonium persulfate per 100 ml of acrylamide solu-
tion. The stacking gel contained 2.5% acrylamide,
0.625% bisacrylamide, 0.1% SDS, and 10 ,ug of ribo-
flavin per ml in 0.125 M Tris adjusted to pH 6.8 with
hydrochloride. TEMED (25 1.d/100 ml of solution)
was added, and the stacking gel was photopolymer-
ized. The electrophoresis buffer (final pH, 8.3) con-
tained 3.08 g of Tris, 14.4 g of glycine, and 1.0 g of
SDS per liter. Samples were dissolved at a concen-
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tration of 1 to 3 mg/ml in a solution containing 12.5%
glycerol, 1.25% SDS, and 1.25% 2-mercaptoethanol
in 0.0625 M Tris buffer adjusted to pH 6.8 with
hydrochloride. Samples were boiled for 5 min prior
to electrophoresis. Electrophoresis was carried out
at a constant voltage of 60 V until the samples
entered the running gel, followed by 170 V for 14 h.
Gels were stained by the method of Fairbanks et al.
(9).

RESULTS
Neutralization of phage PA-2 by isolated

envelope fractions. When the envelope of E.
coli is extracted sequentially with Triton X-100,
SDS plus Mg2+, and Triton X-100 plus EDTA by
a scheme previously described for purification
of protein 1 (8), those fractions that are en-
riched for protein 1 exhibit phage neutraliza-
tion activity (Fig. 1 and 2). Within the limita-
tions of the neutralization assay, phage neu-
tralization activity appears fully conserved in
the pooled protein 1 fraction obtained after
chromatography of the solubilized Triton-
EDTA-solubilized material on diethylamino-
ethyl (DEAE)-cellulose. Examination of this
pooled protein 1 fraction by gel electrophoresis
(data not shown) indicated that it consisted
almost entirely of protein 1 with a minor con-
tamination by protein 3a.
Our previous studies of this DEAE-cellulose

chromatography system (18) indicate that free
lipopolysaccharide (LPS) is not retained on the
column. However, protein 1, after DEAE-cellu-
lose chromatography, does still contain signifi-
cant amounts of phosphate, indicative of con-
tamination by LPS. Thus, while these data

CRUDE ENVELOPE 45%(Iug)
99 % (10 ug)

Tniton X-100
ro ctn ct ion

Soluble Insoluble 50#O ug)
(OUTER MEMBRANE) 99%(Ioug)

SDS- Mg++
extroction

Soluble Insoluble 28%(1ug)
(MUREIN-PROTEIN I) 97%(10ug)

Triton- EDTA
ex trc tion

Soluble 28%(I ug) Insoluble
(PROTEIN) 98%0O ug) (MUREIN)

DEAE-Cellulose
chromat0grophy

PURIFIED PROTEIN 92% (1.2 ug)

FIG. 1. Flow scheme illustrating steps in the iso-
lation of protein 1 from the crude envelope fraction
and phage neutralization activity of various fractions
enriched for protein 1. Percent figures indicate per-
centage of inactivation of phage, and numbers in
brackets indicate amount of protein in the inactiva-
tion assay as described in Materials and Methods.
Details of the fractionation are as described in (8)
and in the text.
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tend to rule out LPS alone as the receptor for
PA-2, they do not eliminate the possibility that
the receptor is a complex of protein 1 and LPS.
Phage PA-2 sensitivity of mutant strains

with cell wall defects. Table 3 shows the sensi-
tivity of a number of E. coli strains with cell
wall defects to PA-2. These mutant strains
were all selected for resistance to colicins or to
lethal zygosis. Strain P460, which carries a mu-
tation in ompA and produces no protein 3a (15),
was sensitive to PA-2, and in fact showed a
slightly higher plating efficiency for the phage
than did the parent strain AB1133. Two strains
that produce reduced amounts of protein 1
(P210, which has the phenotype TolIb, and
JF568 tolF4) were still phage sensitive. How-
ever, strains P530 (TolXIV) and P692 (TolIV),
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FIG. 2. Coelution of phage neutralization activity
and protein (solid line) from a DEAE-cellulose col-
umn. The circles shown in the upper portion of the
figure indicate the various dilutions of the column
fractions assayed for phage neutralization, and the
filled circles indicate greater than 50% inactivation
of the phage. The dashed line indicates the NaCl
gradient. The sample applied to the column was the
Triton-EDTA-solubilized protein from the SDS-Mg2+-
insoluble fraction as illustrated in Fig. 1.

TABLE 3. Sensitivity of various strains to phage
PA-2

Strain Phenotype sitivitya
AB1133 Wild type S
P210 TolIb; low protein 1 S
P460 OmpA; no protein 3a S
JF568 tolF4 TolF; low protein 1 S
P530 TolXIV; no protein 1 R
P692 TolIV; no protein 1 R

a S, Plating efficiency with respect to wild type of
greater than 0.75. R, Plating efficiency of less than
0.01.
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which we have found to produce no protein 1,
were resistant to the phage.
Spontaneous mutants resistant to phage

PA-2. The inability to obtain mutants resistant
to PA-2 because of the high frequency of lyso-
geny by the wild-type phage was overcome by
the isolation of a clear-plaque mutant, phage
PA-2c, and by the construction of a hybrid of
PA-2 and Xvir, hy2, which has a Vir phenotype
but a PA-2 host range (Table 2). We have used
PA-2c and hy2 interchangeably for the selection
of resistant mutants, since both seem to give
the same mutant classes in the same frequency.
We first examined spontaneous PA-2-resist-

ant mutants selected in W1485F-. Ten such
mutants were examined in detail, and seven
were found to fall in a phenotypic class we
designate as ParI, whereas three fell in a re-
lated phenotypic class we designate as ParII.
When Parn and ParII outer membrane proteins
were compared with those of the parent by the
alkaline Bragg-Hou gel system, it was found
that the amount of protein 1 was greatly re-
duced in the mutants. As will be described
later, the extent of reduction of protein 1 was
strongly influenced by the growth medium. The
Parn and ParII phenotypes differ in two re-
spects: first, when both classes of mutants are
lysogenized by hy7, the outer membranes of the
Parl mutants contained an amount of protein 2
comparable to that produced by the wild-type
parent, whereas the outer membrane of the
ParII mutants contained no detectable protein 2
(Fig. 3); second, the ParI mutants exhibited
tight resistance to phage PA-2, whereas the
ParII mutants were all slightly leaky. Since
both of these classes are resistant when tested
by cross-streaking and will not plaque hy2 or
PA-2c, the tightness of resistance was tested:
lawns of hy7 lysogens of ParI and ParII mu-
tants were spotted with a broth suspension of
hy2 at a concentration of 106 PFU/ml. No
plaques were observed with lysogens of ParI
mutants, but large clear plaques of Xvir were
observed with lysogens of ParIl mutants, indi-
cating that a few hy2 phage had managed to
infect the mutant cells where they recombined
with hy7 to regenerate Xvir.
Both ParT and ParII mutants grew the same

as the parent strain on both minimal and com-
plex liquid medium and exhibited normal
growth and colony morphology on LB agar,
lactose eosin-methylene blue agar, and Mac-
Conkey agar. The ParI and ParII mutants have
the same sensitivity towards colicins E3 and K
as the parent, and by cross-streaking appear to
be equally sensitive to phages T4, T6, Xc,
480vir, and BF23.

More extensive testing of phage and colicin
sensitivities of ParI mutants has been done.
Sensitivity of the Parn mutants was identical to
that of the parent strain towards colicins El,
E2, K, L, A, S4, and X of group A and colicins
B, D, Ia, Ib, and M of group B. The sensitivity
of the ParI strain PB106 and the isogenic Par+
strain PB105 towards a large number of phages
was tested by the multiple-syringe spot test
technique (25). Both of these strains and the
parent strain W1485F- exhibited identical sen-
sitivity to T2, T5, K10, H3, Hi, Oxl, K9, K3,
K4, K5, Ac3, Ox3, Ml, Ox2, Ox4, K2, K20, K21,
K29, Ox5, K16, F27, K17, Eli, 41, and K15.
The Parn mutant differed from Par+ strains in
that it was resistant to E7 and gave normal
sensitivity towards phages H8, K18, and K31,
while Par+ strains gave turbid plaques with
these latter three phage. Both the ParI mutant
and Par+ strains were resistant to phages T3,
E4, and C21 and gave turbid plaques with
phages A, K19, W31, and H. A number of spon-
taneous Par mutants (phenotype not identified)
were isolated in strain AB1133, and these were
specifically resistant to phage E7.
EMS-induced PA-2 resistant mutants. To

obtain more diverse phenotypes, we examined
EMS-induced mutants. This mutagen was
found to increase the frequency of mutation to

FIG. 3. Scans of stained alkaline (Bragg-Hou)
SDS-tube gels of the outer membrane proteins of the
wild-type (W1485F-), ParI (PB1O1), or ParII
(PB102) mutants and the corresponding strains lyso-
genic for eitherPA-2 or hy7. The cultures were grown
on Trypticase soy broth.

WT WT(PA2)

3 2

PBIOI PBIOl(hy7)

PS102 PS102(hy7)

Jl..tJ
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PA-2 resistance more than 100-fold. We exam-

ined in detail nine such mutants selected in
W1485F-. Of these, one was missing protein 1
completely and was resistant to Xc as well as

PA-2. This strain was unstable and was lost on
transfer. Of the remainder, four were Parn and
two were ParII. Two other mutants were of a

class we designated as ParIHI. These mutants
are slightly mucoid, although still sensitive to
T7 and hence not lon. Some inhibition of
growth was noted when these mutants were
streaked against hy2 or PA-2c, although the
latter phage gave no plaques even when plates
were seeded with as many as 1010 PFU. ParIII
mutants exhibit a normal outer membrane pro-
file when examined by gel electrophoresis with
the Bragg-Hou system, and they produced nor-
mal amounts of protein 2 when lysogenized
with hy7. Unlike ParI and ParII mutants,
ParIII mutants exhibit no cotransduction with
nalA (Table 4).
We attempted to isolate amber mutants re-

sistant to PA-2. Strain PB1002, which carries a

temperature-sensitive supD mutation, was mu-

tagenized with 2-AP, and mutants resistant to
PA-2c were selected at 42°C. These were then
screened for sensitivity to PA-2c at 20°C. Of
more than 200 such mutants screened, only 1
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was found to be temperature sensitive. This
mutant was of the ParI class and was shown to
be an amber mutant by transfer of the mutant
allele to Sup+ and temperature-independent
supD strains. We do not know the reason for
the low recovery of amber mutations by this
technique, since a similar isolation scheme
yielded large numbers of amber mutations in
tonB and bfe.

Genetic mapping of the par locus. Prelimi-
nary genetic analyses involving crosses of Par
mutants isolated in various Hfr strains indi-
cated a close linkage of ParI and ParII muta-
tions to nalA. Table 4 shows a more detailed
genetic analysis by Plkc transduction. Both
ParI and ParII mutations exhibited similar (al-
though not identical) cotransduction frequen-
cies with nalA. The reduced cotransduction fre-
quency with glpT indicates that the loci of
these mutations are clockwise from nalA at
approximately minute 47.5 of the recent E. coli
K-12 linkage map (2). We term the locus of
these mutationspar for PA-2 resistance. Figure
4 summarizes the relative arrangement of the
par locus with respect to nalA and glpT. The
ParIII mutation is apparently not closely linked
to nalA.
Further characterization of Parl and ParlI

TABLE 4. Genetic analysis ofPar mutants by Plkc transduction

Selectedmarker(no.Cotransduc-Cross no. Donor Recipient Selecodmarker (no. Recombinant class tion fre-scored) quency (%)

la PB1l1 nalA (ParI) Lin221 glpT glpT+ (300) nalA Par 12.0
nalA Par+ 37.0
nal+ Par 0
nal+ Par+ 51.0

lb PBlOlnalA (ParI) Lin221glpT nalA (400) Par glpT 6.0
Par glpT+ 20.8
Par: glpT 24.4
Par+ glpT+ 48.8

2 Lin221glpT nalA PB1l1 (ParI) nalA (149) Par glpT 23.5
Par glpT+ 36.2
Par+ glpT 24.2
Par+ glpT+ 16.1

3a PB102 nalA Lin221glpT glpT+ (226) nalA Par 4.4
(ParII) nalA Par+ 37.2

nal+ Par 0
nal+ Par+ 58.4

3b PB102 nalA Lin221gipT nalA (208) Par glpT 20.2
(ParII) Par glpT+ 7.7

Par+ glpT 37.5
Par+ glpT+ 34.6

4 Lin221glpT nalA PB102 (ParII) nalA (247) Par glpT 38.8
Par glpT+ 31.6
Par+ glpT 15.8
Par+ glpT+ 13.8

5 Lin221 glpT nalA PB104 (ParIII) nalA (98) Par glpT 40.8
Par glpT+ 59.2
Par+ glpT 0
Par+ glpT+ 0
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mutants. The amount of protein 1 produced by
Parl and ParII mutants depends strongly upon
the growth medium. When these mutants are
grown on nutrient broth, the amount of protein
1 in the outer membrane as determined by
scans of Bragg-Hou gels is 70 to 90% of that
produced by the parent or isogenic Par+ trans-
ductants. However, when grown on Trypticase
soy broth, ParI and ParII mutants produced
almost no detectable protein 1, and when the
cultures were grown on minimal medium with
lactate or glucose as the sole carbon source, the
amount of protein 1 was about 30% of that pro-
duced by Par+ strains.
The reason for this variation is apparent

when the outer membrane proteins of ParI,
ParII, and Par+ strains are compared by a high-
resolution thin-slab gel system. Protein 1 from
a Par+ strain grown on lactate-minimal me-
dium is resolved into two closely spaced bands
(Fig. 5). These are designated as bands la and
lb and correspond to bands Ia and Ib reported
by Schmitges and Henning (19). In agreement
with the results of Schmitges and Henning (19),
band lb is absent from outer membranes of E.
coli BE and all ofthe other E. coli B derivatives

-T

(par)
P8101 P8102

nalA

l Al
i. 50.6 _f _ 33.6

1_ 28.8

12.0 .1
I! 4.4 1l,

FIG. 4. Scheme illustrating the relationship ofthe
par locus to nalA and glpT as determined by trans-
duction with Plkc. The numbers indicate percentage
of cotransduction (Table 4), and the arrowheads
indicate the selected markers.

r D -~ --

FIG. 5. High-resolution slab gels (Laemmli buffer

system) of the outer membrane proteins of various

strains grown on lactate-minimal medium. Only the

major protein region of the gel is shown. In this gel

system, protein 2 migrates more slowly than either

the la or lb forms ofprotein 1. Strain PB102 (ParII)
lysogenic for hy7 was identical to the nonlysogenic
PB1O2 and is not shown. The strain ofE. coli B used

in this experiment was strain BE.

and strains in our collection. Protein lb is also
missing from outer membranes of ParI and
ParII mutants.
The relative amounts of proteins la and lb

produced by wild-type E. coli K-12 depend
upon the growth medium (Fig. 6). When cul-
tures are grown on Trypticase soy broth, there
is much more lb than la, and exactly the re-
verse is observed when the cultures are grown
on nutrient broth. Cultures grown on minimal
medium with lactate or glucose as the carbon
source produce significant levels of both la and
lb, with, generally, a slight excess of lb over
la. These differences correspond almost exactly
to the differences in total protein 1 observed by
scanning Bragg-Hou gels of Parn and ParII mu-
tants. The amount of protein 1 produced by
these mutants appears proportional to the
amount of protein la observed in Par+ strains
grown under the same conditions. Thus, Parn
and ParII mutants lack the ability to produce
protein lb, and they are unable to compensate
for this loss by increased production of la.
These results suggest a physiological control

over the relative levels of la and lb. The control
cannot be catabolite repression, since similar
amounts of la and lb are made on minimal
medium with either lactate or glucose as car-
bon source. Similarly, this control cannot be
due to culture pH, since glucose-grown cultures
become more acid, whereas lactate-grown cul-
tures become more alkaline. The reduction of
protein lb in cultures grown in nutrient broth
suggests that the production of lb may require
a large pool of some glycolytic intermediate,
since this medium has no fermentable carbon
source. Figure 7 shows the effect of various
supplements on protein la and lb production
by cultures grown on nutrient broth. Lactate
and serine, both of which feed readily into the
3-carbon "pool", and to a lesser extent glycerol,
all enhanced the production of protein lb,
whereas succinate had no effect. This indicates
that either a sugar or a 3-carbon intermediate
such as phosphoenolpyruvate might regulate or
be essential for the formation of lb.

Since protein lb might represent a form of
protein 1 modified by attachment of a sugar or
sugars, we examined the effect of various muta-
tions in sugar metabolism on the production of
protein lb. Protein lb was formed by strains
DF2000, M226, and D3lm3 grown on nutrient
broth plus lactate. Since these strains are all
blocked under these growth conditions in the
formation of uridine 5'-diphosphate-glucose, it
is evident that protein lb does not require at-
tachment of glucose or galactose to the protein
or carbohydrates derived from these sugars.
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These experiments do not rule out modification
by attachment of sugars, such as glucosamine
or mannose, derived from fructose-6-phosphate.
Growth conditions have other pronounced ef-

fects on the outer membrane protein composi-
tion (Fig. 6). Cultures grown on minimal me-
dium, regardless of the carbon source, produce
large amounts of proteins 1 and 3a. These pro-
teins together account for about 70% ofthe total
outer membrane protein. On complex media,
the proteins migrating more rapidly than pro-
tein 3a are enhanced with respect to the "ma-
jor" proteins. However, proteins 1 and 3a are
greatly reduced on complex media, so that the
sum of proteins la, lb, and 3a represents only
about 12 to 20% of the total outer membrane
protein. It should be noted that the amount
loaded on the gel shown in Fig. 6 was not
constant for each of the samples, but was ad-
justed so that protein 3a was roughly constant
in stain intensity.
CNBr peptides of proteins la and lb.

Schmitges and Henning (19) reported differ-
ences in migration between cyanogen bromide
(CNBr) peptides of protein 1 from E. coli B,
which makes only protein la, and E. coli K-12,
which makes both la and lb. We have isolated
protein lb by QAE-Sephadex fractionation of
protein 1 from a lactate-minimal medium-
grown culture that produced both la and lb,
and compared this with protein la produced by
an isogenic ParI mutant. The Par+ strain used
for the isolation of lb was labeled with
[3H]leucine. Protein lb was retarded slightly on
QAE-Sephadex with respect to protein la, so,
after two cycles of such chromatography, we
obtained a preparation consisting primarily of
lb (Fig. 8). This was mixed with a sample of
protein la from a [14C]leucine-labeled culture of
a ParI mutant, and the protein was cleaved
with CNBr and analyzed on a phosphate-
buffered 15% polyacrylamide gel (8). Both pro-
teins yielded the same CNBr peptides and par-
tial cleavage products in roughly the same
amounts, but there were significant differences
in the migration of peptides Dl, D2, and D3
(Fig. 9). Since these peptides are not contiguous
(8), this rules out modification occurring only at
the N- or C-terminal ends of the proteins.
Production of protein 2 by E. coli B. Since

E. coli B resembles ParI and ParlI mutants in
inability to produce protein lb, it was of inter-
est to determine if this strain can produce pro-
tein 2 when lysogenic for PA-2. To infect E. coli
B, we used a mutant strain (B837) lacking the
B restriction system. When this strain was ly-
sogenized by hy7, it produced a large amount of
protein 2, and in fact protein 1 could no longer
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be detected (Fig. 10). Thus, E. coli B resembles
ParI mutants of E. coli K-12.
E. coli B is thought to be a double mutant in

lon and non. However, there appears to be no
relationship between these genes and ParI and
ParnI phenotypes in E. coli K-12. We have ex-
amined several authentic lon mutants in K-12
strains, and all produce normal amounts of pro-
teins la and lb. Both ParI and ParII mutants
yield normal numbers of mucoid colonies when
streaked against T7, so they do not appear mu-
tated in non.

Isolation and properties of TolIV and
ToIXIV mutants. We did not observe colicin-
resistant mutants among the mutants (both
spontaneous and EMS-induced) selected only
for PA-2 resistance. This is apparently due to
the lower frequency (or recovery) of colicin-
tolerant mutants with respect to the Par mu-
tants, since mutants having the phenotype re-
ported for TolIV and TolXIV (6) were isolated
at a low frequency when EMS-mutagenized cul-
tures of W1485F- were challenged with both
phage (either PA-2c or hy2) and colicin E3. For
the purposes of this study, we define TolIV
mutants as those sensitive to phage BF23 and
colicin El but resistant (tolerant) to colicins E2,
E3, and K, and TolXIV mutants are the same
as TolIV except sensitive to colicin K. Sarma
and Reeves (manuscript in press) recently
found that these phenotypes are the result of
mutations at the same locus, designated as
ompB, which is located between malA and
aroB at approximately minute 73.8 on the E.
coli K-12 linkage map.
A number ofTolIV and TolXIV mutants were

examined by the thin-slab gel system. All were
found to produce either no detectable protein 1
or very slight traces of protein la. Some ofthese
mutants also produced small amounts of a pro-
tein with a higher apparent molecular weight
than that of protein 1, which may represent
some form of precursor polypeptide (Fig. 13).
When TolIV or TolXIV mutants were lysogen-
ized with hy7, the resulting lysogens produced
normal amounts of protein 2.

Since the amount of protein 2 produced was
normal, and comparable to the amount of pro-
tein 1 produced by the Tol+ parent, we were
interested in determining whether the produc-
tion of protein 2 by the hy7 lysogens would
repair the outer membrane defect leading to
colicin tolerance. The results of such experi-
ments indicate that replacement of the missing
protein by protein 2 does result in almost com-
plete restoration of sensitivity to colicins E2
and E3 (Table 5). Lysogeny for phage A had no
effect on colicin sensitivity.
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Properties of tolF mutants. Mutations at a
locus designated as tolF (11), now known to be
identical with the cmlB locus (10), result in a
tolerance to colicins E2, E3, K, and L similar to
that observed in TolIV mutants missing protein
1. Chai and Foulds (submitted for publication)
have found that tolF mutants produce protein
lb but lack protein la. We have confirmed their
observation. When we compared the outer
membrane protein profiles of JF568 tolF4
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grown on either LB or nutrient broth with
those of an isogenic JF568 tol+ strain, we ob-
served that the levels of protein lb were the
same in both strains, but the tolF was specifi-
cally lacking protein la.

Strain JF568 tolF4 exhibits normal sensitiv-
ity to phage PA-2 (Table 3). To examine this
mutation in more detail, we obtained a number
of spontaneous mutants in this strain resistant
to PA-2c and hy2. These mutants exhibited the
same level of tolerance to colicins E2, E3, and L

I a ..w _
I b -s--

a
b

~~~~~~~~4oo -OW40 0

FIG. 7. Slab gels as in Fig. 6 showing the major
outer membrane proteins of W1485F- grown on nu-
trient broth (NB) supplemented with 025% glycerol
(GL), 0.25% potassium lactate (LAC), 0.1% L-serine
(SER), or 0.25% sodium succinate (SUCC).

ibbwaa ..- I a
-'- I b
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FIG. 8. Slab gels as in Fig. 6 showing (A) protein

1 purified as previously described (8) from a culture
of W1485F-, (B) protein la purified as described in
the text from a ParI mutant (PAlOl ), and (C) protein
lb from a culture ofW1485F- separated from protein
la by two cycles of chromatography on QAE-Sepha-
dex. All cultures were grown on lactate-minimal me-
dium.
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FIG. 9. Comparison ofCNBrpeptides ofpurified protein la from a ParI mutant (PB101) and ofprotein lb

isolated from W1485F-. Protein la was from a culture labeled with [4C]ileucine (dashed line), and protein
lb was from a culture labeled with [3H]leucine (solid line). The two preparations ofprotein were mixed prior
to CNBr cleavage. The two preparations are the same as shown in Fig. 8. The peptides are labeled as in
Schmitges and Henning (19).

FIG. 6. High-resolution slab gels (Laemmli buffer system) of the outer membrane proteins of W1485F-
grown on various media: minimal-glucose, minimal-lactate, Trypticase soy broth (TSB), LB withoutglucose,
and nutrient broth (NB). The numbers above the various lanes indicate the amount of protein (in micro-
grams) applied to each slot. These amounts were chosen so that the intensity ofprotein band 3a was similar in
each of the samples.
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TABLE 5. Effect of lysogeny by PA-2 (hy7) on colicin
sensitivity of TolIV and TolXIV mutants

Colicin sensitivitya
Strain

Colicin E2 Colicin E3

W1485F- 1:3,125 1:78,125
W1485F- hy7 1:3,125 1:78,125
W1485F- * X 1:3,125 1:78,125
PB108 (TolIV) Undiluted 1:5
PB108 (TolIV) X Undiluted 1:5
PB108 (TolIV) hy7 1:625 1:15,625
PB109 (TolXIV) Undiluted 1:5
PB109 (TolXIV) X Undiluted 1:5
PB109 (TolXIV) hy7 1:625 1:15,625

a Sensitivity is the highest dilution of a colicin
stock solution that gave a clear zone when spotted
on a soft agar lawn of the-test strain. Serial fivefold
dilutions were tested.

as did the parent tolF strain, indicating that
they were not revertants at the tolF locus. One
such mutant was characterized in detail, and it
was shown to be of the ParI phenotype since it
produced normal levels of protein 2 when lyso-
genized with hy7. When the tolF par mutant
was transduced to nalA with a Plkc lysate
obtained from a nalA par+ strain, the majority
of the transductants were Par+, indicating that
the mutation was at the par locus.
A surprising result was obtained when the

outer membrane of this tolF par double mutant
was analyzed on gels. Whereas the parent tolF
produced normal levels of protein lb and no
detectable protein la, the tolF par double mu-
tant produced no protein lb and almost normal
levels ofprotein la. To further rule out reversion
at the tolF locus, we examined both the colicin
sensitivity and the outer membrane protein
profiles of several of tolF nalA par+ transduc-
tants. All ofthese had the same colicin sensitiv-
ity as JF568 tolF4, and all produced protein lb
but no protein la.

Since JF568 tolF4 produced normal levels of
protein 2 when lysogenic for hy7, we examined
the colicin sensitivity of these lysogens as com-
pared with the nonlysogenic tolF strain. The
results were essentially identical to those
shown for the TolIV and TolXIV strains in
Table 5. Lysogeny of JF568 tolF4 with hy7 re-
stored the colicin E2 and E3 sensitivity to al-
most that of the isogenic tolF+ strain. A similar
restoration of sensitivity was observed when
the tolF par double mutant was lysogenized
with hy7.

DISCUSSION
Four lines of evidence now indicate that pro-

tein 1 is an essential component of the receptor
for phage PA-2: (i) it was previously shown (21)
that cells lysogenic for PA-2 and in which pro-
tein 2 has largely replaced protein 1 exhibit
reduced ability to bind phage. (ii) Mutants
(TolIV and TolXIV) selected on the basis of
colicin resistance and lacking protein 1 are re-
sistant to the phage. (iii) Isolated envelope frac-
tions enriched for protein 1 by differential SDS
extraction, and solubilized, partially purified
preparations of protein 1 from such fractions,
inactivate the phage. The addition of LPS, chlo-
roform, or detergents is not necessary to ob-
serve this phage inactivation. (iv) The majority
of mutants selected for resistance to virulent or
clear-plaque derivatives of PA-2 exhibit ob-
vious alterations in protein 1.

Several observations indicate that the lb
component of protein 1 is the phage receptor.
First, E. coli B, which is resistant to phage PA-
2, lacks protein lb but produces large amounts
of protein la (19). Second, the predominant
classes of mutants selected for resistance to PA-
2 are missing protein lb but have normal levels
of protein la. Third, tolF mutants missing pro-
tein la but producing protein lb exhibit normal
phage sensitivity even though they are altered
in colicin sensitivity.
Though LPS need not be added to purified

protein 1 to observe phage inactivation, it is
possibly required as a component of the recep-
tor since the protein preparations we have used
are undoubtedly contaminated with small
amounts of LPS. The phage-resistant mutants
described by Schmitges and Henning (19) that
are missing protein lb are also resistant to T4,
suggesting a LPS defect in these mutants. Un-
like these, ParI mutants are sensitive to phage
T4 and to a number of other phages that use
LPS receptors and, hence, must have normal
LPS.

It is not clear whether proteins la and lb
represent different forms of the same poly-
peptide or are the products of different struc-
tural genes. However, both genetic and bio-
chemical evidence favor the hypothesis that
proteins la and lb are derived from the same
structural gene product and differ in some form
or forms of post-translational modification.
With respect to the two Par phenotypes associ-
ated with mutations at the par locus, we have

FIG. 10. Slab gels as in Fig. 6 showing the outer membrane proteins of TolIV and TolXIV mutants of
W1485F- and E. coli B strain as well as the corresponding strains lysogenic for hy7. The cultures were grown
on LB.
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examined more than 20 such mutants and have
not observed any that produced any detectable
protein lb or any band that might represent an
electrophoretic variant of lb. Using a very sen-
sitive phage recombination test, we have been
unable to detect any mutants with the ParI
phenotype that were at all leaky with respect to
PA-2 resistance. The mutants with the ParII
phenotype are defective both in the production
of protein b and in the production of protein 2
and PA-2 lysogens. Since protein 1 and protein
2 are clearly the products of different structural
genes (8), these mutants are affected in the
production of more than one gene product. All
of these observations suggest that the ParI and
ParII mutants are not altered in the structural
gene for the polypeptide of protein lb. Like-
wise, the observation that tolF mutants lacking
protein la will produce this protein when a
second mutation in the par locus is introduced
indicates that the tolF locus does not represent
the structural gene for the polypeptide of pro-
tein la.

Several lines of evidence suggest that the
ompB locus near malA may represent the
structural gene for a polypeptide precursor of
proteins la and lb. First, mutations mapping
at this locus (TolIV and TolXIV phenotypes)
are defective in both la and lb. Second, these
mutants produce normal amounts of protein 2
when lysogenic for PA-2 derivatives. Since pro-
tein 2 is clearly a different polypeptide (8) than
protein 1, mutations in the structural gene for
protein 1 should have no effect on the produc-
tion of protein 2. Finally, we recently observed
that a revertant of a TolIV mutant produced a
polypeptide that migrated as a single band on
both Laemmli slab gels and Bragg-Hou gels
and exhibited an altered mobility with respect
to wild-type protein 1 on both of these gel sys-
tems (data not shown).
The nutritional studies indicating that the

formation of protein lb depends upon a high
level of some intermediate in the pathway from
fructose-6-phosphate to pyruvate suggest that
protein lb may differ from protein la through
modification of the polypeptide chain by addi-
tion ofsome small, acidic molecule derived from
one of these glycolytic intermediates. Protein lb
is clearly more acidic than la, as shown by its
retention on QAE-Sephadex and by the electro-
focusing studies of Schmitges and Henning
(19). The studies of the CNBr peptides of pro-
teins la and lb also favor the idea that these
proteins differ by modification of amino acid
residues or by addition of a small molecule at
several points along the polypeptide chain.
Both forms of the protein yielded the same
number of cleavage products (including partial

cleavage fragments A and C; 8), and these ex-
hibited similar, although not identical, electro-
phoretic mobility. It is difficult to imagine two
distinct polypeptides that yielded such similar
CNBr peptides, since this would imply that the
methionine residues in both proteins would
have to be the same in number and would occur
at almost exactly the same positions along the
polypeptide chain.

Protein lb has no obvious function, since the
ParI mutants lacking this protein grow nor-
mally under the conditions we have tested and
exhibit wild-type phage and colicin sensitivity.
Protein la seems to play a role in organization
of the outer membrane, since the tolF mutants
specifically lacking this protein and the ompB
mutants lacking both forms of protein 1 exhibit
tolerance to several group A colicins. That lyso-
genization of both tolF and ompB mutants with
derivatives of phage PA-2 restores colicin sensi-
tivity indicates that protein 2, which is pro-
duced by these lysogens, is a functional as well
as a structural analog of protein 1.
This restoration of colicin sensitivity by pro-

tein 2 also aids in the elucidation of one of the
colicin tolerance mechanisms. We have previ-
ously shown that the vitamin B12 transport pro-
tein, which is the receptor for colicin E3, can
exist in different functional states with respect
to its participation in colicin killing (3, 4). Al-
though both old and new receptor molecules
can function in B12 transport, only newly syn-
thesized receptor molecules can mediate killing
by colicin E3. These results indicate that the
newly synthesized receptor must exist, for a
period of time, fixed in juxtaposition or in a
particular orientation with respect to some site
on the cytoplasmic membrane for the colicin to
penetrate and kill the cell. Eventually, this
juxtaposition or orientation is lost as the recep-
tor moves away from its original site of inser-
tion in the outer membrane as a consequence of
growth or lateral diffusion, and this portion of
the cell surface becomes "tolerant" in the sense
that colicin can still be bound but can no longer
penetrate and kill.

It is likely that the vitamin B12 receptor,
which is a very minor component of the outer
membrane, is stabilized or constrained with
respect to diffusion by the major components
(LPS, proteins) of the outer membrane. Defects
in these major components, for example, inabil-
ity to produce protein 1, would allow more rapid
diffusion of the newly synthesized receptor
away from its site of insertion and render the
cell tolerant to the colicin. It would be predicted
in this case, if the missing protein could be
replaced by another protein (protein 2) of simi-
lar function, that sensitivity to the colicin
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would be restored. The data presented here and
in our previous studies of colicin E3 sensitivity
(3, 4) are entirely consistent with such a model
for colicin tolerance.
While this work was being prepared for pub-

lication, we became aware of work by Verhoef
et al. (C. Verhoef, P. J. de Graff, and E. J. J.
Lugtenberg, Mol. Gen. Genet., in press) on a
virulent E. coli phage, termed Mel, that they
have isolated. Mutants ofE. coli K-12 resistant
to this phage are also missing protein lb (which
they term protein c), and the mutations to
phage resistance map at a locus exhibiting 35%
cotransduction with nalA. It appears likely
that this locus, termed meo by Verhoef et al., is
identical with the par locus described in this
paper.

APPENDIX
Nomenclature of outer membrane proteins from

Escherichia coli K-12. As a result of exchange of
data, strains, and phage stocks between various
laboratories, it is now possible to reconcile the
nomenclature systems for the "major" outer mem-
brane proteins as follows:

Lugtenberg et al. Schmitges and Schnaitman (20)
(14) Henning (19)
_ _ 2
a - 3b
b Ia la
c Ib lb
d II* 3a

The proteins are listed above in the order in which
the bands appear (in terms of increasing mobility)
on SDS-gels in the Laemmli buffer system (1, 14). It
should be noted that the relative order of migration
of proteins 2 and 3b is quite different in this gel
system from that observed with the Bragg-Hou
buffer system (20). Protein 2 is present only in
strains lysogenic for phage PA-2 or its derivatives
and thus was not detected by Lugtenberg or Henn-
ing. Protein 3b is not produced at low temperature
and thus was not detected by Henning in cultures
grown at 300C.

Protein la from E. coli K-12 appears to be very
similar or identical to the "matrix protein" isolated
by Rosenbusch from E. coli B (8, 19). Proteins 3a
and 3b are "heat-modifiable" proteins according to
the terminology of Bragg and Hou (5), and proteins
la, lb, and 2 are "peptidoglycan-associated" proteins
(8).
We are grateful to U. Henning, P. Manning,

and B. Lugtenberg for supplying unpublished data
that aided in the reconciliation of these nomen-
clature systems.
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