
JOULNAL OF BAcTERIoLOGY, July 1976, p. 249-257
Copyright © 1976 American Society for Microbiology

Vol. 127, No. 1
Printed in U.SA.

Relationship Between the Transport of Iron and the Amount
of Specific Colicin Ia Membrane Receptors in Escherichia coli

J. KONISKY,* S. SOUCEK, K. FRICK, J. K. DAVIES, AND C. HAMMOND'
Department of Microbiology, University of Illinois, Urbana, Illinois 61801

Received for publication 19 March 1976

Strains of Escherichia coli K-12 defective in their ability to utilize exoge-
nously supplied iron due to genetic defects in the entF, tonB, fes, or fep gene
exhibited elevated levels of the specific outer-membrane receptor for colicin Ia
when compared with parental strains. Although entF, fes, and fep strains
showed a higher degree of Ia sensitivity than did the parental strains, tonB
strains were resistant to colicin action. The colicin insensitivity of tonB strains
was not due to hyperproduction of enterochelin. Growth in medium containing
101.8 ,uM Fe2+ led to a lowering of receptor levels in all the above strains and
resulted in decreased colicin Ia sensitivity in all strains except tonB, which was
already at maximal resistance. Growth in citrate plpis iron (1.8 ,uM) or in
ferrichrome resulted in a substantial reduction in both' receptor levels and Ia
sensitivity in ent, fes, and fep strains but had no effect on receptor levels in tonB
strains. Growth in citrate did not lead to an alteration in receptor levels in a
mutant specifically defective in citrate-mediated iron transport. The presence of
enterochelin during growth led to a reduction in the number of receptors in the
parental and ent strains but not in tonB, fes, or fep strains. Thus, in all cases
examined, there was an inverse relationship between the number of colicin
receptors per cell and the ability of the strain to take up iron from the growth
medium. This suggests that under conditions of iron limitation there is a
derepression of colicin Ia receptor biosynthesis. These results may point to a role
of the colicin I receptor in iron uptake.

An early step in the sequence of events
whereby colicins kill sensitive Escherichia coli
strains is the adsorption of a colicin protein
molecule to a specific cognate receptor. In those
cases studied, it has been shown that colicin
receptors are protein components of the bacte-
rial outer membrane (1, 13, 22, 26).
Within the last few years, evidence has accu-

mulated that points to a relationship between
cell sensitivity to colicins of the B type (3) and
the functioning of the various iron utilization
systems operating in E. coli K-12 strains (3, 6,
11, 17, 24, 25). Selection of mutants for insensi-
tivity toward colicins of the B group (B, D, G,
H, Ia, lb, M, Q, S1, and V) can lead to the
isolation of mutants that are indistinguishable
from classical tonB mutants (3, 9). Since tonB
mutants were found to hyperexcrete entero-
chelin (enterobactin, the cyclic trimer of 2,3-
dihydroxybenzolserine) (9) and since the addi-
tion ofenterochelin to cells unable to synthesize
the catechol led to protection against colicin B
by seemingly preventing colicin adsorption,

'Present address: Department of Microbiology, Univer-
sity of Connecticut Health Center, Farmington, Conn.
06032.

Guterman (8) suggested a major direct role for
enterochelin in the mechanism of colicin resist-
ance in tonB strains. It has recently become
apparent that the proper functioning ofE. coli
K-12 iron transport systems utilizing entero-
chelin, citrate, or hydroxamate siderochromes
for iron uptake depends upon a functional
tonB1 allele (6). This leads to the possibility
that the colicin insensitivity in tonB strains
may derive from an alteration in iron utiliza-
tion rather than from a direct effect of entero-
chelin. Support for such a proposal is obtained
from studies showing that tonB mutants that
are unable to synthesize enterochelin retain
insensitivity toward colicin (8, 10).
Wayne et al. (24) have recently demonstrated

that inclusion of various natural or synthetic
siderophores in the growth medium of an E.
coli K-12 strain renders the strain insensitive
to colicins B, V, and Ia. In the case of ferri-
chrome-mediated protection against colicin M
and enterochelin-mediated protection against
colicin B, it was suggested that protection is
mediated via competition of colicin and sidero-
chrome for a common receptor. This would be
consistent with the finding that the tonA + gene
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product serves as the receptor for phage T5,
colicin M, and ferrichrome (11, 17, 25). In con-

trast to the mechanism of protection against
colicins M and B described above, Wayne et al.
(24) described a second class of siderophore-
mediated protection that leads to protection
against colicins B, V, and Ia. In this case, pro-

tection required the availability or metabolism
of siderophore iron.
We have previously reported that an E. coli

mutant defective in heme biosynthesis exhibits
a reduced capacity for the biosynthesis of coli-
cin I receptors (7). This finding together with
the results described above suggested a rela-
tionship between iron availability and regula-
tion of receptor synthesis. In the present com-
munication, we show that such a relationship
does indeed exist.

MATERIALS AND METHODS
Bacterial strains and medium. All the strains

used (Table 1) were derived fromE. coli K-12. In all
experiments described, cultures were grown at 37 C
with aeration by shaking in medium 63 (20) supple-
mented with the appropriate growth requirements,
shikimic acid (40 gg/ml), Casamino Acids (0.15%),
and glucose (0.15%). Medium 63 contains 1.8 ,uM
FeSO4 as added iron. Where appropriate, cultures
were grown in medium 63 for at least 10 generations
in the presence of the siderophore to be tested.

Determination of colicin receptors. The use of
iodinated colicin Ia to measure colicin Ia receptors
was described previously (12). In the experiments
reported here, cultures were harvested at a Klett
reading of 70 to 100 (no. 42 filter in a Klett colorime-
ter), washed twice with TBM [0.1 M tris(hydroxy-
methyl)aminomethane (pH 8.0)-0.2% bovine serum

albumin-,8-mercaptoethanol], and resuspended in
TBM to a Klett reading of 70 to 75. Such suspen-
sions were used directly in receptor assays. For all
strains, one Klett unit corresponded to 3 x 106 to 5 x
10' cells/ml.

Resistant mutants. Spontaneous mutants resist-
ant to colicin Ia were isolated by cross-streaking
cells with purified colicin Ia. Colonies appearing in
the zone of inhibition were picked and purified.
Each independent isolate was checked for the pres-
ence of parental genetic markers.

Chemicals. Chemicals were of the highest chemi-
cal purity available. Enterochelin (enterobactin)
was prepared from the culture supernatant fraction
of Aerobacter aerogenes 62-1 (25). Ferrichrome and
ferrichrome A were kindly supplied by J. B. Nei-
lands.

RESULTS

Colicin Ia receptor levels in strains defec-
tive in iron utilization. The use of colicin Ia or
lb for the direct selection of E. coli mutants
insensitive to these colicins leads to the isola-
tion of several distinct mutant classes (3). One

TABLE 1. Strains ofE. coli K-12 used

Strain Relevant genotype" or comment Refer-ence

AN92 Parental
AN260 AN92 fep, defective in entero- 2

chelin-dependent iron trans-
port

AN272 AN92 fes, defective in ferric en- 14
terochelin esterase, blocked in
post-transport hydrolysis of
ferric enterochelin

AN299 AN92, defective in citrate-me- 5
diated iron uptake

AN441 AN92 entF, blocked in conver- 18
sion of 2,3-dihydroxybenzoate
to enterochelin

AN409 Parental
AN408 AN409 ton.B, defective in citrate-, 6

enterochelin-, and ferrichrome-
mediated iron transport

AN442 AN409 entF, tonB; see above
AN443 AN409 entF; see above

a Genetic nomenclature is that used by Taylor
and Trotter (23). For description of full genotypes,
see references 2, 5, 6, and 14. All strains were
kindly supplied by H. Rosenberg.

of these is composed of mutants that are both
genotypically and phenotypically indistin-
guishable from tonB mutants. When we deter-
mined the capacity of several independent tonB
mutants from several different strains to ad-
sorb ['25I]colicin Ia, we found that all tonB
strains tested bound 5- to 20-fold higher levels
of iodinated colicin when compared with the
appropriate parental strain.

Since it is known that tonB mutants hyperex-
crete enterochelin (9), it became necessary to
examine the possibility that the apparent in-
creased binding of [InI]Ia to tonB strains was,
in fact, an artifact of the assay procedure re-
sulting from the enterochelin-mediated reten-
tion of Ia on the assay filter. To rule out this
possibility, it was desirable to examine Ia bind-
ing to a tonB strain unable to produce entero-
chelin. For this purpose, we obtained appropri-
ate strains (see Table 1) that had been used
previously to study certain aspects of iron up-
take (6). When the ability of these strains to
bind ['1II1a was compared, it was found that
tonB strains exhibited excess colicin binding
when compared with the parental strains
whether or not the tonB strain carried the entF
allele. Since entF strains are defective in enter-
ochelin biosynthesis (18), it may be concluded
that the high binding observed in tonB mutants
does not derive from interference of the assay
by enterochelin.

J. BACTERIOL.



VOL. 127, 1976 IRON TRANSPORT IN E. COLI K-12 251

As can be seen in Fig. 1, both strains AN443
(entF) and AN408 (tonB) bound substantially
more colicin Ia then did the parental strain 24
AN409. Since both AN443 and AN408 are defec- AN 260 (fepl)
tive in enterochelin-mediated iron uptake (6),,/
we decided to examine mutants blocked in two o 20
other steps of iron-enterochelin utilization. a
Both strain AN260 (fep; 2) and AN272 (fes; 14)
bound levels of [l'^I]Ia that were substantially 6
higher than those found with the parental AN 272(fes-)
strain AN92'(Fig. 2). Thus, the presence of any /
one of four mutant alleles, each of which ren-
ders a strain defective in enterochelin-mediated 122
iron uptake via a distinct block in the transport
pathway (see Table 1), is sufficient to lead to /
elevated colicin Ia receptor levels. /08

It should be noted that the parental strains r
AN92 and AN409 differ in receptor levels. Since 4i
these strains differ only in the state of the trp 04 - AN 92
gene, differences in receptor levels may result
from a secondary effect of the trp mutation on
the levels of enterochelin. This is likely since 4 8 12 16 20
both tryptophan and enterochelin share chor- Ia Added (Molecules per Cell x 104
ismic acid as a precursor.

FIG. 2. Adsorption of '25-labeled colicin Ia. The
procedure was identical to that used for Fig. 1. Sym-
bols: 0, AN92; 0, AN272; 0, AN260.

3.0 / Effect of growth in iron-supplemented me-AN 443 1 ent,I dium on levels of colicin receptors. It is possi-
*/t ble that the elevated levels of Ia binding

25 / /^ found in the above-described mutants are (i) a
34C 2 5 / /result of an alteration in the enterochelin sys-
ZZ

/408 ( tonB-)tem specifically or (ii) a general result of altered
AN 408 1 ton B1 iron utilization caused by an inoperative iron

A 20 uptake system. Since tonB mutants are unim-
paired in the low-affinity uptake of uncom-

a* plexed iron, it is possible to distinguish these
t 2.5 - two possibilities by circumventing the entero-

chelin-dependent iron uptake system by supple-N

/ mentation of the growth medium with FeSO4
x0 AAN 409 (101.8 M, final concentration). The level of

['?25tI]Ia binding was lower in all strains grown
in the presence of higher iron (Fig. 3 and 4).
These effects of iron were seen only in those

0.5 ~/ cases where iron was included in the culture
medium during growth. The presence of 101.8
M FeSO4 in a colicin-binding assay mixture

2 4 6 8 containing cells grown in normal medium 63
2Added (Molecules per 4 (1.8 M FeSO4) had no effect on the amount of

colicin bound to cells. These data suggest that
FIG. 1. Adsorption of '25I-labeled colicin Ia. Var- the high level of colicin receptors found in the

ious amounts of 1251-labeled Ia (9.23 x 106 countsl above mutants results from general iron limita-
min per nmol) were incubated for 40 min at 37 C tion. The iron-mediated reduction in receptors
with 2.7 x 10" cells ofeach strain grown in medium seen in strain AN92 was small and was not
63. The amount of colicin Ia adsorbed was deter- always observed. This may indicate that the
mined by the filter paper method previously de-

r
. .t ndscribed (12). Symbols: 0, AN409; 0, AN408; o receptor levelin hics strai is already at some

AN443. basal level not subject to further reduction.
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FIG. 3. Adsorption of '25I-labeled colicin Ia to cells grown in medium containing normal (1.8 pM) or high
(101.8 puM) FeSO4. Adsorption was determined as for Fig. 1 with the exception that the colicin specific activ-
ity was 8.9 x 106 counts/min per nmol and the number ofcells per assay was 1 .8 x 108. (A) AN92; (B) AN272;
(C) AN260. Symbols: 0, Strains grown in 1.8 pM FeSO4; *, strains grown in 101.8 pM FeSO4.
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FIG. 4. Adsorption of '25I-labeled colicin Ia to strains grown in M63 medium containing normal (1.8 pM)
or high (101.8 M) FeSO4. The procedure was as in Fig. 3. (A) AN408; (B) AN443; (C) AN409; (D) AN442;
(E) AN441. Symbols: 0, Strains grown in 1.8 AM FeSO4; 0, strains grown in 101.8 pM FeSO4.
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Of those metals tested, only growth in the
presence of Fe2+ led to reduction in colicin I
receptor levels (Table 2). In some cases (Cu2+,
Al3+, Zn2+, and Cr3+), a higher level of Ia recep-
tors was found in the parental strain AN92.
Although the reason for these increases is not
understood, in some cases it may result from
competition with iron leading to subsequent
iron limitation.

Effect of enterochelin on receptor levels. If
the higher levels of colicin receptors seen in the
various mutants described above result from
defects in various stages of the iron-entero-
chelin utilization system, the addition of exoge-
nous enterochelin to the growth medium of
such mutants should lead to predictable re-
sults. Thus, growth in the presence of entero-
chelin should lead to reduced receptor levels in
those strains unable to synthesize enterochelin
(entF), but have no effect on receptor levels in
those strains unable to utilize iron-enterochelin
(that is, strains fep, fes, tonB, and ent tonB).
As can be seen (Table 3), the results were ex-
actly as predicted. The presence of enterochelin
in the receptor assay of all strains grown with-
out added enterochelin had no effect on the
amount of colicin adsorbed.

Effect of growth in citrate on receptor lev-
els. E. coli K-12 possesses an inducible citrate-
dependent iron transport system that is geneti-
cally and physiologically distinct from the en-
terochelin system (5). It has recently been
shown that the functioning of the citrate sys-
tem is also dependent on the presence of the
tonB+ allele (6). In addition, strain AN299,
which was derived from strain AN92, has been
shown to have a specific defect in citrate-me-
diated iron uptake (5). When the various
strains were grown in the presence of citrate
and subsequently tested for their ability to ad-

sorb [ n2;IlIa, the results shown in Fig. 5 were
obtained. It can be seen that growth in the
presence of citrate led to a reduction in the
number of Ia receptors in all strains except
AN408 (tonB) and AN299. Growth of AN299 in
101.8 M FeSO4 led to a reduction in receptor
levels (data not shown). The presence of citrate
in receptor assays ofall the above strains grown
without added citrate had no effect on the
amount of colicin bound. These results show
that the effect of growth in citrate-supple-
mented medium on colicin Ia receptor levels
depends on a functioning iron-citrate transport
system.

Effect of growth in ferrichrome and ferri-
chrome A on receptor levels. Mutants ofE. coli
specifically defective in enterochelin biosyn-
thesis maintain the ability to obtain iron for
growth via an uptake system that utilizes the
hydroxamate siderochrome, ferrichrome (6, 24).

TABLE 3. Effect ofgrowth in enterochelin on receptor
levelsa

Molecules of Ia/cell

Strain -Enterochelin +Enterochelin

Added Bound Added Bound

AN92 95,000 1,008 91,800 1,320
AN260 (fep) 98,200 61,700 95,000 57,300
AN272 (fes) 96,200 59,800 91,700 59,200
AN441 (ent) 90,500 51,500 91,800 7,750

AN409 82,700 10,700 81,800 4,170
AN408 (tonB) 87,500 34,300 82,800 29,600
AN442 (ent, tonB) 84,500 60,800 80,700 60,800
AN443 (ent) 85,800 52,500 84,500 8,620

a Each strain was grown in medium 63 ± 0.368
,uM enterochelin. Colicin adsorption was deter-
mined as described in Materials and Methods.

TABLE 2. Effect ofgrowth in various divalent and trivalent cations on receptor levelsa

Molecules of Ia/cell in:

Expt Cation AN92 AN272 (fes) AN260 (fep)

4dded Bound Added Bound Added Bound
1 None 5,780 388 6,070 1,950 7,650 4,380

CuSO4 5,970 1,040 6,820 4,420 6,580 4,300
MnCl2 5,880 357 6,270 3,550 7,500 4,780
ZnCl2 5,630 3,370 6,580 4,250
CoC02 7,650 293

2 None 6,420 453 6,420 3,050 7,070 6,450
A12(SO4)3(NH4)2SO4 6,620 8,730 6,230 4,230 6,230 4,200
CrK(SO4)2 12H20 5,970 3,580 7,570 4,120
FeSO4 5,970 560 6,130 467 6,330 406

a Each strain was grown in medium 63 supplemented with the indicated cation (100 ,M, final concentra-
tion). Colicin adsorption was determined as described in Material and Methods.

VOL. 127, 1976
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FIG. 5. Adsorption of '25I-labeled colicin Ia to strains grown in the presence of citrate. Adsorption was

determined as in Fig. 1 with the exception that the colicin specific activity was 8.3 x 106 counts/min per nmol
and number ofcells per assay was1.8 x 108. (A) AN408; (B) AN409; (C) AN260; (D) AN441; (E) AN272; (F)
AN299. Symbols: 0, Strains grown in medium 63; 0, strains grown in medium 63 supplemented with 10 mM
sodium citrate.

This uptake system is inoperative in tonB- mu-
tants (6).
Growth of strain AN409 (tonB+) in medium

supplemented with ferrichrome led to a reduc-
tion in the number of colicin Ia receptors per
cell (Fig. 6). The degree of reduction was de-
pendent upon ferrichrome concentration. In
contrast, growth in the presence of the sidero-
chrome had no significant effect on the level of
Ia binding to strain AN408 (tonB). The re-
sponse of strains AN92, AN260 (fep), AN272
(fes), AN441 (ent), AN443 (ent), and AN299 was
similar to that of AN409. Receptor levels in

AN442 (entF, tonB) did not respond to the pres-
ence of ferrichrome. Ferrichrome had no effect
on Ia binding when included in a receptor assay
using any strain grown without ferrichrome
supplementation.
The ferrichrome analogue ferrichrome A is

unable to deliver its iron for cell utilization (24).
The presence of ferrichrome A in the growth
medium of strain AN409 (tonB+) had a much
less drastic effect on receptor levels than did
ferrichrome (Fig. 6). Since the ferrichrome A
preparation used here is known to contain
small amounts of ferrichrome (as assayed by
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FIG. 6. Effect of growth in medium containing
ferrichrome or ferrichrome A on receptor levels.
Strains AN409 orAN408 were grown in medium 63
supplemented with various amounts of ferrichrome
or ferrichrome A. Adsorption of '251-labeled colicin Ia

to such cells was determined as in Fig. 1. For the
purpose of data normalization, the ordinate, N, is
equal to the amount ofIa adsorbed per cell grown in
the presence offerrichrome or ferrichrome A divided
by the amount of Ia adsorbed per cell grown in the
absence offerrichrome or ferrichrome A. All determi-
nations were carried out at a ratio of 2,300 colicin
molecules added per cell. Symbols: 0, AN409 plus
ferrichrome; *, AN408 plus ferrichrome; O, AN409
plus ferrichrome A; U, AN408 plus ferrichrome A.

thin-layer chromatography), the decrease in
colicin Ia receptor levels seen in cells grown in
the presence ofhigh levels offerrichrome A was

most likely due to contaminating ferrichrome
and not free iron. The fact that ferrichrome A
had no effect on receptor levels in strain AN408
(tonB) supports this interpretation.

State of iron utilization systems affects the
levels of active colicin Ia receptors. In pre-
vious sections the amount of [12-I]Ia bound to
cells was taken as a measure of specific colicin
Ia receptors. Strictly speaking, this assumption
is unwarranted by the data. For example, it
might be argued that the altered binding in the
various strains is due to the iron-mediated reg-
ulation of nonspecific binding sites. The follow-
ing experiments demonstrate that the state of
iron utilization systems does indeed affect the
levels of specific colicin Ia receptors.
The sensitivity to colicin Ia of various AN

strains grown in normal medium 63 (1.8 ,uM
Fe2+) and medium supplemented with citrate or

high Fe2+ is shown in Table 4. In the case of all
tonB+ strains, the level of Ia sensitivity exactly

paralleled the levels of L12I]Ia binding. Thus,
mutant tonB+ strains bind more colicin mole-
cules (see Fig. 1 and 2) and are more sensitive
than the appropriate parental strain. Further-
more, growth in the presence of citrate or high
Fe2+ led to both a reduction in the number of Ia
molecules bound (see Fig. 3 and 4) and de-
creased colicin sensitivity. When grown in cit-
rate, strain AN299 exhibited no decrease in
colicin sensitivity. In the case of the two tonB
strains, which were Ia insensitive'ihnder all
conditions, there was no correlation between
receptor levels and strain sensitivity. Although
the mechanism for tonB resistance to B-type
colicins is unknown, it clearly does not require
the production of enterochelin.
The relationship between receptor levels and

strain sensitivity is qualitative. This may de-
rive, in part, from the fact that colicin Ia-spe-
cific receptors are heterogeneous with respect
to activity (12). It is not known how the extent
of heterogeneity is altered in the various exper-
iments described above.

If the altered levels of colicin Ia binding re-

flect alterations in specific Ia adsorption sites,
these levels should be affected in colicin Ia-
resistant derivatives of these strains. When
such derivatives were isolated and examined
for their capacity to adsorb L' I]Ia, it was found
that all insensitive mutants examined ex-
hibited substantially lower levels of colicin
binding (Table 5).

DISCUSSION
The finding that the state of iron uptake and

utilization systems affects the levels of specific
colicin Ia receptors provides an explanation for

TABLE 4. Colicin Ia sensitivity ofAN strains grown
with or without citrate or with or without FeSO4

Killing unitsP

Expt Strain No addi CitrateFeSO(
tos

(10 (101.8tions mM) AM)
1 AN92 43 11 21

AN272 fes 171 11 85
AN260 fep 85 13 85
AN409 85 21 43
AN441 ent 171 11 85
AN443 ent 171 11 128
AN408 tonB 0 0 0
AN442 ent tonB 0 0 0

2 AN92 182 11 23
AN299 182 182 23

aThe data are expressed as the reciprocal of the maxi-
mum colicin dilution yielding a clear zone when spotted on
an agar surface seeded with a lawn of sensitive indicator
cells. Experiments 1 and 2 were carried out with different
colicin Ia preparations.

VOL. 127, 1976
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TABLE 5. Adsorption of '25I-labeled colicin Ia to
sensitive and resistant strainsa

Strain

AN409
AN409 IR-1b
AN409 IR-2
AN441 ent
AN441 ent IR-1
AN441 ent IR-2
AN443 ent
AN443 ent IR-1
AN443 ent IR-2
AN92
AN92 IR-1
AN92 IR-2
AN272 fes
AN272 fes IR-1
AN272 fes IR-2
AN260 fep
AN260 fep IR-1

Ia molecules
bound/cell

7,670
1,630

78
16,000

0

0

26,200
0

0

3,990
1,210
537

17,700
733

1,800
21,200
1,760

% Parental

100.0
21.3
1.0

100.0
0.0
0.0

100.0
0.0
0.0

100.0
30.4
13.4

100.0
4.2
10.2

100.0
8.3

a Colicin adsorption was assayed as described in
the legend to Fig. 3. The data show adsorption val-
ues determined at an arbitrary input concentration
of Ia at which the amount of colicin bound was

increasing linearly with the amount of colicin
added. The amount of colicin added per cell was the
same for all strains.

bIR, Colicin I resistant.

siderophore-mediated protection ofE. coli K-12
against B-type colicins (24). Based on our find-
ings, any physiological or genetic manipulation
of cells resulting in reduced ability to utilize
iron from the growth medium leads to the pres-
ence of a higher level of colicin Ia receptors in
the outer membrane. Conversely, increased
iron utilization results in lowered receptor lev-
els.
The modulation of receptor levels seen in our

experiments would seem to be due to an effect
of iron availability. Thus, although growth in
high iron results in a decrease in receptor lev-
els, the ability of growth in iron-enterochelin to
lead to such a reduction requires a functioning
fes+ allele. Since fes strains are able to take up
iron-enterochelin from the medium but are un-
able to utilize the iron due to a defect in entero-
chelin esterase (14), it may be concluded that
iron-enterochelin per se is not the primary con-

trolling element in the regulatory mechanism.
In addition, although the presence of ferri-
chrome in the growth medium of tonB+ cells
leads to a reduction in receptor levels, the addi-
tion of the ferrichrome structural analogue fer-
richrome A, which cannot deliver its iron for
cell utilization (24), has no effect. These results,
taken together, strongly suggest that the abil-
ity of iron transport systems to interact in the
regulation of colicin Ia receptor activity re-

quires the ability to make free iron available
for cell metabolism. The mechanism whereby
intracellular iron or a product of its subsequent
utilization is able to affect colicin Ia receptor
levels remains to be clarified.

It is known that the growth ofE. coli in iron-
deficient media leads to a derepression of syn-
thesis of components of the iron-enterochelin
uptake system, including the enterochelin bio-
synthetic enzymes and enterochelin esterase (4,
21). As demonstrated here, the level of colicin I
receptors responds to the physiological stress of
iron limitation in a manner identical to that of
the cells' iron utilization system. This analogy
points to the intriguing possibility that the coli-
cin Ia receptor is involved in iron transport.
Although our experiments are consistent with
a role of the Ia receptor in iron uptake, this
possibility must be approached with caution. It
is well known that growth in iron-deficient me-
dium elicits numerous physiological responses
(for a recent review, see reference 16). Al-
though some of these effects, such as derepres-
sion of certain aromatic amino acid biosyn-
thetic enzymes, are probably a direct result of a
derepression in the enterochelin biosynthetic
pathway (19), others may derive from iron star-
vation per se.
By analyzing solubilized membrane proteins

by polyacrylamide gel electrophoresis, Davies
and Reeves have shown that the outer mem-
branes of a tonB mutant exhibit two peaks that
they could not detect in the solubilized protein
fraction prepared from the outer membranes of
the parental strain (3). Furthermore, growth of
Salmonella typhimurium in low-iron medium
results in an increase in concentration of three
outer-membrane polypeptide components (L.
Rothfield, personal communication). In these
two cases, it remains to be established whether
the genetic or physiological imposition of iron
limitation has specifically led to an increase in
outer-membrane components involved in iron
uptake. In any case, these results point out the
possibility of substantial structural changes in
the outer membrane. Thus, the possibility that
the observed change in colicin Ia receptor levels
is nonspecific is a real one.
These results may explain our previous find-

ing that two independent strains of E. coli de-
fective in heme biosynthesis due to a mutation
in 8-amino levulinic synthetase have low levels
of colicin Ia receptor when compared with the
same strains grown in the presence of i-amino-
levulinic acid (7). Since heme serves as one
repository of internal bacterial iron, mutants
defective in heme biosynthesis may have a suf-
ficient increase in the level of intracellular free
iron so as to lead to repression of colicin Ia
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receptor biosynthesis. Alternatively, it is possi-
ble that some component of the heme biosyn-
thetic pathway is a component of the Ia recep-
tor. In this regard it is interesting to note that
there is an accumulation of porphyrins under
iron-deficient conditions (15).
Our studies bear on the general question of

mechanisms of membrane biogenesis. We have
shown that at least in the case of one outer-
membrane protein component, the colicin Ia
receptor, the amount of protein inserted into
the membrane does not seem to be limited
solely by the availability of a fixed number of
recognition sites. However, we cannot at the
present time rule out the possibility of a con-
comitant reduction of one membrane compo-
nent with a subsequent replacement by colicin
Ia receptors. In any case, this study points out
the structural flexibility of the outer membrane
of E. coli.
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