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The Escherichia coli gene for the ferrienterochelin uptake and colicins B and
D receptor protein is located at approximately 13 min, adjacent to or among genes
for enterochelin biosynthetic enzymes. The two receptor functions (colicin and

siderophore) are separable by mutation.

The Escherichia coli outer membrane protein
believed to function as the receptor for ferrien-
terochelin (20) has a molecular weight of 81,000
and is designated 81K (2). The 81K protein also
serves as the receptor for colicins B and D (21),
and mutations affecting 81K can be isolated on
the basis of colicin B resistance. Mutations in
genes designated feuB (3) and cbr (20) result in
the absence of 81K and cause defective ferrien-
terochelin uptake. Both feuB and cbr mutations
map at approximately 13 min (4, 18, 20), as do
mutations in the recently described fepA gene
(22); feuB, cbr, and fepA all probably refer to
the same locus. This report provides evidence
that the structural gene for the 81K polypeptide
is located near 13 min.

Colicin B-insensitive mutants were isolated
(15) from strain AB1515 (F~ thi proC leu trpE
purE rpsL tonA) and from RW193, a purE*
entA tonA" derivative of AB1515 (12). Sixty-five
spontaneous colicin B-insensitive mutants de-
rived from RW193 (UT100-UT6500) and 24
from AB1515 (UT6600-UT8900) were tested for
several properties, including sensitivity to other
group B colicins and to bacteriophages $80 and
T5 and receptor activity for colicins B and D;
total membrane preparations from 53 of the
mutants were analyzed by polyacrylamide gel
electrophoresis to test for the presence of 81K.
A minimum of 28 independent mutants, isolated
from a total of 13 overnight cultures, were iden-
tified. Five of these (UT200, UT1100, UT6700,
UT7100, and UT7600) had gained colicin and
phage resistance characteristics typical of tonB
mutants (5) and were not studied further.

Adsorption of colicin B by the insensitive mu-
tants was investigated by two techniques (15).
Two classes of insensitive mutants were distin-
guished: tolerant mutants were able to adsorb
colicin B, indicating the presence of its receptor,
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but were not killed by its action; resistant (re-
ceptor) mutants were unable to adsorb the coli-
cin. Seven mutants isolated from RW193 were
classified as tolerant by both procedures, and
one from AB1515 showed this phenotype. The
two adsorption assays were also used to screen
each of the insensitive mutants for its ability to
adsorb colicin Dj; adsorption results for colicin D
were identical to those obtained with colicin B.
However, the colicin D-producing strain (col D-
CAZ23), provided by E. M. Lederberg, is reported
to also carry colicin X, so these latter results are
not definitive.

Typical results obtained when total mem-
brane preparations from representative mutants
were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis are shown in Fig.
1. (J. B. Neilands kindly supplied strain RWB18,
a colicin B-resistant mutant of RW193 which
has been recently characterized [6]; it is included
here for comparative purposes.) A direct corre-
spondence was noted between the ability of a
mutant to adsorb colicin B and the presence of
81K. That is, tolerant mutants (UT100, UT300,
UT2200, UT2400, UT2500, and UT6400) all had
a protein band corresponding to 81K, whereas
the resistant mutants, with the exception noted
immediately below, lacked this polypeptide. An
unusual resistant mutant was detected by gel
electrophoresis; UT500 possesses a protein cor-
responding to 81K in that it is regulated by the
iron content of the medium (data not shown),
but the relevant protein of UT500 has a faster
migration rate in these gels. The mutation re-
sulted in the loss of colicin receptor activity even
though the protein had a decrease in apparent
molecular weight of only 2,000 to 3,000.

Uptake of **Fe was examined in representa-
tives of each of the classes of colicin-insensitive
mutants (Fig. 2A). Iron uptake in all strains
possessing 81K, including the tolerant mutant
UT2200, was wholly dependent upon the pres-
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Fi1c. 1. Membrane proteins of colicin B-insensitive
mutants of RW193. Only proteins with molecular
weights ranging from approximately 65,000 to 100,000
are shown. Cells were grown overnight at 37°C in T
medium (14) supplemented with 100 pg of Casamino
Acids per ml. Total membranes were isolated (9), and
samples containing 40 pg of protein were analyzed on
a 28-cm 7.5% polyacrylamide slab gel (10) run at 300
V for 6 h. Protein determinations and staining were
as before (14). The strains examined were as follows:
(@) UT300, tolerant; () UT500, altered 81K; (c)
UT400, resistant; (d) RWBIS8, resistant; (¢) RW193,
parent.

ence of enterochelin. The receptor mutant
UT2300 was unable to transport **Fe regardless
of the presence or absence of enterochelin. In-
terestingly, the altered-81K mutant UT500 was
still capable of transporting ferrienterochelin;
this strain thus possesses an outer membrane
protein that is defective in colicin B adsorption
but which still functions in ferrienterochelin
transport.

The ability of outer membrane from resistant
mutants UT2300 and UT500 to bind ferrienter-
ochelin was tested directly and compared with
that of RW193 (Fig. 2B). Membrane from strain
RW193 bound approximately four times more
ferrienterochelin than UT2300 and about twice
more than UT500 membrane. The reduction in
ferrienterochelin binding capacity of UT500
membrane as compared with that of membrane
from its parent has been confirmed by microcol-
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umn assay (6) (M. A. Mclntosh, unpublished
data). Several control experiments indicated
that the observed ferrienterochelin-UT2300
membrane binding was nonspecific: (i) cytoplas-
mic (inner) membrane from RW193 bound the
same amount of iron-siderophore complex as did
UT2300 outer membrane; (ii) outer membrane
from strain RWB18, which does not bind fer-
rienterochelin when measured by the microcol-
umn assay (6), behaved identically to UT2300
membrane; and (iii) the binding capacity of
RW193 outer membrane was not reduced to that
of UT2300 even when isolated from RW193 cells
grown in M9 medium supplemented to 10 uM
FeCls.

Conjugation experiments indicated that the
resistant mutations were localized very near
entA, probably in or near the ent-fep gene clus-
ter, as has been determined for other resistant
mutations (20); the mutants were therefore ten-
tatively designated cbr. The cbr gene was
mapped by P1 transduction with cbr mutants
derived from RW193 (purE* entA) as donors
and AB1515 (cbr* purE entA") as the recipient
or RW193 as the donor and cbr mutants from
ABI1515 as recipients; 200 purE* transductants
were selected in each experiment and scored for
both the cbr and the entA markers. The results
of some of these experiments are presented in
Table 1. The minimal cotransduction frequen-
cies for entA and cbr with respect to purE were
4 and 10%, respectively, which, when analyzed
by the equation of Wu (23), correspond to map
distances of 1.3 and 1.0 min. All the purE™ entA
cotransductants also carried the appropriate cbr
marker, indicating that the gene order is purE-
cbr-entA. In addition, the cbr mutation in
UT500, which gives rise to an electrophoretically
altered 81K and presumably results from a mu-
tation in the structural gene, maps 0.9 min from
purE. AB1515 purE* cbr transductants from
this experiment produce the altered 81K poly-
peptide electrophoretically identical to that
present in UT500, and, conversely, all purE™
cbr* transductants had a normal 81K protein.
These data indicate that the cbr locus is the
structural gene for 81K.

Many of the mutations mapped had enhanced
cotransduction frequencies for both entA and
cbr (e.g., UTI1500, UT2300, UT4400, and
UT5600). The degree of increase in cotransfer
with purE was similar for both markers, sug-
gesting that the lesions resulting in the absence
of 81K in these mutants were deletions of con-
siderable size located between cbr and purE.
Nutritional studies and reversion data also sug-
gest that these mutations are deletions. The
procedure and Salmonella typhimurium strains
of Luckey et al. (13) were used to determine that
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Fic. 2. Uptake and binding of *Fe-enterochelin by colicin-resistant mutants of E. coli K-12 strain RW193.
(A) Uptake. The procedure used was based on those described previously by Langman et al. (11) and Pugsley
and Reeves (19). Cells were prepared as described elsewhere (19), except that appropriately supplemented
iron-depleted M9 Medium (16), rather than medium A, was used for growth of overnight cultures and
subcultures and for uptake medium. Assays were performed at 37°C in plastic tubes with vigorous shaking. At
zero time, 1.5 ml of @ mixture containing nitrilotriacetic acid, **Fe, and enterochelin prepared in iron-depleted
M9 was added to 1.5 ml of cells (1.5 X 10° to 2 X 10°) in uptake medium; final concentrations were 100 pM
nitrilotriacetic acid, 1 pM **Fe (780 cpom/pmol), and 2 uM enterochelin. Samples (0.5 ml) were diluted into 3 ml
of 10 mM ethylenediaminetetraacetic acid (pH 7) and filtered immediately through Gelman GA-6 membrane
filters (pore size, 0.45 um) which had been presoaked in 10 mM ethylenediaminetetraacetic acid. The filters
were washed twice with 10 ml of 0.85% (wt/vol) NaCl, dried, placed in scintillation vials, and counted after
the addition of toluene-Permaflour (Packard) scintillation fluid. In the absence of enterochelin, the level of
Fe(IIl) accumulated was less at all time points than that present in zero-time samples containing enterochelin
[1 to 2 ng of Fe(IIl) per mg of cell dry weight]. Strains examined were: B, RW193; @, colicin B-tolerant strain
UT2200; A, altered 81K strain UT500; and ®, colicin B-resistant strain UT2300. (B) Binding of ferrientero-
chelin to outer membrane preparations. The procedure of Ichihara and Mizushima (8) was used with two
modifications. Outer membrane fractions were isolated by isopycnic sucrose density gradient centrifugation
(17), and appropriately supplemented iron-depleted M9 was utilized as the growth medium, iron-binding
medium, and washing medium. Symbols for the three strains examined are as in (A).

mutations in these strains have extended into
ent genes responsible for later steps in entero-

TABLE 1. Transductional analysis of relationships
among purE, cbr, and entA genes

% Cotransduction chelin biosynthesis. In contrast, the tolerant mu-

Donor Recipient with purE* tant UT2200 and two resistant mutants (RWB18
and UT'700) were able to synthesize enterochelin

cbr entd when the entA lesion was bypassed by adding

RW193 UT6600 14.2 49 2,3-dihydroxybenzoic acid. No true revertants of
UT6900 100 4.7 any resistant mutant, regardless of its ability to

UT500 AB1515 16.2 49 synthesize enterochelin from 2,3-dihydroxyben-
g"f"lmsgo ;;g 13'; zoic acid, have been isolated. Twelve resistant
UT2300 330 12.2 mutants, including UT509, have bgen testeq for
UT4400 544 28.3 reversion by plating on iron-deficient medium
UT5600 52.2 174 (15). Colonies appear with a frequency of 1075

12 to 16 of these colonies derived from each
mutant tested were screened for colicin B sen-

UT1500, UT2300, UT4400, UT5600, and
UT6100 were unable to produce enterochelin
even when provided with 2,3-dihydroxybenzoic
acid. This is consistent with the idea that the

sitivity, and in no case was sensitivity restored.
These pseudorevertants have been described
elsewhere (15).

Additional transductions were performed by
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using UT2300 as the donor and W1485 (lip-2) as
the recipient. Lip* transductants were selected,;
all lip* cbr transductants were entA, as expected,
and the transduction frequencies indicated that
cbr and entA are, respectively, 0.8 and 0.5 min
from Zip. In addition to confirming that cbr and
entA are 0.3 min apart, the results were inter-
esting for several reasons: (i) UT2300 is a large
deletion and yet lip* cbr transductants were
readily attained, and (ii) 10 of 62 lip* cbr trans-
ductants were able to synthesize enterochelin
when provided with 2,3-dihydroxybenzoic acid.

Mutations that resulted in tolerance to coli-
cins B and D were mapped by P1 transduction
and also found to cotransduce with purE (data
not shown). The cotransduction frequencies
showed that the mutations in these strains
(UT2200, UT2400, UT2500) are located approx-
imately 1.0 min from purE, suggesting that they
are located in or very near the structural gene
for 81K.

The structural gene for 81K is located between
purE and entA; it is 0.3 min from entA and is
therefore situated at approximately 13 min on
the E. coli map (1). Assignment of a structural
gene role for this locus was possible from studies
of UT500, a resistant mutant which synthesized
an 81K polypeptide of altered mobility in sodium
dodecyl sulfate-polyacrylamide gels. Evidence
that the relevant polypeptide in UT500 is related
to 81K is as follows: its abundance is regulated
by iron, normal 81K and altered 81K were never
present together in outer membrane, outer
membrane from UT500 bound ferrienterochelin
but to a lesser degree than membrane containing
normal 81K, and the ferrienterochelin uptake
rate of UT500 cells was equal to that of its
parent. UT500 failed to bind colicin B, but there
is a precedent for separation of 81K receptor
functions (see below). Also, the fact that all
mutants isolated by us and others which specif-
ically confer colicin B resistance or tolerance
bear mutations mapping near 13 min is circum-
stantial evidence that this chromosomal region
contains the 81K structural gene. It is likely that
the locus studied is identical to one or all of the
genes designated cbr, feuB, and fepA, but defin-
itive proof will require complementation studies.

Most, if not all, of the resistant mutants iso-
lated in this study may contain deletions. Trans-
ductional analyses indicate that many of the
mutants have lost DNA, and there was a direct
correspondence between the amount of DNA
apparently lost and the ability to synthesize
enterochelin from 2;3-dihydroxybenzoic acid.
Also, it was impossible to isolate true revertants
of any resistant mutant; however, the sensitivity
of these tests was reduced by the high frequency
at which suppressor mutations occurred. The E.
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coli genome contains an IS3 insertion sequence
between purE and fep (7); this IS3 or an addi-
tional, thus far undetected, insertion sequence
may (i) be the site of the end points of the
deletions and (ii) account for the prevalence of
deletions in this region. Genetic analyses indi-
cate that some of the deletions are large (0.3 to
0.7 min; UT1500, UT2300, UT4400, and
UT6600). The existence of these mutants argues
against the presence of any essential genes in
the chromosomal region extending from approx-
imately 12.3 to 13 min of the map, a region which
at present is known to contain only the sup@
and stsB genes in addition to cbr and possibly
some genes for enterochelin biosynthesis. If
UT500 is a small deletion, the carboxyl terminus
of 81K is essential for colicin B receptor activity
but not for ferrienterochelin uptake.

This work is consistent with previous studies
regarding the receptor properties of the 81K
polypeptide. We here demonstrated that the two
receptor functions of 81K are separable by mu-
tation (UT500). This finding is in accord with
the report (6) that ferrienterochelin binding ac-
tivity and colicin B binding activity differ in
sensitivity to thermal inactivation. Colicin D as
well as colicin B use 81K as a receptor, and both
colicins appear to recognize the same region on
the receptor (21). This conclusion is supported
by our results that, with the caveat mentioned
above, all of the insensitive mutants, including
UTS500, behaved identically with respect to col-
icin B and colicin D binding.

This research was supported by grant BMS75-07693 from
the National Science Foundation. The bulk of the data were
collected while M.M. was a Public Health Service predoctoral
trainee (1 T32 GM-07126) from the National Institute of
General Medical Sciences.
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