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The expression of several functional properties of the products of the bfe and
tonB genes in Escherichia coli was measured after the specific termination of
the synthesis ofthe products ofthese genes. This was accomplished by the use of
a temperature-sensitive amber suppressor mutation, which allowed control, by
manipulation of the growth temperature, of the level of product formed from
suppressible mutant alleles of the bfe or tonB gene. The bfe product is an outer
membrane receptor protein for vitamin B12, the E-colicins, and bacteriophage
BF23. The identity of the tonB product is unknown, but it is necessary for a
subsequent step of uptake of vitamin B12, iron chelates, all of the group B
colicins, and bacteriophages Ti and 480. Results from a different experimental
system had shown that the termination ofexpression of the bfe locus was rapidly
followed by loss of sensitivity to colicins E2 and E3 and, subsequently, to
bacteriophage BF23. This was confirmed with this experimental system. Recep-
tors that were no longer functional for colicin or phage uptake remained fully
effective for B12 uptake, showing that receptors are stable on the cell surface.
This supports previous contentions for the presence of different functional states
for colicin receptors. The functional properties ofthe tonB product, measured by
B12 uptake or sensitivity to the group B colicin D, were unstable, declining
extensively after cessation of its synthesis.

The uptake ofvitamin B12 byEscherichia coli
is a biphasic process. The first phase consists of
the rapid energy-independent binding of B12 to
a receptor located in the outer membrane (9, 10,
25). The receptor is a protein of 60,000 daltons
that is encoded by the bfe locus and was ini-
tially characterized as being the cell surface
receptor for the three E-colicins and bacterio-
phage BF23 (5, 6, 11, 15, 17, 21). The secondary
phase of B12 uptake responsible for transporting
B12 from the cell surface to the cytoplasm is an
energy-dependent process driven by the proton-
motive force (4, 9).
The activity of the secondary phase is de-

pendent on an intact tonB gene product, al-
though B12 binding to strains harboring tonB
mutations is not affected (2). The various sider-
ophore-mediated iron transport systems, which
also involve outer membrane components, are
also dependent on an intact tonB gene product
(12, 14, 20, 23). The role of tonB in these trans-
port systems is unkown, but transport systems
not involving outer membrane components are
normal in tonB mutants (2, 12), as is the uptake
of maltose (2), which also is associated with an

1 Present address: Department of Microbiology and Mo-
lecular Genetics, Harvard Medical School, Boston, MA
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outer membrane protein. In addition to mani-
festing a defect in B12 and iron transport, tonB
mutants are resistant to phages Ti and 480 and
to all ofthe group B colicins, all ofwhich absorb
to receptors located in the outer membrane (7,
13).
tonB mutants are sensitive to the E-colicins

and phage BF23 (7). In addition, strains toler-
ant to the E-colicins as a result of mutations at
any of a number of genetic loci are still phage
BF23 sensitive and can still transport B12 nor-
mally (16). Evidence such as this suggests that
the uptake mechanisms for B12, the E-colicins,
and phage BF23 deoxyribonucleic acid must dif-
fer, despite their utilization ofa common recep-
tor on the cell surface. This was further illus-
trated in a recent communication (3), in which
a comparison was made of the kinetics of
expression of colicin E3 and phage BF23 sensi-
tivity or resistance by the recipient cell after
the conjugal entry of either the wild-type or
mutant bfe allele. The results suggested that
newly synthesized receptors were fully capable
of lethally adsorbing either colicin E3 or phage
BF23, but these receptors subsequently lost,
first, the capability to lethally adsorb the coli-
cin and, later, the capability to lethally adsorb
the phage, although receptor activity was pre-
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sumably still present. Thus, it appeared that
the bfe gene product can exist in different func-
tional states in the outer membrane. This pres-

ent study was initiated to confirm the previous
findings and to demonstrate the continued pres-

ence of receptor on the cell surface after specific
termination of receptor synthesis.

Oeschger and Woods (19) recently described
the isolation of a temperature-sensitive amber
suppressor mutant that permits the control of
the level of synthesis of specific proteins simply
by manipulation of the growth temperature. In
this study, strains carrying both this suppres-

sor and amber mutations in either the bfe or

tonB gene were constructed. After the synthe-
sis of the bfe and tonB gene products was specif-
ically terminated by increasing the growth
temperature of these strains, the activity of
products synthesized prior to the temperature
shift was followed. The results show that the
bfe-coded receptor protein remains functional
for B12 transport for a considerable period after
its synthesis. This transport activity is depend-
ent on the continued synthesis of the tonB gene

product. This study also shows that only newly
synthesized bfe-coded receptor is functional for
the productive adsorption of the E-colicins and
phage BF23.

MATERIALS AND METHODS

Bacterial strains and media. The strains ofE. coli
K-12 employed in this study are listed in Table 1.
Except where specified, the minimal growth me-

dium used throughout was medium A of Davis and
Mingioli (8), supplemented with glucose (0.5%), re-

quired amino acids (100 ,ug/ml), and thiamine (1 ,tg/
ml). Medium in plates was solidified with 2% agar;
that in overlays contained 0.7% agar. Most chemi-
cals were obtained from Sigma Chemical Co.

Isolation of amber mutations in bfe and tonB.
Strain PB501 (metE supD43) is a B,2-methionine
auxotroph that carries the temperature-sensitive
amber suppressor mutation described by Oeschger
and Woods (19). After its mutagenesis with 2-amino-
purine (as described by Miller [18]), strain PB501

was cultured overnight in L-broth (18) at 42°C (17).
Phage BF23-resistant isolates were selected at 42°C
and then screened for the ability to use 5 nM B,2 as a
methionine source at 30°C but not at 42°C. Such
mutants were cloned several times and tested for
sensitivity to colicin E3 and phage BF23 at 30 and
42°C. Finally, these putative bfe amber mutations
were moved into strain MX364 (SupD-) by cotrans-
duction with either arg or rpoB, and the transduc-
tants were tested for resistance to colicin E3 and
phage BF23 after growth at 30°C. Amber mutations
in tonB were isolated and characterized in an identi-
cal manner, except that the initial selection was

made for resistance at 42°C to phage 480vir and
colicin D as previously described (2), and that the
potential tonB amber mutations were moved into
strain MX364 by cotransduction with trp. By this
procedure, 30 amber mutations in bfe and 6 amber
mutations in tonB were obtained. That these muta-
tions were in the bfe or tonB locus was shown by
their characteristic cotransduction frequencies with
argH or trp, respectively. Their suppressible nature
was verified by the appropriate responses to B,2 and
the phages or colicins of strains carrying these mu-

tations and either no suppressor (supD), a tempera-
ture-independent suppressor (SupD+ = supD32), or

a temperature-sensitive suppressor (SupD(Ts) =

supD43). The amber mutations eventually used in
this study were those that, when moved into a strain
carrying the temperature-sensitive suppressor
supD43, allowed the highest rate of B12 uptake at
the permissive temperature of 21°C. Temperature-
sensitive suppression was also tested in these
strains by suppression of amber mutations in trp
and lacZ.

Transport assays. For the measurement of B12
uptake, portions of cells were removed directly from
the culture flask and mixed with [57Co]cya-
nocobalamin (specific activity, 20.24 Ci/mmol;
Amersham/Searle Co.) at a final concentration of 5
nM. At the indicated times, a 0.20-ml portion of the
uptake mixture was transferred to the center of a

membrane filter (0.45-,m pore size, Millipore
Corp.), filtered, washed with 5 ml of medium A,
immediately removed from the filtration apparatus,
and air-dried. The radioactivity retained on the fil-
ter was measured in a scintillation counter with
toluene-Omnifluor (New England Nuclear Corp.).
All values were corrected for the binding or trapping

TABLE 1. Bacterial strains

Strain Genotypea Source
MX364 F- arg his trp(Am) lacZ(Am) M. Oeschger
MX383 F196 his+ supD321his arg trp(Am) lacZ(Am) recA nalA B. Bachmann
MX419 Hfr KL96 lacZ(Am) nalA rpsL supD43,74(Ts) B. Bachmann
PB501 As MX419 but metE This study
PB521 As MX364 but rpoB bfe-451 (Am) This study
PB527 As PB521 but his+ supD43,74(Ts) This study
PB583 As PB521 but his+ supD32 This study
PB564 As MX364 but trp+ tonB456(Am) This study
PB568 As PB564 but his+ supD43,74(Ts) This study
PB572 As PB564 but his+ supD32 This study

a Gene symbols are those proposed by Bachmann et al. (1), with allele isolation numbers assigned by B.
Bachmann, Coli Genetic Stock Center.
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of B12 to the filter in the absence of cells. In experi-
ments in which B12 uptake was expressed in terms of
picomoles per microliter of cell water, 1 ,ul was
assumed to be equal to 250 Ag of protein. All trans-
port assays were performed at room temperature
(21°C) so that all uptake activities would be compa-
rable. The loss of suppression by thermal inactiva-
tion in the SupD(Ts) strains is not reversible over
the assay period.

Preparation and standardization of colicins and
bacteriophage. Colicin E3 and phage BF23 were
prepared, diluted, and standardized with respect to
one another as previously described (3). The colicin
E3 stock preparation contained 106 killing units as
defined by Sabet and Schnaitman (21). Phage BF23
was employed at a concentration of 2 x 101" plaque-
forming units per ml.

Colicin D was also prepared as previously de-
scribed (2). The colicin D stock preparation con-
tained 104 killing units and was diluted with L-
broth.

RESULTS
B12 uptake in bfe and tonB amber mutants.

Strains carrying amber mutations in bfe and
tonB were isolated by selection for resistance at
420C to the appropriate phage and colicin fol-
lowed by screening for the ability to utilize B12
at the permissive temperature. The uptake of
B12 by SupD- strains harboring an amber mu-
tation in either bfe or tonB was measured (Fig.
1). There was no detectable binding or trans-
port of B12 by strain PB521 [Bfe(Am) SupD-I.
Strain PB564 (TonB(Am) SupD-) totally lacked
the secondary phase of B12 uptake while retain-
ing parental levels of the initial phase. The
parental strain MX364 possessed both phases
characteristic of B12 uptake by wild-type E. coli
K-12 (9).

B12 uptake in SupD+ strains. The tempera-
ture-sensitive amber suppressor mutation
supD43 was introduced into these mutants by
transduction. The transport of B12 was mea-
sured in the resulting SupD(Ts) strains after
their growth at the permissive temperature
(210C) and at the nonpermissive temperature
(420C). To insure that the suppressed gene
product was not, itself, temperature sensitive,
B12 transport was also measured in strains with
the same amber mutation but carrying the tem-
perature-independent suppressor mutation
supD32.
When strain PB527 [Bfe(Am) Sup(Ts)] was

grown at 420C, there was no detectable accumu-
lation of B12 over a 30-min period (Fig. 2A).
However, when this strain was grown at 210C,
B12 uptake was observed, corresponding to
about 3% of that in the bfe+ parental strain.
This low level of B12 uptake was inhibited by
the presence of the energy poison dinitrophenol
(data not shown). Since transport was not ob-
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FIG. 1. B12 uptake in bfe and tonB amber mu-
tants. The uptake of B12 was assayed with exponen-
tially growing cells ofstrains MX364 (ton+ bfe+, 0),
PB521 (bfe-451, *), and PB564 (tonB456, A).
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FIG. 2. Suppression by SupD of bfe and tonB am-

ber mutations. (A) Vitamin B12 uptake in the bfe-451
strains PB527[SupD(Ts)]grown at21°C (0) or42°C
(a) and PB533 (SupD+) grown at 21°C (A) or 42°C
(A). TonB456 strains PB568 [SupD(Ts)] grown at
21°C (0) or 42°C (U) and PB572 (SupD+) grown at
21°C (V) or 42C (V).

served after growth of strain PB527 at 420C or
in strain PB521 grown at any temperature, it
was concluded that such accumulation repre-
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sented active transport responsive to the level
of the suppressed bfe(Am) gene product. B12
uptake in strain PB533 (Bfe(Am) SupD+) was
similar whether growth was at either 21 or 420C
(Fig. 2A). Thus, the suppressed bfe(Am) gene
product, once synthesized, was not inactivated
at 42°C. It should be noted here that the effi-
ciency of suppression by the temperature-sensi-
tive suppressor supD43 is only a fraction ofthat
observed with the temperature-independent
suppressor supD32, even at a growth tempera-
ture of 210C. This inefficiency had also been
found for the suppression of amber mutations
by this temperature-sensitive suppressor allele
(19).
When strain PB568 [TonB(Am) SupD(Ts)]

was grown at 42°C, its B12 binding was normal,
but there was no detectable B12 transport activ-
ity (Fig. 2B). When this strain was grown at
21°C, B12 transport activity was observed, cor-
responding to about 20% of that of the ton+
parental strain. Transport activity for strain
PB572 [TonB(Am) SupD+] grown at 21 or 420C
was similar, indicating that the suppressed
tonB(Am) gene product was not temperature
labile at 42°C (Fig. 2B).
Turnover of the B12 receptor protein. From

the above-mentioned results, it was concluded
that the synthesis of either the bfe(Am) or
tonB(Am) gene products could be specifically
terminated by shifting a culture of the respec-
tive strains from 21 to 4200, without affecting
the activity of these gene products, which
were synthesized prior to the temperature shift.
Hence, the effect of a temperature shift on the
B12 uptake activity of a culture of PB527 grown
at 210C was investigated. As a control, a paral-
lel culture of PB533 was treated in an identical
manner.

In cultures of strains PB527 and PB533 grow-
ing at 2100, B1, uptake activity increased con-
comitantly with the increase in optical density
(Fig. 3). When strain PB533 (SupD+) was
shifted to 42°C, uptake activity continued to
increase (Fig. 3A). In contrast, when strain
PB527 [SupD(Ts)] was shifted to 42°0, the total
B, uptake activity in the culture remained at a
constant level after the shift, even though the
cells increased in number at an increased rate
in accordance with the elevated growth temper-
ature (Fig. 3B). This B12 uptake activity re-
mained quite constant over several genera-
tions, with the typical decline in activity as the
culture entered the stationary phase.

Effect of amino acid starvation on the ac-
tivity of the B12 receptor protein. It was shown
previously that the inhibition of general pro-
tein synthesis was followed by a fairly rapid
and specific depression in the secondary phase
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FIG. 3. Effect of temperature shift on the sup-

pressed B12 uptake activity in Bfe(Am) strains. (A)
Strain PB533 [SupD+ Bfe(Am)]; (B) strain PB527
[SupD(Ts) Bfe(Am)]. Cells growing in minimal me-
dium at 21°C were assayed for optical density (A)
and B12 uptake activity (-). B12 uptake represents the
amount of substrate accumulated after 10 min less
that accumulated after 1 min and is expressed in
terms of picomoles of B12 accumulated per milliliter
ofculture. The culture was shifted to 42°C at the time
indicated by the arrow (60 min).

of B,2 transport, without loss of surface B12
binding activity (16). It was of interest to deter-
mine whether this depression in transport ac-
tivity was manifested at the level of the outer
membrane receptor protein, or whether the re-
quirement for continued protein synthesis oc-
curred at some subsequent step in the B12 up-
take process.
The removal of arginine from a culture of

PB527 growing at 2100 resulted in a gradual
decline in B12 uptake activity as the cells be-
came starved for this required amino acid (Fig.
4). The depression in uptake activity was not as
rapid as previously observed (16), perhaps due
to the fact that the cells were growing much
more slowly here as compared with the earlier
experiments in which cells were grown at 3700.
After a period of arginine starvation, during
which B12 uptake activity decreased to about
30% of the prestarvation level, protein synthe-
sis was restored by the addition of arginine to
the culture, which was simultaneously shifted
to 42°C so that no new B12 receptor proteins
could be synthesized. B12 uptake activity
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FIG. 4. Effect ofarginine deprivation and temper-

ature shift on B12 uptake activity. Cells of strain
PB527 [SupD(Ts) Bfe(Am)] were grown at 21°C. At
the time indicated by the first arrow, the cells were

washed once and suspended in the original volume of
minimal growth medium lacking arginine at 21°C.
At the time indicated by the second arrow, arginine
(100 pg/ml) was restored to the culture. The culture
was simultaneously shifted to 42°C (*, A); a dupli-
cate culture was maintained at 21°C (0, A). As
described in the legend of Fig. 3, the culture was

assayed at the indicated times for optical density (A,
A) and B12 uptake (*, 0).

quickly returned to its prestarvation level and
remained there as the cells resumed logarith-
mic growth at 42°C. When arginine was added
to a parallel culture that remained at 2100, the
prestarvation level of B,2 uptake was soon ex-

ceeded as the culture resumed logarithmic
growth (Fig. 4). Thus, the inhibition of protein
synthesis did not permanently uncouple pre-
formed B,2 receptor protein from participating
in the B12 uptake process.
Expression of resistance to colicin E3 and

phage BF23. In parallel with its B12 uptake
activity, strain PB527 is sensitive to colicin E3
and phage BF23 when grown at the permissive
temperature and is resistant to them when
grown at the restrictive temperature. Accord-
ingly, the kinetics of appearance of resistance
to colicin E3 and phage BF23 after cessation of
receptor synthesis was determined.
When strain PB527 [Bfe(Am) SupD(Ts)] was

grown at 2100, nearly 40% ofthe cell population
was colicin E3 resistant under these experimen-
tal conditions, and nearly 25% of the cell popu-

lation was phage BF23 resistant (Fig. 5). This
does not indicate that a large percentage of the
cells in the culture were incapable of synthesiz-
ing the receptor (e.g., Sup-). When a drop ofan
identical concentration of colicin or phage used
in this experiment was spotted onto a lawn of

strain PB527 grown at the permissive tempera-
ture, a completely clear zone of inhibition re-
sulted. Longer incubation times of colicin or
phage with cells were not required, since a very
high multiplicity of colicin and phage particles
per cell (greater than 100,000:1) was employed,
and longer adsorption periods did not signifi-
cantly alter the results (see Discussion).
When the culture of strain PB527 was shifted

to 42°C, the proportion of cells resistant to coli-
cin and phage rapidly increased (Fig. 5). For
example, during the 20-min period immedi-
ately after the shift, the percentage of colicin
E3-resistant cells in the culture increased from
38 to 61%. In terms of actual numbers, there
was a much greater increase in colicin-resistant
cells than in total cells over the same 20-min
period. Within one generation time after the
shift, essentially 100% of the cell population
had developed resistance to colicin E3. Simi-
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FIG. 5. Effect ofcessation of receptor synthesis on
insensitivity to colicin E3 and phage BF23. A culture
of strain PB527 [Sup(Ts) Bfe(Am)] was grown at
21°C to a density of approximately 4 x 108 cells per
ml and then diluted by a factor of 105 in the same
medium. At the indicated intervals, 0.1 ml ofculture
was mixed with 0.1 ml ofmedium (*), or with 0.1 ml
ofeither a 1:125 dilution ofcolicin E3 (A) or 0.1 ml of
phage BF23 (2 x 10" plaque-forming units per ml
(U), and incubated for 5 min at 42°C. These samples
were then mixed with 3 ml of medium A soft agar
and poured onto minimal agar plates, which were
immediately incubated at 42°C. Colony counts were
determined 48 h later. The arrow indicates the time
at which the growth temperature of the culture was
shifted from 21 to 42°C.
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larly, within two generation times after the
shift, greater than 95% of the population was
resistant to phage BF23.
Turnover of the tonB gene product. When

strains PB568 [TonB(Am) SupD(Ts)] and
PB572 (TonB(Am) SupD-) were grown at 21°C,
both B12 transport and binding activity contin-
ued to increase in proportion to the optical
density of the culture (Fig. 6). When strain
PB572 was shifted to 42°C, B12 transport and
binding continued to increase (Fig. 6A). When
strain PB568 [SupD(Ts)] was shifted to 42°C,
binding activity increased normally (Fig. 6B).
Immediately after the temperature shift, how-
ever, there occurred a fairly rapid decline in B12
transport activity. Within one generation time
after the shift, transport activity had declined
to less than 25% of that at the time of shift. The
declince continued, albeit more slowly, until no
transport activity was discernible by the time
the culture began to enter stationary phase, 2.5
generation times after the shift.

Effect of amino acid starvation on the ac-
tivity of the tonB gene product. These and
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previous experiments suggested that the spe-
cific depression in the secondary phase of B12
uptake after the inhibition of protein synthesis
was not the result of the inhibition of synthesis
of the bfe product. The possibility that this
depression of B12 uptake resulted from the spe-
cific inhibition of synthesis of the tonB product
was investigated.
When a culture of PB568 [TonB(Am)

SupD(Ts)] growing at 210C was starved for argi-
nine for several hours, B12 transport activity
declined to 40% of that present prior to the
onset of starvation (Fig. 7). The culture was
then shifted to 420C, and protein synthesis was
restored by the addition of arginine. In contrast
to the earlier results obtained with strain
PB527 [Bfe(Am) SupD(Ts)], the inhibition of
B12 transport activity was not relieved. Rather,
the decline in B12 transport activity continued
as the culture resumed logarithmic growth at
42°C. In a parallel culture that remained at
21°C after arginine addition, there was a slow
recovery of B12 transport activity upon the re-
sumption of growth (Fig. 7). This suggested
that such recovery was dependent on the syn-
thesis of a new tonB gene product.

Expression of colicin D resistance. tonB
mutants are resistant to all group B colicins,
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FIG. 6. Effect of temperature shift on the sup-

pressed B12 uptake activity in TonB(Am) strains.
Cells of strains (A) PB572 [Sup+ TonB(Am)] and
(B) PB568 [Sup(Ts) TonB(Am)] were grown in min-
imal medium at 21°C and shifted to 42°C at the time
indicated by the arrow. At the indicated intervals,
the culture was assayed for optical density (A), pico-
moles of B12 bound and transported after 1 min per
milliliter of culture (U), and the amount ofB12 accu-

mulated after 10 min less that at 1 min, again ex-

pressed as picomoles per milliliter of culture (*).
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FIG. 7. Effect ofarginine deprivation and temper-

ature shift on B12 uptake activity. Cells of strain
PB568 [Sup(Ts) TonB(Am)] were grown at 21 °C. At
the time indicated by the first arrow, the cells were

washed once and suspended in the original volume of
minimal growth medium lacking arginine at 21°C.
At the time indicated by the second arrow, arginine
(100 pg/ml) was restored to the culture. The culture
was simultaneously shifted to 42°C (*, A); a dupli-
cate culture was maintained at 21°C (0, A). As
described in the legend of Fig. 3, the culture was

assayed at the indicated times for optical density (A,
A) and B12 uptake (0, 0).
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including colicin D. When a culture of strain
PB568 was grown at 210C, greater than 98% of
the cell population was sensitive to colicin D
under the experimental conditions employed
(Fig. 8). When a culture was shifted to 420C, the
proportion of colicin D-resistant cells increased
markedly over a relatively short period of time.
For example, nearly 25% of the cell population
expressed resistance to colicin D only 20 min
after the shift. Within 60 min of the tempera-
ture shift, during which the total cell popula-
tion had increased approximately 60%, almost
100% of the cell population was resistant to
killing by colicin D.

DISCUSSION
The results presented here confirm our ear-

lier finding that the bfe receptor is functional
for the effective adsorption of colicin E3 or
phage BF23 for only a short period after its
synthesis. This result had been based on the
rapid acquisition of resistance by cells after the

105
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10

30 60 90 120 150 180
Time, min

FIG. 8. Acquisition of insensitivity to colicin D
after cessation ofsynthesis of the tonB gene product.
A culture ofstrain PB568 [Sup(Ts) TonB(Am)] was
grown at 21°C in M63 medium (16) supplemented
with glucose (0.5%), arginine (100 pg/ml), and thia-
mine (1 pg/ml) to a density ofca. 4 x 108 cells per ml
and diluted by a factor of 108 in the same medium.
(M63 was employed here because the citrate in me-
dium A interferes with the lethal adsorption of coli-
cin D [22].) At the indicated intervals, 0.1 ml of
culture was mixed with either 0.1 ml ofmedium (*)
or with 0.1 ml of a 1:25 dilution of colicin D (A),
incubated for 5 min at 420C, and then treated as
described in the legend ofFig. 5.

introduction by conjugation of a mutant bfe
allele. In this paper, the specific termination of
expression of the bfe locus was accomplished by
the use of a temperature-sensitive suppression
system. Shortly after the temperature shift,
there was the typical rapid loss of insensitivity
to colicin E3 and phage BF23. Postulation of an
asymmetrical distribution of receptor molecules
to daughter cells after cell division could not
account for the observed rapidity of loss. As
seen before (3), the appearance of colicin E3
insensitivity preceded that of phage BF23 in-
sensitivity. Over the same time span after ces-
sation of receptor synthesis, there was no de-
cline in receptor-dependent B12 uptake. The dif-
ficulty with this experimental system was that
the level of suppression by the temperature-
sensitive suppressor allele was quite low.
Hence, direct measurement of the receptor
level by a B,2-binding assay was not possible.
Nonetheless, the uptake activity was reflective
of the receptor level, as shown by the consist-
ency of these results with those obtained by
other techniques.
These results showed that, in growing cells,

bfe receptor molecules are able to interact with
the system(s) responsible for subsequent steps
of uptake of colicin E3 or phage BF23 deoxyri-
bonucleic acid for only a short period after their
appearance on the cell surface. However, recep-
tors appear to be capable of continuously inter-
acting with the system (tonB?) responsible for
B12 uptake. In other words, the bfe product is
functionally stable, but its interaction with the
subsequent components of the colicin uptake
system is not. It does appear that colicins E2
and E3 must enter the cytoplasm for their le-
thal action. However, the mechanism of colicin
uptake and even the nature of the components
of this process remain unknown.
The existence of two functional classes of re-

ceptor can explain the observation that a large
proportion of the culture of strain PB527
[Bfe(Am) SupD(Ts)] grown at the permissive
temperature were insensitive to colicin E3 and
phage BF23. A wild-type cell possesses approxi-
mately 200 B12 receptors (21, 25). Since strain
PB527 exhibits about 3% ofthe wild-type rate of
B12 uptake, there should be roughly six recep-
tors per cell. Hence, some of these receptors
must be nonfunctional. The observation that
40% ofthe cells in such a culture are insensitive
to colicin E3 can be simply explained by the
assumption that only 10% of the receptors are
"newly synthesized", i.e., effective for colicin
uptake. These results also suggest that sensi-
tivity to phage BF23 is not solely dependent on
the presence of receptor. Uptake of phage de-
oxyribonucleic acid also appears to call for
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newly synthesized receptor, but this uptake
system is not the same as that for the colicins,
as shown by the phage BF23 sensitivity of mu-
tants tolerant to the E-colicins (16).
That the tonB product is functionally unsta-

ble is indicated by the rapid loss of B12 uptake
capacity upon cessation of tonB expression.
This was confirmed by the simultaneous loss of
sensitivity to colicin D, whose action is tonB
dependent (7). This instability of the tonB prod-
uct could well account for the decrease in B12
uptake after inhibition of general protein syn-
thesis (16). In support of this, it has been found
that cells whose protein synthesis has been in-
hibited are markedly less sensitive to the tonB-
dependent colicins D (22), Ia, and B (R. J. Kad-
ner, manuscript in preparation). Growth inhi-
bition has no effect on sensitivity to the tonB-
independent colicin El (16). It would be ofinter-
est to determine whether siderophore-mediated
iron transport is likewise depressed by growth
inhibition.
Experiments now in progress are attempting

to define the role of the tonB gene product. It
has been suggested that the tonB product
might be involved in maintaining the proper
orientation of certain outer membrane recep-
tors with sites, presumably in the cytoplasmic
membrane, for the subsequent uptake of their
respective substrates (2). Since all of these up-
take processes are energy dependent, it could
also be that the tonB product functions to cou-
ple energy to the outer membrane or to specific
outer membrane components (13). The observa-
tion that the tonB product must be continually
synthesized to function in B,2 transport sug-
gests that it does not interact specifically with
each outer membrane receptor protein but,
rather, functions in some nonspecific manner.
This need for continued synthesis is also com-
patible with its consumption during energy-
dependent transport processes.
The orientation of the outer membrane with

the inner membrane may also provide the phys-
iological basis underlying the demonstration
that the B12 receptor can apparently exist in
different states. It could be that only receptors
newly inserted into the outer membrane pos-
sess the proper orientation for the lethal ad-
sorption of the E-colicins and phage BF23. As
the outer membrane continues to grow, this
orientation is lost, first with respect to the coli-
cins and then with respect to the phage. How-
ever, the bfe product can continue to function in
the B12 uptake process as long as the tonB
product is continually synthesized, although
the tonB product plays no role in the lethal
adsorption ofthe colicins and phage that utilize
the same receptor.

Attempts in this laboratory to identify the
tonB product by polyacrylamide gel electropho-
resis of various fractions of the E. coli envelope
have thus far been unsucessful. This may be
due, in part, to rapid turnover of the tonB
product. However, it would appear that an un-
derstanding of the nature, function, and loca-
tion of the tonB product is absolutely essential
to an understanding of a number of processes
involving the outer membrane of E. coli K-12.
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