JOURNAL OF BACTERIOLOGY, Mar. 1981, p. 1351-1358
0021-9193/81/031351-08$02.00/0

Vol. 145, No. 3

Genetic and Biochemical Characterization of Periplasmic-
Leaky Mutants of Escherichia coli K-12

JEAN-CLAUDE LAZZARONI* ano RAYMOND C. PORTALIER

Laboratoire de Microbiologie 406 (Laboratoire de Biologie et Technologie des Membranes du Centre
National de la Recherche Scientifique no. 05421), Institut National des Sciences Appliquées de Lyon, 69621

Villeurbanne Cedex, France
Received August 1980/Accepted 29 December 1980

Periplasmic-leaky mutants of Escherichia coli K-12 were isolated after nitro-
soguanidine-induced mutagenesis. They released periplasmic enzymes into the
extracellular medium. Excretion of alkaline phosphatase, which started immedi-
ately in the early exponential phase of growth, could reach up to 90% of the total
enzyme production in the stationary phase. Leaky mutants were sensitive to
ethylenediaminetetraacetic acid, cholic acid, and the antibiotics rifampin, chlor-
amphenicol, mitomycin C, and ampicillin. Furthermore, they were resistant to
colicin E1 and partially resistant to phage Tula. Their genetic characterization
showed that the /ky mutations mapped between the suc and gal markers, near or
in the tolPAB locus. A biochemical analysis of cell envelope components showed
that periplasmic-leaky mutants contained reduced amounts of major outer mem-
brane protein OmpF and increased amounts of a 16,000-dalton outer membrane

protein.

The envelope of gram-negative bacteria con-
sists of three compartments: the inner or cyto-
plasmic membrane, the outer membrane, and
the periplasmic space between the two mem-
branes (7, 25). Inner membrane proteins are
involved in active transport, oxidative phospho-

rylation, and biosynthesis of envelope macro- '

molecules (7). The protein composition of the
outer membrane is much simpler than that of
the cytoplasmic membrane (9). Outer membrane
proteins are involved in conjugation, diffusion of
small molecules, and adsorption of phages and
colicins (18). The periplasmic space houses bind-
ing proteins involved in the active transport of
various metabolites (4, 17, 28, 31, 37), degrada-
tive periplasmic enzymes (15), and a peptidogly-
can layer covalently bound to the lipoprotein (6)
and noncovalently associated with other outer
membrane proteins (29, 36).

Cell envelope proteins, which account for ap-
proximately 25% of the total bacterial proteins,
are synthesized in the cytoplasmic compartment
and have to be transported in or across the
cytoplasmic membrane (9). Many aspects of the
export process for cell envelope proteins in bac-
teria agree with the predictions of the signal
hypothesis elaborated for the secretion of pro-
teins and peptide hormones in eucaryotic sys-
tems (5). A genetic analysis of protein export
should help to identify cellular components in-
volved in the export process and the final inte-
gration of cell envelope proteins.

There is little evidence for the secretion of any
Escherichia coli periplasmic proteins into the
culture medium. It seems likely that the outer
membrane acts as a barrier to such release. We
previously isolated periplasmic-leaky mutants
which were unable to keep some periplasmic
enzymes in their original compartment and
which consequently released them into the ex-
tracellular medium (20). The periplasmic-leaky
phenotype has been described in E. coli strains
deficient in lipoprotein and lipopolysaccharide
(14, 16, 42).

Here, we present genetic and biochemical
properties of a new class of periplasmic-leaky
mutants which contain reduced amounts of ma-
jor outer membrane protein OmpF. (The no-
menclature for major outer membrane proteins
is as described by Bachmann [2] and Lugtenberg
et al. [22].)

MATERIALS AND METHODS

Bacterial strains and phages. All bacterial
strains used in this work were derivatives of E. coli K-
12. Some of their relevant properties are, listed in
Table 1. All Hfr mutant strains derived from Hfr P4X.
The characteristics of phages we used are listed in
Table 2.

Media. Cells were grown in rich L medium (24) or
in minimal Tris (T) medium (12). Solid media con-
tained 1.5% agar. Minimal medium was supplemented
with (per liter): glucose (G) 2 g; thiamine hydrochlo-
ride, 1 pg; appropriate amino acids, 40 ug; and adenine,
0.03 g, if required. Other substrates were used at a
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TABLE 1. Bacterial strains

Strain Sex Relevant genotypes Source
P4X Hfr thi metB E. Wollman
Gals Hfr thi metB lacl B-gal;ctosidase constitutive derivative from
4
188 Hfr thi metB lacl phoS,T Arsenate-resistant mutant of strain Gals
207 Hfr thi metB lacl lky-207 Periplasmic-leaky mutant of strain Gal5
207¢ Hfr thi metB lacl phoS,T lky-207 Arsenate-resistant mutant of strain 207
207R Hfr thi metB lacl phoS,T Deoxycholic acid-resistant spontaneous rever-
tant of strain 207c

236 Hfr thi metB lacl lky-236 Periplasmic-leaky mutant of strain Gal5
236¢ Hfr thi metB lacl phoS,T lky-236 Arsenate-resistant mutant of strain 236
CGSC 4444 F- thi leu suc bioA galT chlC B. J. Bachmann

rpsL
PA601 F- proA thr leuC argH his-1 thyA M. Schwartz

purkE lacY galB malA xyl

mtl tonA rpsL

TABLE 2. Phage characteristics

Receptor membrane
Phage component Source

U3, 6SR, Br2, Lipopolysaccharide R. N. Picken

Bri10, C21,

FP1, T3,

T4, T7
Tula Major protein OmpF C. Verhoef
Mel Major protein OmpC C. Verhoef
K3 Major protein OmpA C. Verhoef
Té Tsx protein Institut Pasteur

Paris

final concentration of 2 g/liter, except for succinate (4
g/liter). TG medium supplemented with 0.25% pro-
teose peptone was used to induce alkaline phosphatase
synthesis (TGLP medium); 0.1 M phosphate was
added to this medium to repress alkaline phosphatase
synthesis (TGHP medium).

L-RNA and L-DNA plates contained 1.5% yeast
RNA or 0.15% DNA. Selective medium for isolation of
arsenate-resistant mutants has been described previ-
ously (41).

Bacterial growth. Growth, estimated by the in-
crease of cell suspension turbidity, was measured in a
Jean et Constant spectrophotometer: 100 U of absorb-
ance at 600 nm corresponds to 3 X 10® cells per ml and
200 ug of bacteria (dry weight) per ml.

Mutagenesis and in situ plate assays for de-
tecting alkaline phosphatase, RNase I, DNase I,
or B-galactosidase excretion. Nitrosoguanidine-in-
duced periplasmic-leaky mutants were isolated and
characterized as previously described (20).

Enzyme assays. Standard published procedures
were used for assaying alkaline phosphatase (34) (with
10~ M p-nitrophenyl phosphate as the substrate) and
B-galactosidase (24) (with 3 X 10~ M o-nitrophenyl-
B-D-galactopyranoside as the substrate). One unit of
alkaline phosphatase or B-galactosidase activity was
defined as the amount of enzyme which hydrolyzed 1
nmol of substrate per min. The differential rate of
enzyme synthesis corresponds to the increase of en-
zyme activity for an increase of 1 mg of bacterial dry
weight.

Cellular and extracellular extracts. Routinely,
a 500-ml culture was centrifuged (6,000 X g for 20
min), and a sample of the supernatant (extracellular
fraction) was dialyzed three times for 12 h against
water. Cells were osmotically shocked as described by
Heppel (15). Extracellular and periplasmic extracts
were lyophilized. Intact or shocked cells were dis-
rupted by sonication with a Sorensen oscillator (80 kc)
for 15 min at a temperature below 10°C. Sonic extracts
were centrifuged (13,000 X g for 30 min at 4°C), and
supernatants were used to determine intracellular ac-
tivities.

Preparation of membrane fractions. Cells har-
vested in the late exponential phase of growth were
washed twice with 10 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid), pH 7.4, and son-
icated as indicated above, in the same buffer. After the
intact cells were discarded by low-speed centrifuga-
tion, the supernatant was ultracentrifuged (200,000 x
& for 60 min at 4°C); the pellet contained envelope
proteins.

Cytoplasmic membrane fractions were extracted
twice with a solution containing 10 mM HEPES (pH
7.4), 2% Triton X-100, and 1 mM MgCl; as described
by Schnaitman (32). Outer membrane fractions were
extracted twice with the same buffer, except that 5
mM EDTA was used instead of MgCl.. Under these
conditions, about 40% of the total membrane proteins
were solubilized. Membrane proteins were precipi-
tated with cold ethanol as described previously (32).

Isolation of peptidoglycan-associated pro-
teins. Peptidoglycan-associated proteins were isolated
from total envelope proteins after solubilization of
other membrane proteins in the presence of 2% sodium
dodecyl sulfate (SDS) for 30 min at 60°C as described
by Lugtenberg et al. (23). The lipoprotein-peptidogly-
can complex was dissociated by lysozyme treatment
(1 mg/ml in 100 mM Tris, pH 8, for 16 h at 37°C).

Electrophoretic analysis. SDS-polyacrylamide
slab gel electrophoresis was performed by the method
of Laemmli (19) with gels 12 or 18 cm long. Before
electrophoresis, samples were boiled for 5 min under
reducing conditions (in 0.1 M B-mercaptoethanol) in
the presence of 1% SDS. After electrophoresis, gels
were stained with 2% Coomassie blue in methanol-
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acetic acid-water (50:10:40) and then diffusion de-
stained for 12 h in successive baths of methanol-acetic
acid-water (5:10:85) at 50°C. Gels were scanned with
a Vernon Phi 5 densitometer (Vernon, Paris, France).

Labeling of cell envelope proteins. Labeling ex-
periments were performed by adding 500 uCi of [*H]-
arginine (25 Ci/mmol) to 40 ml of culture. After elec-
trophoresis, gels were fractionated into 1-mm frac-
tions. Each fraction was suspended in a mixture con-
taining Protosol (60 ml), Triton X-100 (500 ml), 2,5-
diphenyloxazole (4 g), 1,4-bis[2(5-phenyloxazolyl)]-
benzene (0.16 g), and toluene (1,000 ml) and stored
overnight at 37°C before counting. The recovery of
radioactive counts from the fractionated gels was rou-
tinely 80 to 100%.

Genetic techniques. Conjugation and transduc-
tion techniques using P1 kc were carried out as de-
scribed by Miller (24). Mapping by the gradient of
transmission was carried out as described by De Haan
et al. (8).

Sensitivity to phages, colicin, and drugs. Sen-
sitivity to phages and colicin E1 was estimated quali-
tatively, by cross-streaking phage or colicin stocks and
bacteria on L medium + G plates, and quantitatively,
by titering phage lysates on parental and mutant
strains. Resistant mutants gave fewer plaque-forming
units than did the sensitive parental strain.

Sensitivity to drugs was determined by testing the
colony-forming ability of mutants on L. medium con-
taining inhibitors at concentrations which allowed
growth of parental strains.

Other analytical methods. The protein content
of samples was assayed by the procedure of Schacterle
and Pollack (30), except that 5% SDS was added to
Triton X-100-containing fractions to prevent interfer-
ence with colorimetric determination (38). 2-Keto-3-
deoxyoctulosonate and heptose were assayed as de-
scribed by Osborn (27).

Chemicals. Yeast RNA (type VII), DNA (type III),
Coomassie blue, alkaline phosphatase and g8-galacto-
sidase substrates, Triton X-100, acridine orange, mi-
tomycin C, rifampin, Tris (Trizma base), and HEPES
were purchased from Sigma Chemical Co., St. Louis,
Mo. Other reagents were of the highest purity avail-
able. Radioactive [*H]arginine was purchased from
the Radiochemical Centre, Amersham, England, and
Protosol was purchased from New England Nuclear
Corp., Boston, Mass.

RESULTS

Isolation of periplasmic-leaky mutants.
Nitrosoguanidine-induced periplasmic-leaky
mutants were isolated from strain Gal5 and clas-
sified into several phenotypic classes on the basis
- of their responses to the plate assays we have
developed for detecting the excretion of alkaline
phosphatase, RNase I, and DNase I (20). Mutant
strains 207 and 236, which leaked the three
enzymes, were further analyzed. In this study,
alkaline phosphatase was chosen as the peri-
plasmic enzyme marker, and 8-galactosidase was
chosen as the cytoplasmic enzyme marker.

Strains 188, 207c, and 236¢c were selected as
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arsenate-resistant derivatives of strains Gal5,
207, and 236, respectively, and they synthesized
alkaline phosphatase constitutively. Mutations
responsible for constitutivity were cotransduci-
ble with the ilvA marker and mapped in the
phoS,T locus (41, data not shown). The availa-
bility of constitutive leaky mutants allowed us
to assay alkaline phosphatase activity after
growth in L medium, which contains about 1
mM phosphate. In low-phosphate minimal me-
dium, periplasmic-leaky mutants did not de-
velop as well and occasionally lysed.

Growth of periplasmic-leaky mutants on dif-
ferent substrates requiring or not requiring bind-
ing proteins for their cytoplasmic accumulation
(arabinose, ribose, galactose, succinate, glycerol,
and glucose) was normal. However, strain 207
did not grow on maltose.

Time course of alkaline phosphatase ex-
cretion. When wild-type strain 188 was grown
in L medium at 37°C, alkaline phosphatase ex-
cretion slowly increased with time: less than 2%
of the enzyme activity was released in the late
stationary phase of growth after 16 h of incuba-
tion (Fig. 1). On the other hand, alkaline phos-
phatase excretion by mutant strains 207c¢ and
236¢ started immediately in the early exponen-
tial phase of growth and reached a plateau cor-
responding to a maximum release of 90% of the
total enzyme content (Fig. 1).

Intracellular enzyme activity increased during
growth of strain 188 but remained constant in
mutant strains (Table 3). Total alkaline phos-
phatase activities of parental and mutant strains,
however, were equivalent.
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Fi1c. 1. Kinetics of alkaline phosphatase excretion

by parental and periplasmic-leaky mutant strains.

Symbols: B, strain 188; A, strain 207c; @, strain 236¢.
Bacteria were grown at 37°C in L medium.

Excreted specific activity (U/mg dry weight)
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In all experiments, B-galactosidase activity re-
covered in the extracellular fluids never ex-
ceeded 2% of the total enzyme activity.

Susceptibility of periplasmic-leaky mu-
tants to osmotic shock. Alkaline phosphatase
and B-galactosidase activities were assayed in
the different extracts obtained after mutant and
wild-type cells were exposed to osmotic shock
(Table 4). The distribution of alkaline phospha-
tase activity within periplasmic-leaky mutants
showed that the remaining intracellular enzyme
could be released by osmotic shock. A significant
fraction of this activity, however, was released
during the first stage of the treatment, especially
after cells had developed in low-phosphate me-
dium (data not shown).

Drug-resistant revertants isolated from strain
207c (see below) behaved like the parental strain
(Table 4). Periplasmic proteins which were not
excreted by mutant 207¢ during growth could be
released by osmotic shock (Fig. 2, lane IIb).

Sensitivity of periplasmic-leaky mutants
to bacteriophages and colicin E1. Sensitivity
of periplasmic-leaky mutants to colicin E1, k-

J. BACTERIOL.

popolysaccharide-requiring phages (U3, 6SR,
Br2, C21, Brl0, FP1, T3, T4, and T7), phages
that require the major outer membrane proteins
(Tula, K3, Mel), and phage T6 was analyzed by
cross-streaking. Parental and mutant strains
were equally sensitive to all phages, except for
phage Tula, which gave 10 times fewer plaque-
forming units after titration on mutant cells.
Strain 207 was furthermore resistant to colicin
El.

Sensitivity to drugs. Periplasmic-leaky mu-
tants were tested for sensitivity to a variety of
drugs known to inhibit growth of cell envelope
mutants (10, 33, 39). Mutants 207c and 236¢
were more sensitive than parental strain 188 to
rifampin, mitomycin C, deoxycholic acid, and
EDTA (Table 5), but they were resistant to
SDS, Triton X-100, Brij 58, acridine orange,
methylene blue, and crystal violet (data not
shown). The addition of MgCl; did not restore
the wild-type nonleaky phenotype.

Spontaneous revertants were isolated from
leaky mutants as resistant clones to deoxycholic
acid with a frequency of 4 X 10~%. When tested

TABLE 3. Kinetics of alkaline phosphatase excretion

Alkaline phosphatase activity® of strain:

Growing 188 (wild type) 207¢c 236¢
time (h)
E“‘]";"“"' Intracel:  Total  Extracellular Ole']‘l‘;l’" Total  Extracellular ;‘l'l‘:;r Total
1 0(0) 6 6 2 (33) 4 6 2 (33) 4 6
2 13 31 32 22 (34) 43 65 16 (30) 40 56
3 2(2) 83 85 42 (55) 35 77 25 (37) 40 65
4 2 (1) 180 182 139 (74) 49 188 38 (42) 52 90
5 3(2) 190 193 139 (75) 46 185 60 (54) 51 111
7 5(2) 269 274 259 (87) 40 299 141 (83) 30 171
16 7(2) 314 321 265 (85) 45 340 230 (85) 40 270

®Cells were grown at 37°C in L medium. Enzyme activity, including total enzyme acti\{ity (intra- ph!s
extracellular), is given in enzyme units and corresponds to the amount of enzyme contained in 1 ml 9f sonic
extract prepared from a cell suspension containing 3 X 10° bacteria per ml. Values within parentheses indicate

percentage of total enzyme activity.

TABLE 4. Distribution of enzyme contents after osmotic shock

Amt (%) of enzyme®

Alkaline phosphatase B-Galactosidase
Strain Osmotic shock at Extra Osmotic shock at
Extracel- stage®: < e N stage: Sonicat
lular fluid b 2
. 1 1 fluid 1 1

188 (lky*) 1 0 99 0 0 0 0 100
207c (lky) 60 75 32 0.5 5 0 1.5 93.5
236¢ (lky) 48 3 48 1 2 0 0 98
207R (lky*) 1 1 98 0 1 0 0 99

¢ Cells were grown at 37°C in L medium and harvested in the stationary phase of growth.
b Stage I, Tris-sucrose-EDTA treatment; stage II, water treatment (15).
¢ Intracellular residual activity after osmotic shock treatment.
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for drug sensitivity and periplasmic-leaky phe-
notypes, deoxycholate revertants showed no
leakage of periplasmic enzymes and no sensitiv-
ity to any drug. These results suggest that lky
mutations, responsible for both sensitivity to
inhibitors and release of periplasmic enzymes,
are single mutations.

F16. 2. SDS-polyacrylamide gel (10% acrylamide
gels) electrophoresis patterns of the extracellular pro-
teins of parental and periplasmic-leaky mutant
strains. Cells were grown in TGHP medium; strain
207 was also grown in TGLP medium (lane Ib).
Standards: phosphorylase a (96K); catalase (58K);
glutamic dehydrogenase (53K); E. coli alkaline phos-
phatase, monomer (43K); carbonic anhydrase (30K).
I: Extracellular fluids from strains Gal5 (a), 207
(TGLP medium) (b), 207 (TGHP medium) (c), 188 (d),
and 207c (e). II: Osmotic fluids, stage II (water treat-
ment), from strains 188 (a) and 207c (b). Extracellular
fluid samples applied on gels corresponded to 5 x 10°
cells.

PERIPLASMIC-LEAKY MUTANTS OF E. COLI 1355

Protein composition of extracellular
fluids. The protein composition of extracellular
fluids prepared from stationary-phase cultures
was analyzed by electrophoresis on SDS-poly-
acrylamide slab gels (Fig. 2). Under these con-
ditions, parental strains Gal5 and 188 did not
excrete any protein (Fig. 2, lanes Ia and Id). On
the other hand, comparison of the protein pat-
terns corresponding to strains 207 and 207c,
grown in low- (Figure 2, lane Ib) or high-phos-
phate medium (Fig. 2, lanes Ic and Ie), showed
that several phosphate-regulated periplasmic
proteins were released. Proteins P1 (alkaline
phosphatase, monomer), P2, and P4 (phosphate-
binding protein) were released by depressed cells
of mutant 207, whereas only bands P1 and P2
were excreted by strain 207¢c; band P4 was absent
in strain 207c, which was probably a phoS mu-
tant (13). (The nomenclature of periplasmic pro-
teins is as described by Morris et al. [26].)

Two other major periplasmic proteins were
released: a 58,000-dalton (58K) protein, and a
17K protein, which was only present after
growth in high-phosphate medium. Other uni-
dentified minor bands, probably including
RNase I, DNase I, and other periplasmic pro-
teins, were excreted.

Genetic characterization of strains 207c
and 236c. Preliminary results from interrupted
and noninterrupted mating studies between Hfr
strains 207c or 236¢ and the F~ strain PA 601
suggested that the two lky mutations mapped
between purE and gal markers (20a).

Transduction studies with phage P1 kc were
carried out, using strain 207c as a donor and
strain CGSC 4444 as a recipient. gal* and suc*
transductants were selected: 43 and 67%, respec-
tively, of these transductants inherited the pleio-
tropic phenotype associated with the lky-207
mutation (alkaline phosphatase and RNase ex-
cretion and sensitivity to deoxycholate).

To determine the position of the lky-207 mu-
tation relative to suc and gal markers, suc* lky*
and gal* lky* transductants were analyzed.
Since the great majority (85 to 95%) of such
transductants segregated as gal for the first class
and suc for the second class, we concluded that

TABLE 5. Sensitivity of periplasmic-leaky mutants to growth inhibitors®

Deoxycholate (%) EDTA (M) Rifampin (mg/ml) Mi“’m’:fl'; C (ug/

Strain
05 075 1 001 002 005 002 004 005 05 1 2
Gal5 (wild type) + + + + + - + + + + + +
207 + o+ - + - - + - - + - -
236 + - - + - - + o+ - + o+ -

“ Sensitivity to drugs was determined by testing the colony-forming ability of wild-type and mutant strains
at 37°C in L medium containing inhibitors at the concentrations indicated above. +, Growth; —, no growth.
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the lky-207 mutation is located between suc and
gal markers at min 16.5 of the E. coli linkage
map (2, 40). Unfortunately, we were unable to
infect strain 207c with a bacteriophage P1 k¢
lysate prepared on strain CGSC 4444 or to trans-
duce it for deoxycholic acid resistance.

The same kind of analysis, using a P1 k¢ lysate
prepared on strain 236¢, showed that the lky-236
mutation mapped at min 16.6 of the E. coli
linkage map.

Cell envelope composition. Strains Gal5
and 207 were grown at 30°C in TGLP medium
in the presence of [*H]arginine. Labeled cell
envelope proteins were quantitatively estimated
after SDS-polyacrylamide gel electrophoresis
(Fig. 3).

The strains contained equal amounts of major
outer membrane proteins e, OmpC, and OmpA
but the periplasmic-leaky mutant reproducibly
contained only half the amount of OmpF protein
present in the parental strain. The OmpF pro-
tein was not excreted by periplasmic-leaky mu-

1.4
]
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ompC —o
ompF _ 3
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~—~ L]
€ [
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F16. 3. SDS-polyacrylamide gel (10% acrylamide
gel) electrophoresis patterns of the total cell envelope
proteins in wild-type and lky cells. Bacteria were
grown in TGLP medium at 30°C; labeling and count-
ing experiments were carried out as described in the
text. Symbols: @, strain Gal5; O, strain 207. Total cell
envelope samples applied on gel corresponded to 2
X 10° cells.
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tants (Fig. 2); we also checked to be sure that
ompF and ompB mutants did not release alka-
line phosphatase activity (data not shown).

The amount of a peptidoglycan-associated
protein with an apparent molecular weight
16,000 was threefold higher in mutant strain 207
than in parental strain Gal5 (Fig. 3 and 4); the
amount of the 16K protein which entered the
gel was not increased by lysozyme treatment of
peptidoglycan-protein complexes (Fig. 4, lanes 3
and 6).

The analysis of the lipopolysaccharide sugars,
2-keto-3-deoxyoctulosonate and heptose, specif-
ically present in the lipopolysaccharide core,
showed no difference of composition between
parental and mutant strains.

DISCUSSION

This investigation led us to identify a new
class of E. coli periplasmic-leaky mutants which
are altered in one gene, situated at min 16.5.
These mutants exhibit the following pleiotropic
phenotype: (i) specific leakage of periplasmic
enzymes and proteins, (ii) increased sensitivity
to external toxic agents, (iii) deficiency in major
outer membrane protein OmpF, and (iv) an in-
creased amount of a peptidoglycan-associated
protein of an apparent molecular weight of 16K.

Periplasmic-leaky mutants of E. coli were first
described by Lopes et al. (21). Mutants with
altered lipopolysaccharide (14, 33, 35) or murein-

Fic. 4. SDS-polyacrylamide gel (15% acrylamide
gel) electrophoresis patterns of the SDS-soluble and
-insoluble membrane proteins from parental and per-
iplasmic-leaky mutant strains. SDS treatment and
lysozyme digestion of "peptidoglycan-protein com-
plexes were carried out as described in the text.
Strain Gal5: SDS-soluble (1) and -insoluble proteins
(2); and insoluble proteins after lysozyme treatment
(3). Strain 207: SDS-soluble (4) and -insoluble pro-
teins (5); and insoluble proteins after lysozyme treat-
ment (6).
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lipoprotein (11, 16, 39) and conditional mutants
(10) have previously been isolated, and their
periplasmic-leaky phenotype has been outlined.

Lugtenberg and his collaborators (14, 35)
showed that heptose-deficient mutants of E. coli
K-12, isolated as resistant strains to bacterio-
phages T3, T4, and T7, excreted RNase I, were
supersensitive to various antibiotics and deter-
gents, and contained decreased amounts of
OmpF protein. These mutations mapped in
genes located near min 7 and 72 of the E. coli
genetic map. As the new periplasmic-leaky mu-
tants that we have described above do not show
any apparent alteration in 2-keto-3-deoxyoctu-
losonate or heptose content, are still sensitive to
phages T3, T4, and T7 as well as to the other
lipopolysaccharide-requiring phages, and map in
a different region of the chromosome, their pleio-
tropic phenotype is likely to result from defects
in other structural components of the cell enve-
lope.

Mutants have been described in which lipo-
protein was absent (jpo mutants) (16), had a
modified structure (mlpA mutants) (42), or pre-
sented a defect in formation or stability of the
murein-lipoprotein attachment (/kyD mutants)
(11, 39). Such mutants leaked periplasmic en-
zymes during growth and showed an increased
sensitivity to various drugs. Both /po and mipA
mutations mapped in the structural gene for
lipoprotein (Ipp), located at min 36.4 on the E.
coli linkage map (2). In Salmonella typhimu-
rium, lkyD mutations mapped in the proA-galE
region. lkyD mutants contained decreased
amounts of bound lipoprotein and increased
amounts of a 15K cell envelope protein and free
lipoprotein; their major outer membrane protein
content was not altered.

Recently, Anderson et al. (1) described a per-
iplasmic-leaky mutant of E. coli K-12 carrying
a pleiotropic lky::Mu cts mutation. This mutant
was sensitive to detergents, antibiotics, and
EDTA and tolerant to colicin E1, E2, and E3,
but it remained normally sensitive to phage T4.
It grew extremely poorly on glucose and sugars
requiring osmotic shock-sensitive transport sys-
tems and did not grow on glycerol; it showed a
twofold reduction in the neutral sugar content
of the core lipopolysaccharide. The lky::Mu cts
mutation was linked to the gal locus, near or in
the to/PAB gene cluster. No cell envelope alter-
ation was reported from this study.

Like the pleiotropic tolPAB colicin-tolerant
mutants (3), the periplasmic-leaky mutants we
have isolated map at min 16.5, are resistant to
colicin E1, and are sensitive to deoxycholate and
EDTA. None of the previously described
tolPAB mutants, however, showed any major
deficiency in the protein composition of outer

PERIPLASMIC-LEAKY MUTANTS OF E. COLI 1357

membrane preparations (3). A complementation
analysis will be necessary to determine whether
the new l/ky mutations belong to the tol/PAB

group.
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