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The FhuA outer membrane protein of Escherichia coli actively transports ferrichrome, albomycin, and
rifamycin CGP 4832, and confers sensitivity to microcin J25, colicin M, and the phages T1, T5, and �80.
Guided by the FhuA crystal structure and derived predictions on how FhuA might function, mutants were
isolated in the cork domain (residues 1 to 160) and in the �-barrel domain (residues 161 to 714). Deletion of
the TonB box (residues 7 to 11) completely inactivated all TonB-dependent functions of FhuA. Fixation of the
cork to turn 7 of the barrel through a disulfide bridge between introduced C27 and C533 residues abolished
ferrichrome transport, which was restored by reduction of the disulfide bond. Deletion of residues 24 to 31,
including the switch helix (residues 24 to 29), which upon binding of ferrichrome to FhuA undergoes a large
structural transition (17 Å) and exposes the N terminus of FhuA (TonB box) to the periplasm, reduced FhuA
transport activity (79% of the wild-type activity) but conferred full sensitivity to colicin M and the phages.
Duplication of residues 23 to 30 or deletion of residues 13 to 20 resulted in FhuA derivatives with properties
similar to those of FhuA with a deletion of residues 24 to 31. However, a frameshift mutation that changed
QSEA at positions 18 to 21 to KKAP abolished almost completely most of FhuA’s activities. The conserved
residues R93 and R133 among energy-coupled outer membrane transporters are thought to fix the cork to the
�-barrel by forming salt bridges to the conserved residues E522 and E571 of the �-barrel. Proteins with the
E522R and E571R mutations were inactive, but inactivity was not caused by repulsion of R93 by R522 and R571
and of R133 by R571. Point mutations in the cork at sites that move or do not move upon the binding of
ferrichrome had no effect or conferred only slightly reduced activities. It is concluded that the TonB box is
essential for FhuA activity. The TonB box region has to be flexible, but its distance from the cork domain can
greatly vary. The removal of salt bridges between the cork and the barrel affects the structure but not the
function of FhuA.

The FhuA protein of Escherichia coli actively transports
ferrichrome, the antibiotics albomycin and rifamycin CGP
4832, and microcin J25 across the outer membrane. It also
serves as receptor for colicin M and the phages T1, T5, �80,
and UC-1 (5). The FhuA protein consists of 22 antiparallel
�-sheets that form a �-barrel into which a globular domain is
inserted from the periplasmic side. The globular domain seems
to close the �-barrel channel and prevent entry of even small
molecules and was for this reason designated the “cork” (12)
or “plug” (24). Ferrichrome, the natural substrate of FhuA,
binds in a cavity located well above the outer membrane lipid
bilayer. Five amino acid residues of the cork and 6 of the
�-barrel are less than 4 Å away from bound ferrichrome and
probably serve as ferrichrome binding sites (12). It is thought
that opening of the FhuA channel requires movement of the
cork, resulting in a connection between the cavity exposed to
the cell surface and the region exposed to the periplasm. Al-
though binding of ferrichrome to FhuA moves the cork about
2 Å towards ferrichrome, this does not open the channel. A
much stronger structural alteration occurs in the pocket that is
exposed to the periplasm. A short helix, the switch helix (res-
idues 24 to 29) is unwound and E19 and W22 move 17 Å away

from their former �-carbon position, which might facilitate the
binding of FhuA to TonB (12), as has been found by chemical
cross-linking of FhuA to TonB, which is enhanced in vivo upon
the binding of ferrichrome (15, 27).

Energy provided by the cytoplasmic membrane in the form
of the proton motive force (3) is required for all FhuA activ-
ities except infection by phage T5. The TonB-ExbB-ExbD pro-
tein complex is thought to transduce the energy from the
cytoplasmic membrane to the outer membrane. An N-proximal
region of FhuA, the TonB box (residues 7 to 11), interacts with
a region around residue 160 of TonB, as shown by mutations in
the TonB box that are suppressed by mutations in TonB (15,
31).

A similar suppression analysis has revealed the same inter-
acting regions in the BtuB vitamin B12 transport protein and in
TonB (19). Moreover, in vivo a segment of the TonB box of
BtuB is chemically cross-linked via disulfide bonds with a seg-
ment around residue 160 of TonB (7). Cross-linking at several
positions is increased when BtuB is loaded with vitamin B12,
and the cross-linking pattern changes in mutants containing
amino acid substitutions in BtuB that impair TonB-dependent
BtuB activity (7). Furthermore, site-directed spin labeling and
electron paramagnetic resonance spectroscopy of BtuB have
suggested that the TonB box of unloaded BtuB is fixed to the
�-barrel (25). Binding of vitamin B12 to BtuB converts this
segment into an extended and highly dynamic structure that
likely extends into the periplasm to interact physically with
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TonB. In vivo disulfide formation was also shown between
region 160 of TonB and the TonB box of the ferric citrate outer
membrane transport protein (29), which supports the interac-
tion of the transporter TonB box with region 160 of TonB.

In the study reported here, regions for which a functional
role could be predicted from the crystal structure of FhuA
were mutagenized. These regions were the switch helix, the
TonB box, the segment between the TonB box and the cork
proper that is inserted into the �-barrel (approximately resi-
dues 19 to 160), and interacting regions of the cork and the
�-barrel.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The E. coli strains and
plasmids used are listed in Table 1. Cells were grown in TY medium (10 g of
Bacto Tryptone [Difco Laboratories] liter�1, 5 g of yeast extract liter�1, 5 g of
NaCl liter�1) or NB medium (8 g of nutrient broth liter�1, 5 g of NaCl liter�1,
pH 7) at 37°C. To reduce the available iron of the NB medium, 2,2�-dipyridyl (0.2
mM) was added (NBD medium). Ampicillin (40 �g/ml) was added when re-
quired.

Recombinant DNA techniques. The isolation of plasmids, the use of restriction
enzymes, ligation, agarose gel electrophoresis, and transformation were carried
out using standard techniques (30). All genetic constructions were examined by
DNA sequencing by the dideoxy chain termination method with fluorescence-
labeled or unlabeled nucleotides (Auto Read sequencing kit; Pharmacia, Bio-
tech, Freiburg, Germany) and an ALF sequencer (Pharmacia).

Site-directed mutagenesis and construction of strains. Some of the fhuA
mutants were constructed as described previously by PCR of the 2.8-kb fhuA-
containing plasmid pHK763 by using mismatch primers which code for restric-
tion sites for further subcloning (4); other fhuA mutants were constructed with a
QuikChange site-directed mutagenesis kit (Stratagene, Europe; Amsterdam,
The Netherlands). All of the mutated fhuA fragments were sequenced to verify
the mutations. Sequences of the mutagenic oligonucleotide primers and a de-
scription of the mutagenesis procedure are available upon request.

Strain MB98 �fhuA was constructed using the technique described by Dat-
senko and Wanner (11), which resulted in a derivative of strain AB2847 in which
only the signal sequence of fhuA was left on the chromosome. The fhuCDB gene
cluster was transcribed under the control of the fhuA promoter.

Protein analytical methods. E. coli HK97 transformed with one of the various
plasmids was grown in NB medium at 37°C. Cells were harvested by centrifuga-
tion at an optical density at 578 nm of 0.6.

Outer membranes were prepared by lysing cells with lysozyme-EDTA, fol-
lowed by solubilization of the cytoplasmic membrane with 0.2% Triton X-100
and differential centrifugation (17). The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained
with Serva blue.

Trypsin digestion was performed by incubating 10 �l of an outer membrane
preparation with 1.1 �l of trypsin (0.3 mg/ml) for 30 min at 37°C. Digestion was
stopped by the addition of 1.2 �l of trypsin inhibitor (1.5 mg/ml) and incubation
for 5 min at room temperature. Electrophoresis sample buffer (13 �l) was added,
and the samples were boiled for 5 min. The proteins were then separated by
SDS-PAGE and stained with Serva blue. For preincubation with ferrichrome, 1
�l of ferrichrome (10 mM) was added to 10 �l of outer membrane preparations
and the mixture was incubated for 30 min at 37°C before trypsin digestion as
described above.

Phenotype assays. All assays were performed with freshly transformed E. coli
K-12 strains. The sensitivity of cells to the FhuA ligands (phages T1, T5, and �80
and colicin M, rifamycin CGP4832, and albomycin) was tested by spotting var-
ious dilutions, as indicated in the table legends, on TY plates overlaid with 3 ml
of TY soft agar containing 108 cells of the strain to be tested.

Growth promotion was tested by placing filter paper disks containing 10 �l of
various concentrations of ferrichrome on NBD agar plates overlaid with 3 ml of
NB soft agar containing 108 cells of the strain to be tested. The diameter and the
growth density around the filter paper disk were determined after incubation
overnight. The assays were performed at least in triplicate.

Transport assays. E. coli K-12 strains HK97 aroB fhuA fhuE, CH1857 aroB
fhuACDB tonB, and MB98 aroB �fhuA freshly transformed with the plasmids to
be tested were grown overnight on TY plates. Cells were washed and suspended
in transport medium (M9 salts [26], 0.4% glucose), and the cell density was

adjusted to an optical density at 578 nm of 0.5. Free iron was removed by adding
25 �l of 10 mM nitrilotriacetate, pH 7.0, to a 1-ml cell suspension. After incu-
bation for 5 min at 37°C, transport was started by adding 10 �l of 100 �M
[55Fe3�]ferrichrome. Samples of 100 �l were withdrawn, and cells were har-
vested on cellulose nitrate filters (pore size, 0.45 �m; Sartorius AG, Göttingen,
Germany) and washed twice with 5 ml of 0.1 M LiCl. The filters were dried, and
the radioactivity was determined by liquid scintillation counting. In binding
assays, a 150-fold surplus of nonradioactive ferrichrome was added after 17 min
to show the specificity of ferrichrome binding. For reducing conditions, 10 �l of
1,4-dithio-l-threitol (DTT; 10 M) was added together with nitrilotriacetate 5 min
prior to the transport assay.

Structure analysis. Structures were analyzed with Weblab Viewer Pro 3.5
(Molecular Simulations Inc.).

TABLE 1. E. coli strains and plasmids used in this study

Strain or
plasmid Genotype and/or phenotype Reference

Strains
HK97 F� araD139 lacU169 rpsL150 relA1

flbV5301 deoC1 ptsF25 rbsR aroB
thi fhuE::Mu53 fhuA

21

CH1857 aroB malT tsx thi fhuACDB tonB 4
AB2847 aroB malT tsx thi 18
MB98 aroB malT tsx thi �fhuA This study

Plasmids
pHK763 pT7-6 fhuA wild type 23
pHK570 pHSG576 fhuA wild type 20
pFhuA711 pT7-6 fhuA (�7–11) This study
pFhuAG16 pT7-6 fhuA (A16G) This study
pFhuAFs19 pT7-6 fhuA (A16G

QSEA18–21KKAP)
This study

pFhuA1320 pT7-6 fhuA (�13–20 A21D W22R) This study
pFhuAP15A pT7-6 fhuA (P15A) This study
pFhuAP17A pT7-6 fhuA (P17A) This study
p76SH1 pT7-6 fhuA (W22G) This study
p76SH2 pT7-6 fhuA (A25G) This study
p76SH3 pT7-6 fhuA (A26E) This study
p76SH4 pT7-6 fhuA (T27P) This study
p76SH5 pT7-6 fhuA (A29G) This study
p76SH6 pT7-6 fhuA (�24–31 Q32P) This study
p76SH7 pT7-6 fhuA (d23–30) This study
p76SH9 pT7-6 fhuA (T54R) This study
p76SH10 pT7-6 fhuA (A577E) This study
p76SH13 pT7-6 fhuA (�24–31 Q32P V11D) This study
p76SH14 pT7-6 fhuA (�24–31 Q32P I9P) This study
p76SH15 pT7-6 fhuA (V11D) This study
p76SH16 pT7-6 fhuA (I9P) This study
pFE6 pT7-6 fhuA (R93L) This study
pFE7 pT7-6 fhuA (R93P �H89) This study
pFE8 pT7-6 fhuA (G94P) This study
pFE9 pT7-6 fhuA (R133A) This study
pFE10 pT7-6 fhuA (R133H) This study
pFE11 pT7-6 fhuA (R93L R133A) This study
pFE12 pT7-6 fhuA (G134D) This study
pFE14 pT7-6 fhuA (G146D) This study
pFE15 pT7-6 fhuA (G147D) This study
pFE17 pT7-6 fhuA (E522A) This study
pFE18 pT7-6 fhuA (E522R) This study
pFE19 pT7-6 fhuA (R93L E522R) This study
pFE21 pT7-6 fhuA (E571A) This study
pFE22 pT7-6 fhuA (E571R) This study
pFE23 pT7-6 fhuA (R93L E571R) This study
pFE29 pT7-6 fhuA (R93P) This study
pFE30 pT7-6 fhuA (R93E) This study
pFE34 pT7-6 fhuA (R93E E522R) This study
pFE36 pT7-6 fhuA (K67A E68A E522R) This study
pFE37 pT7-6 fhuA (K67A E68A E571R) This study
pFE50 pT7-6 fhuA (T27C) This study
pFE53 pT7-6 fhuA (P533C) This study
pFE60 pT7-6 fhuA (T27C P533C) This study
pT7-6 ColE1 Ampr T7 gene 10 promoter 33
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RESULTS

The switch helix is not essential for FhuA activity. Upon
binding of ferrichrome, the switch helix (residues 24 to 29) is
unwound and residues 19 and 20 are translated 17 Å from their
former position (12). It is thought that this large movement fa-
cilitates the interaction of FhuA with TonB because the TonB box
(residues 7 to 11 in FhuA), which is not seen in the crystal
structure, might be more exposed to the periplasm. This predic-
tion was examined by introducing point mutations into the switch
helix as listed in Fig. 1. In addition, residues 24 to 31 were deleted
and residues 23 to 30 were duplicated (designated d23–30). The
activities of the resulting mutant FhuA proteins were tested by
measuring the transport rate of [55Fe3�]ferrichrome by E. coli
HK97 fhuA transformed with the mutated fhuA genes cloned on
the medium-copy-number vector pT7-6. Compared to wild-type
FhuA encoded on the same vector as the mutant FhuA proteins,
none of the mutants showed a strong reduction in the ferrichrome
transport rate (Fig. 2; Table 2). Deletion or duplication of the
switch helix reduced the ferrichrome transport rate to only 79 or
72% of the wild-type rate, respectively; this reduced level was
similar to the level of the T27P (threonine 27 replaced by proline)
mutant (77%), which was created to alter the conformation of the
switch helix.

E. coli HK97 contains an inactive FhuA protein with several
point mutations and a single amino acid deletion in the �-bar-
rel. Recently, we found that this protein can restore the FhuA
activity of the FhuA derivative with residues 5 to 160 deleted
(FhuA�5–160) by providing the missing cork. However, we
found no evidence for complementation of a complete FhuA
protein with mutations in the cork domain by a wild-type cork
(M. Braun, F. Endriß, H. Killmann, and V. Braun, submitted
for publication). To make sure that HK97 FhuA did not com-
plement the small cork deletion derivatives, ferrichrome trans-
port was determined in transformants of an E. coli MB98 strain
that lacks the fhuA gene and transcribes the fhuCDB gene
cluster under the control of the fhuA promoter. The trans-
formants that synthesized FhuA�24–31, FhuA�13–20
(A21D W22R), FhuAd23–30, FhuA(G134D), and FhuA
(G147D) displayed transport rates similar to those obtained
with HK97 (data not shown), which excludes complementation
of the mutant corks by the HK97 wild-type cork as the cause of
the mutants’ activities.

The binding of [55Fe3�]ferrichrome to cells synthesizing the

mutant proteins was examined with E. coli CH1857 fhuCDB
tonB, which does not transport ferrichrome across the outer
membrane and the cytoplasmic membrane. All the FhuA mu-
tants expressed by strain CH1857 showed a level of binding of
ferrichrome either similar to or lower than that of wild-type
FhuA. FhuA(A29G) displayed a rather low level of binding of
ferrichrome, which, however, did not reduce the ferrichrome
transport rate. An exception was FhuAd23–30, which displayed
enhanced binding (Table 2). SDS-PAGE did not reveal an
increased amount of FhuAd23–30, which might have explained
the stronger binding (data not shown). Binding as opposed to
transport was verified by the constant level of radioactivity
associated with the cells during the entire incubation period
and by the chase of radiolabeled ferrichrome with a surplus of
unlabeled ferrichrome.

In addition, growth tests were performed with a dilution
series of ferrichrome supplied on paper disks placed on nutri-
ent broth agar plates supplemented with 0.2 mM dipyridyl to
limit the available iron (NBD plates). The growth zones of
E. coli HK97 transformed with the mutated fhuA genes were
identical to the growth zones of the wild-type fhuA transfor-
mant (data not shown). The sensitivity of the FhuA mutant

FIG. 1. Diagram of mutations introduced into the N-terminal region of FhuA. The numbers indicate the positions of the amino acid residues
in mature FhuA. Arrows indicate the start and stop sites of the TonB box (amino acids 7 to 11) and of the switch helix (amino acids 24 to 29).

FIG. 2. Time-dependent transport of [55Fe3�]ferrichrome (1 �M)
into E. coli strain HK97 fhuA fhuE aroB expressing the plasmid-en-
coded FhuA proteins as indicated in the figure.
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cells to albomycin and microcin J25 was the same as the sen-
sitivity of wild-type FhuA cells, except with the mutants ex-
pressing FhuA�24–31 and FhuAd23–30, which were threefold
less sensitive. The sensitivities of the FhuA mutant cells to the
phages T1, �80, and T5 were indistinguishable from those of
wild-type FhuA cells (Table 2). Together with the results of the
transport assays, the data indicate that the FhuA segment of
the switch helix does not play an essential role in FhuA activity.

The FhuA crystal structure indicates that the switch helix is
fixed through select hydrophobic residues in a hydrophobic
pocket formed by periplasmic turns 8 and 9 and �-strand A of
the cork domain (12, 24). Alanine 577 of turn 8 is oriented such
that it interacts with P24 of the switch helix (distance, 3.5 Å),
and T54 of cork �-strand A interacts with A26 (distance, 3.8
Å). To abolish a hydrophobic interaction, A577 was replaced
by glutamate. In accordance with the sequence of the E. coli
K-12 genome (2), residues 577 and 578 read AA and not RP,
as was determined previously (10). The ferrichrome transport
rate and the sensitivities to albomycin and microcin J25 of
mutant FhuA(A577E) were reduced, but the sensitivity to co-
licin M and to the phages were at the wild-type FhuA level
(Table 2). In addition, FhuA(A577E) showed 45% of the wild-
type ferrichrome binding level (Table 2). Fixation of the switch
helix by hydrophobic interaction does not seem to be crucial
for FhuA functioning. In addition, interaction within the cork
could be changed without the loss of FhuA activity since FhuA
(T54R) showed 81% of the wild-type ferrichrome transport

rate and unaltered ferrichrome binding and phage and colicin
sensitivities (Table 2).

Previously, we showed that the mutation V11D in the TonB
box of FhuA renders FhuA inactive in all TonB-dependent
FhuA activities but retains TonB-independent sensitivity to
phage T5 (31). In the light of the unexpected results obtained
with the switch helix mutants, we reexamined these findings
and fully verified them. FhuA(V11D) was inactive in all TonB-
dependent functions and conferred TonB-independent infec-
tion by phage T5 as wild-type FhuA did (Table 2). There is
evidence that the TonB box sequences assume a certain con-
formation which is important for interaction with TonB and
that mutations affect the conformation rather than pairwise
interaction with TonB residues (8). Therefore, we tested whether
deletion of the switch helix in FhuA(V11D) altered the con-
formation of the mutated TonB box such that its function was
partially restored, with the result that FhuA(V11D �24–31)
remained inactive. Another TonB box mutant, FhuA(I9P), dis-
played a residual ferrichrome transport activity. Deletion of
the switch helix in mutant FhuA(I9P) completely inactivated
ferrichrome transport but left residual sensitivity to colicin M
and the phages T1 and �80 and full sensitivity to phage T5 (Ta-
ble 2). Apparently, the switch helix deletion further changed
the conformation of FhuA(I9P) such that its residual activ-
ity was abolished. FhuA(V11D) and FhuA(I9P) bound larger
amounts of [55Fe3�]ferrichrome than wild-type FhuA. The
amounts of the TonB box mutant proteins were similar to the

TABLE 2. Phenotypic characterization of N-proximal FhuA mutants

Phenotypea Fc binding
(%)b

Fc transport
(%)c

Sensitivity tod:

Albomycin Microcin J25 Colicin M T1 �80 T5

Wild type 100 100 5 (6, 7) 3 (4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
W22G 107 100 5 (6, 7) 3 (4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
A25G 83 92 5 (6, 7) 3 (4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
A26E 90 90 5 (6, 7) 3 (4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
T27P 103 77 5 (6) 3 (4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
A29G 42 96 5 (6) 3 (4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
�24–31 82 79 4 (5, 6) 2 (3, 4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
d23–30 132 72 4 (5, 6) 2 (3, 4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
A577E 45 68 4 (5, 6) 2 (3, 4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
T54R 106 81 2 (3–5) 2 (3, 4) 3 (4) 5 (6) 4 (5) 3 (4, 5)
A16G 31 90 5 (6, 7) 2 3 5 (6, 7) 4 (5) 3 (4, 5)
A16G QSEA18–21KKAP 0 1 — — 1 — 1 (2, 3) 2 (3)
�7–11 22 0 — — — — — 3 (4, 5)
�13–20 NDe 57 4 (5, 6) 3 (4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
P15A ND 100 4 (5, 6) 3 (4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
P17A ND 100 4 (5, 6) 3 (4) 3 (4) 5 (6, 7) 4 (5) 3 (4, 5)
T27C ND 100 5 (6, 7) 2 (3, 4) 3 (4) ND 4 (5) 3 (4, 5)
P533C ND 90 5 (6, 7) 2 (3, 4) 3 (4) ND 4 (5) 3 (4, 5)
T27C P533C ND 0 — — 3 ND 3 (4, 5) 3 (4, 5)
I9P 133 18 — — 1 (2) 4 (5, 6) 3 (4) 3 (4, 5)
I9P �24–31 97 0 — — — — — 3 (4, 5)
V11D 144 0 — — — — — 3 (4, 5)
V11D �24–31 103 0 — — — — — 3 (4, 5)

a Wild-type and mutant fhuA alleles were expressed from pT7-6 in HK97 fhuA.
b Percentages of the wild-type level of ferrichrome (Fc) binding to CH1857 fhuACDB tonB transformed with the indicated plasmids.
c The transport rates (numbers of iron ions per cell per minute) were calculated in the nearly linear region between minutes 5 and 13 and compared to the ferrichrome

transport rate of wild-type FhuA (100%). Fc, ferrichrome.
d Sensitivities to the ligands were tested by using E. coli HK97 fhuA freshly transformed with the plasmids listed in Table 1 expressing the indicated FhuA derivatives.

Sensitivities were tested by spotting 4 �l of 10-fold (colicin M and phages T1, T5, and �80) or 3-fold (microcin J25 and albomycin) dilutions onto TY agar plates overlaid
with TY top agar containing the strain to be tested. The results are given as the last of a dilution series that resulted in a clear zone of growth inhibition; e.g., 4 means
that the stock solution diluted fourfold was still active. Numbers in parentheses indicate a turbid zone of growth inhibition. Tabulated values of the sensitivity tests are
from a single experiment, but little variation was seen in repeated trials. —, no response.

e ND, not determined.
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amounts of wild-type FhuA. The switch-helix-deletion deriva-
tives of FhuA(V11D) and FhuA(I9P) bound [55Fe3�]ferri-
chrome at the same level as wild-type FhuA (Table 2).

For studying the properties of a mutant that lacks the entire
TonB box, FhuA(�7–11) was constructed. This mutant pro-
tein, which was produced in wild-type amounts, was completely
impaired in all TonB-dependent activities but remained T5
sensitive (Table 2). To examine whether inactivation is con-
fined to the TonB box, we constructed FhuA�13–20, which
contains two additional mutations, A21D and W22R. Despite
these strong alterations, the mutant still transported ferri-
chrome with 57% of the rate of wild-type FhuA and was fully
sensitive to colicin M and the phages. Additional mutations
were created with the aim of altering the local conformation
caused by the FhuA(P17A) and FhuA(P15A) proline replace-
ments. The mutants exhibited wild-type properties (Table 2).
In contrast, another mutant in this region, with a seemingly
small alteration, FhuA(A16G), showed strongly reduced ferri-
chrome binding but otherwise displayed wild-type activities
(Table 2). Only the sensitivity to microcin J25, to which FhuA
proteins with structural changes have the most sensitive reac-
tions, was somewhat reduced.

PCR mutagenesis unintentionally resulted in the frameshift
mutation QSEA3KKAP at positions 18 to 21, and the result-
ing protein did not bind and transport ferrichrome (Table 2).
Reduced sensitivity to phage T5, residual sensitivity to phage
�80, and weak sensitivity to colicin M indicated that the pro-
tein was in the outer membrane, but SDS-PAGE revealed
smaller amounts than those produced by wild-type FhuA (data
not shown). The mutated fragment seems to assume an altered
conformation that interferes with correct folding. This inter-
ference in turn results in a lower level of incorporation into the
outer membrane and a reduced activity.

Fixation of the switch helix to turn 7. To prevent unwinding
of the switch helix, followed by the movement to the opposite
side of the barrel wall, cysteine residues were introduced into
the switch helix (T27C) and turn 7 (P533C). Both amino acid
side chains are sufficiently close to form a disulfide bridge. To
examine whether disulfide bonds were formed between these
cysteines, the outer membrane fraction was isolated, and the
proteins were dissolved in sample buffer with and without
�-mercaptoethanol and then separated by SDS-PAGE. The
FhuA mutant exhibited a lower electrophoretic mobility in the
nonreduced sample than in the reduced sample (Fig. 3A),
which indicated the presence of a disulfide bond in the FhuA
mutant. Although disulfide cross-linked proteins usually move
faster than the un-cross-linked forms, the size of the cross-
linked FhuA of approximately 90 kDa and the lack of cross-
linked products with the C27 and C533 single mutants excludes
the possibility of the presence of cross-linked FhuA dimers. No
transport of ferrichrome was observed in this mutant unless the
disulfide bond was reduced by DTT prior to the transport assay
(Fig. 3B). The disulfide derivative of FhuA conferred no sen-
sitivity to albomycin and microcin J25, whereas sensitivities to
phage T5 and colicin M were the same as those of wild-type
FhuA and sensitivity to phage �80 was reduced 10-fold (Table
2).

Sensitivity to colicin M and the TonB-dependent phages
may result from a small fraction of un-cross-linked FhuA, or
the cross-linked FhuA may still function as a receptor. To ex-

amine whether FhuA(T27C P533C) still interacts with TonB,
pFE60 was transformed in E. coli MB98 that synthesized wild-
type FhuA from the low-copy-number vector pHK570. The
disulfide derivative completely inhibited ferrichrome transport
of wild-type FhuA, suggesting that overexpressed FhuA(T27C
P533C) bound to TonB and made it unavailable for binding to
wild-type FhuA.

Interaction of the cork domain with the �-barrel domain.
Residues R93 and R133 of the cork are close enough to resi-
dues E522 and E571 of the �-barrel to form salt bridges (Fig.
4). These residues are conserved in 26 energy-coupled outer
membrane proteins, and they display the same stereochemistry
in the four determined crystal structures (9, 12, 14, 24). To
examine the functional relevance of the predicted salt bridges
for fixing the cork to the �-barrel, R93P and R93P �89H
mutant FhuAs, the latter constructed unintentionally by a false

FIG. 3. (A) Stained proteins after SDS-PAGE of outer membrane
fractions of E. coli HK97 fhuA transformed with FhuA derivatives as
indicated with (�) and without (�) �-mercaptoethanol in the loading
buffer. The molecular masses of standard proteins in kilodaltons are
indicated. (B) Time-dependent transport of [55Fe3�]ferrichrome (1
�M) into E. coli strain HK97 fhuA fhuE aroB expressing the plasmid-
encoded FhuA proteins as indicated in the figure. To reduce the di-
sulfide bond between C27 and C533, 100 mM DTT was added 5 min
prior to the transport assay.
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primer, and R93L, R93E, R133A, R133H, E522A, E522R,
E571A, and E571R mutant FhuAs were constructed. The sub-
stitutions with prolines should alter the local conformation of
the polypeptide chain, the nonpolar residues prevent the for-
mation of the salt bridges, and the substitutions with the
charged residues lead to the repulsion of the positively charged
side chains. A conformational change in the FhuA mutant
proteins was examined by incubation of the outer membrane
fraction with trypsin. The amounts of the mutant FhuA pro-
teins were similar to the amount of wild-type FhuA (Fig. 5; the
R93E and R133A mutant FhuAs are not shown). Unlike with
wild-type FhuA, of which trypsin cleaved only a small fragment
(Fig. 5), larger fragments were released from the mutant pro-
teins. Under the conditions used, the C-terminal end of OmpA
located in the periplasm (32) was completely removed by tryp-
sin.

It has been reported that wild-type FhuA is cleaved by tryp-
sin at position 67 and that cleavage is prevented by ferrichrome
(28). To determine the cleavage site of the mutant FhuA pro-
teins, the FhuA(K67A, E522R) and FhuA(K67A, E571R)
double mutant proteins were constructed, cleaved by trypsin,
and separated by SDS-PAGE; the resulting bands were at the
same electrophoretic position as those of FhuA(E522R) and
FhuA(E571R), showing that K67 is not the cleavage site of the
mutant proteins integrated in the outer membrane (data not
shown). Among the mutant proteins tested, the addition of
ferrichrome prevented the trypsin cleavage of FhuA(E522A)
and FhuA(E571A) but not of FhuA(E522R) and FhuA(E571R)
(data not shown).

The mutant FhuAs expressed in E. coli HK97 fhuA showed
FhuA activities similar to that of wild-type FhuA, except for
FhuA(R93P), FhuA(R93P �H89), FhuA(R133H), FhuA
(E522R), and FhuA(E571R) (Table 3). Ferrichrome transport
by the R93P mutant was reduced to 42%, which rendered cells

nearly albomycin and microcin J25 resistant. E. coli HK97
FhuA(R93P �H89) was virtually insensitive to albomycin and
microcin J25 and transported [55Fe3�]ferrichrome at 17% of
the wild-type FhuA rate. The R93P and �H89 mutations prob-
ably changed the conformation of the cork locally, which af-
fected transport but not sensitivity to the phages and colicin M.
In contrast to cells expressing R133A, cells expressing R133H
showed reduced transport and reduced sensitivity to phages
�80 and T5 and to colicin M.

The predicted repulsion between E522R and R93 and be-
tween E571R and R133 and R93 seemed to abolish the trans-
port of ferrichrome, albomycin, and microcin J25 completely.
However, the double mutant proteins FhuA(E522R R93L)
and FhuA(E571R R93L), in which no repulsion between these
residues could occur, were also transport deficient. Moreover,
FhuA(R93E), which should be repulsed by E522 and E571,
showed 93% of the FhuA wild-type ferrichrome transport ac-
tivity. These data demonstrate that repulsion does not play a
role in the inactivation of the FhuA mutant transport func-
tions. The glutamate residues are not essential since their re-
placement by alanine resulted in fully active FhuA mutant
proteins.

A remarkable property of FhuA(E522R) was that it medi-
ated virtually no phage sensitivity (Table 3). FhuA(E571R)
displayed a somewhat different phenotype in that cells were
resistant to phage T5 and phage �80 and almost fully sensitive
to phage T1. In both strains, sensitivity to colicin M was 1,000-
fold reduced. In contrast, FhuA(E522A) and FhuA(E571A)
conferred full phage and colicin sensitivity. The FhuA(R93L
E522R) double mutant was as insensitive as FhuA(E522R) to
the phages and colicin M, showing that repulsion of R522 by
R93 did not cause the inactivity of FhuA(E522R). The func-
tion of FhuA(E571R) for infection by phage T5 and sensitivity
to colicin M was partially restored when R93 was replaced by
leucine. Here it seems that repulsion of R571 by R93 reduced
FhuA activity. These data support the conclusion drawn from
the transport data that arginine residues at sites 522 and 571
severely reduce the �-barrel activity.

Roles of the highly conserved glycine residues of the cork
domain. Upon the binding of ferrichrome, the cork moves on
one side relative to the �-barrel up to 2 Å towards ferrichrome,
whereas it stays fixed on the opposite side (12). The fixed side
contains amino acids that are highly conserved in TonB-de-
pendent transport proteins, e.g., the G94, G134, G146, and
G147, R93, and R133 mutant proteins analyzed above. The
glycine residues that confer conformational flexibility were re-
placed by amino acids with more rigidly fixed side chains, and
the activities of the resulting mutant FhuA proteins were ex-
amined. FhuA(G94P) displayed rather high activities (Table
3), whereas FhuA(G134D) and FhuA(G147D) exhibited re-
duced activities. Noteworthy are the turbid �80 plaques
formed on cells synthesizing FhuA(G147D). Trypsin cleaved
the glycine substitution mutants to smaller fragments than
wild-type FhuA (Fig. 5D). These results suggest that the mu-
tations affected the FhuA structure and that, for this reason,
the FhuA transport activity was reduced. However, except for
that of G147D, the structural alterations were not so profound
that they reduced sensitivity to colicin M and the phages.

FIG. 4. Interacting sites between the cork and the barrel domain
studied in this paper. The FhuA crystal structure is shown in ribbon
presentation with the side chains of residues R93, R133, E522, and
E571. The distances between the nitrogen atoms of R93 and R133 and
the oxygen atoms of E522 and E571 are indicated.
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DISCUSSION

Interaction of TonB with the TonB box of FhuA is assumed
to cause long-range structural transitions throughout the entire
FhuA molecule, which require highly specific interactions. For
example, TonB-dependent conformational changes must occur
in surface loop 4 for infection by phages T1 and �80 (22) since
the phages bind only reversibly and do not infect energy-de-
pleted wild-type cells or tonB mutant cells (16). Likewise, there
must be specific stereochemical requirements for the TonB-
mediated transfer of energy to FhuA and the concerted con-
formational changes in the cork and the �-barrel to release
ferrichrome from its binding sites and to open the channel for

ferrichrome diffusion into the periplasm. In the substrate-un-
loaded form of the FhuA and FecA crystals, the switch helix is
fixed to the hydrophobic pocket (12, 14). It is assumed that the
strong translation of residues of the resolved switch helix, in
particular, residues E19 and W22 by 17 Å, seen in the crystal
structure upon the binding of ferrichrome (12, 13), and a
similar translation observed in FecA upon the binding of
(Fe3�-citrate)2 (14) facilitate or even permit functionally rel-
evant interactions of FhuA and FecA with TonB. It is not
important whether residues 24 to 29 form a helix, and in fact
no helix is observed in the crystal structure of BtuB (9), but one
may expect that the structural response of FhuA upon inter-

FIG. 5. Stained proteins after SDS-PAGE of outer membrane fractions of E. coli HK97 fhuA transformed with the FhuA mutants indicated,
with (�) and without (�) trypsin digestion. The molecular masses of standard proteins in kilodaltons are indicated. (C) In the last lane, trypsin
and trypsin inhibitor were applied.
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action with TonB of an energized cell requires a highly specific
structure between the TonB box and the cork. Therefore, the
most unexpected result was that deletion or duplication of the
switch helix in FhuA had no strong effect on ferrichrome and
albomycin transport and did not reduce the sensitivity of cells
to colicin M and the phages T1 and �80, which require the
interaction of FhuA with TonB. Since FhuA remained active
after deletion or duplication of the switch helix, the TonB box
remained exposed to interact functionally with TonB and could
confer structural changes on the cork and the �-barrel. The
other deletion derivative studied, FhuA(�13–20) exhibited
57% of the wild-type FhuA transport rate, was threefold-less
sensitive to albomycin and microcin J25, and conferred full
sensitivity to colicin M and the phages T1, �80, and T5. Even
in this truncated derivative in which the TonB box was linked
to residue 23, interaction of the TonB box and TonB somewhat
functioned.

The point mutation A577E in the hydrophobic pocket was
constructed under the assumption that the interaction with P24
would be disrupted and FhuA transport activity strongly re-
duced. However, compared to that of the wild type, the ferri-
chrome transport rate was reduced to 68%, ferrichrome bind-
ing was reduced to 45%, and sensitivity to albomycin and
microcin J25 was reduced accordingly. Disruption of the pre-
dicted interaction between another interacting pair in this re-
gion, T54 and A26, by the mutation T54R retained ferrichrome
transport at 81% of the wild-type level. As in the deletion
derivatives the point mutations did not abolish the structural
transitions which are assumed to occur in FhuA in response to

an interaction with TonB. FhuA tolerates to a remarkable
extent strong structural changes in the region that links the
TonB box to the cork.

Additional mutations between the TonB box and the switch
helix unpredictably influenced FhuA activity. The mutations
P15A and P17A should exert a stronger effect on the confor-
mation than A16G, but the FhuA activities of all three mutant
proteins were only slightly reduced and by similar degrees. In
contrast, the frameshift mutation QSEA3KKAP at positions
18 to 21 with an additional A16G mutation nearly abolished all
FhuA activities. Apparently, the segment with the frameshift
can no longer bind to TonB and/or transduce the assumed
structural change to the cork and the �-barrel that is elicited by
interaction with TonB.

Covalent fixation of the flexible cork segment to the �-barrel
through disulfide bonds between C27 and C533 inactivated the
transport activity for ferrichrome, albomycin, and microcin
J25. Activity was restored when the disulfide bonds were
cleaved by reduction. Lack of transport suggests that perma-
nent fixation of the cork to the �-barrel prevents movement of
the cork to open the channel of the �-barrel. The TonB box of
FhuA must be flexible for TonB-coupled FhuA activity. In
BtuB, flexibility has been demonstrated by electroparamag-
netic resonance spectroscopy of spin-labeled cysteine residues,
which revealed strong structural transitions of the TonB box
from a structure fixed to the �-barrel to an extended dynamic
structure upon substrate binding (25). However, in the cross-
linked cysteine double mutant protein, sensitivity to colicin M
was unaffected and sensitivity to �80 was reduced only 10-fold,

TABLE 3. Phenotypic characterization of the FhuA mutants located at the cork–�-barrel interface

Phenotypea Growth on
ferrichromeb

Fc transport
rate (%)c

Sensitivity tod:

Albomycin Microcin J25 Colicin M T1 �80 T5

Wild type 27 100 3 (4–6) 3 (4) 4 6 (7) 5 (6, 7) 5 (6)
R93L 27 110 3 (4, 5) 4 4 7 5 (6, 7) 5 (6)
R93P 27 42 ((0–3)) ((0–2)) 3 (4) 6 (7) 4 (5, 6) 5 (6)
R93P �H89 (27) 17 ((0–3)) ((0–2)) 3 (4) 6 (7) 4 (5, 6) 5 (6)
R93E 27 93 3 (4, 5) 4 (5) 4 7 5 (6, 7) 5 (6)
R133A 27 92 4 (5, 6) 3 (4) 3 (4) 6 (7) 5 (6, 7) 5 (6)
R133H 27 75 ((0, 1)) ((0, 1)) 2 (3) 6 (7) 4 4 (5)
R93L R133A 27 88 3 (4, 5) 2 (3) 4 6 5 (6) 5 (6)
E522A 27 105 3 (4–6) 3 (4) 4 6 (7) 5 (6, 7) 5 (6)
E522R — 0 — — 1 (0–5) ((0)) ((0–2))
R93L E522R — 1 — — 1 (2) (0–6) ((0–3)) ((0–5))
E571A 27 113 4 (5) 3 (4, 5) 4 6 (7) 5 (6) 5 (6)
E571R — 1 — — 1 5 (6) ((0)) (0–4)
R93L E571R (20) 5 — — 2 5 (6) (0–2) 3 (4, 5)
R93E E522R (27) 7 ((0–2)) ((0–2)) 2 (3) 5 (6) ((0–2)) 3 (4, 5)
G94P 27 107 3 (4–6) 3 (4, 5) 4 6 (7) 4 (5, 6) 4 (5, 6)
G134D 27 67 ((0–2)) ((0, 1)) 3 (4) 6 (7) 5 (6) 5 (6)
G146D 27 91 1 (2–4) 0 (1, 2) 3 (4) 6 (7) 5 (6) 5 (6)
G147D 27 32 ((0–2)) ((0, 1)) 3 6 (7) (0–5) 5 (6)

a Wild-type and mutant fhuA alleles were expressed from pT7-6 in HK97 fhuA.
b Growth promotion results are expressed as the diameter of the growth zone (in millimeters) around the paper disk (diameter of the disk is not subtracted). Ten

microliters of a 1 mM ferrichrome solution was placed on the paper disk and placed onto NBD plates overlaid with NB top agar containing 108 cells of the strains to
be tested. Parentheses indicate a low cell density in the growth zone. —, no growth.

c The ferrichrome (Fc) transport rates (numbers of iron ions per cell per minute) were calculated in the nearly linear region between minutes 5 and 13 and compared
to the ferrichrome transport rate of wild-type FhuA (100%).

d Sensitivities to the ligands were tested by using E. coli HK97 fhuA freshly transformed with the plasmids listed in Table 1 expressing the indicated FhuA derivatives.
Sensitivities were tested by spotting 4 �l of 10-fold (colicin M and phages T1, T5, and �80) or 3-fold (microcin J25 and albomycin) dilutions onto TY agar plates overlaid
with TY top agar containing the strain to be tested. The results are given as the last of a dilution series that resulted in a clear zone of growth inhibition; e.g., 4 means
that the phage stock suspension could be diluted 104-fold and the albomycin solution could be diluted 34-fold to yield a clear zone of cell lysis. Numbers in parentheses
indicate turbid zones of growth inhibition; double parentheses indicate very turbid zones. Tabulated values of the sensitivity tests derived from a single experiment, but
little variation was seen in repeated trials.—, no response.
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which indicated that TonB-dependent structural transitions re-
quired for phage infection and colicin toxicity still occurred. It
is possible that the response to phage �80 and colicin M results
from a small fraction of un-cross-linked FhuA molecules which
may be sufficient for phage infection and colicin M toxicity but
insufficient for transport. It is also possible that TonB-depen-
dent structural changes required for the transport of small
molecules differ from those required for an interaction with
large biomolecules. Since the FhuA disulfide derivative inhib-
ited wild-type FhuA activity, it is likely that the TonB box of
the disulfide derivative binds to but does not react to energized
TonB.

Since changes in the structure of the FhuA segment that is
exposed to the periplasm did not strongly reduce FhuA activ-
ity, we reinvestigated the previously characterized TonB box
mutants FhuA(V11D) and FhuA(I9P). The inactivity of FhuA
(V11D) for all TonB-dependent FhuA functions and the par-
tial activity of FhuA(I9P) was reproduced. Since TonB box
mutations might not define residues that directly interact with
residues in the 160 region of TonB but change the conforma-
tion such that interaction is impaired (8), it was possible that
deletion of the switch helix might partially restore the proper
conformation of the TonB box mutants. However, FhuA
(V11D �24–31) remained inactive and FhuA(I9P �24–31) be-
came completely inactive for all TonB-dependent activities.
The importance of the TonB box was also shown by its deletion
FhuA(�7–11), which inactivated all TonB-dependent func-
tions but retained fully the TonB-independent sensitivity to
phage T5.

The crystal structure of FhuA reveals that residues R93 and
R133 of the cork are close enough and oriented such that they
can form salt bridges to residues E522 and E571 of the �-bar-
rel. These residues, which contribute to the fixation of the cork
in the �-barrel and possibly the cross talk between the two do-
mains, are strictly conserved in TonB-dependent outer mem-
brane transport proteins (34). Replacement of the arginine res-
idues reduced FhuA activity most (42% of the wild-type activity)
when they were replaced by proline, which changed the con-
formation of the polypeptide. Replacement by leucine retained
full FhuA transport activity, and replacement by glutamate
nearly completely retained its activity (93%). The latter result
is particularly remarkable since E93 should repulse E522. In
the other repulsion constructs, FhuA(R93 E522R) and FhuA
(R93 R133 E571R), no transport activity remained (0 and
1%, respectively), but this was also the case with FhuA(R93L
E522R) (1%) and FhuA(R93L E571R) (5%), where no repul-
sion occurred. Repulsion of two residues may not be sufficient
to destabilize FhuA since approximately 60 hydrogen bonds
and nine salt bridges are predicted to be involved in the inter-
action between the cork and the �-barrel (24). However, the
strict conservation of these residues suggests a function in the
communication between the cork and the �-barrel beyond the
mere structural role. The arginine residues at positions 522 and
571 may have disrupted this communication. The glutamate
residues were not essential since their replacement by alanine
resulted in highly transport-active FhuA derivatives. FhuA
(E522R) and FhuA(E571R) also failed to confer sensitivity to
the phages, and sensitivity to colicin M was reduced 1,000–fold.
Since infection by phage T5 was also impaired, the arginine

residues did not, or did not only, disrupt the functional re-
sponse to TonB.

Upon the binding of ferrichrome, the cork moves along one
side of the �-barrel and remains fixed along the opposing side
(12). Most of the cork residues in these two areas are con-
served among outer membrane transporters. Replacement of
the conserved glycine residues (G94, G134, G146, and G147)
of the stationary side by either proline or aspartate resulted in
FhuA derivatives exhibiting between 32 and 100% of wild-type
FhuA activity. The flexibility which glycine residues confer to
polypeptides seems to be important for some of the studied
residues.

All of the examined FhuA mutant proteins, with the possible
exception of FhuA(R133H) and FhuA(G146D), showed an
altered electrophoretic mobility and/or an altered trypsin cleav-
age compared to wild-type FhuA. These properties indicate an
altered conformation which, however, was not as severe as to
disrupt all FhuA activities. In the cases of FhuA(R133H) and
FhuA(G146D), trypsin may not uncover the structural changes.

A few mutants, FhuA(I9P) in the TonB box and FhuA
(d23–30) with the duplicated switch helix, showed an enhanced
binding of ferrichrome. The mutations are far from the ferri-
chrome binding sites (R81, G99, Q100, Y116, Y244, W246,
Y313, Y315, F391, and F693) and support the concept of long-
range structural transitions caused by the mutations, binding of
ferrichrome, and interaction with TonB.

Random PCR mutagenesis of a DNA fragment encoding the
203 N-terminal amino acids of FepA and selection with diluted
colicin B, which preferentially selects for inactive FepA deriv-
atives containing point mutations, resulted in 11 mutants with
three mutations in the TonB box (residues 14 to 16), six mu-
tations in the cork near the barrel wall, and two mutations in
the extracellular loops of the cork. Selection with colicin B for
spontaneous mutants yielded three of the PCR mutants, addi-
tional cork mutants, and two extracellular-loop barrel mutants
(1). In some mutants, the degree of resistance was correlated
with the degree of colicin binding; in other mutants, resistance
could not be explained by impaired binding but must have been
caused by a defect in a later step of colicin uptake. All of the
colicin B-resistant mutants also showed reduced ferric enter-
obactin transport, except FepA(G549R), which showed a wild-
type level of transport activity. These mutants and two mutants
generated by site-directed mutagenesis, one in the TonB box
and one in loop 7 of the barrel, support the essential function
of the TonB box for FepA function and show that not only
surface-exposed loops but also cork regions buried in the bar-
rel affect binding. Cork mutations were clustered near the wall,
and the randomly generated R75L, R75P, and R126H muta-
tions are in sites that correspond to R93 and R133 of FhuA.
R75 of FepA forms salt bridges to E511 and E567, just as R93
of FhuA forms salt bridges to E522 and E571; R126 of FepA
forms a salt bridge to E567, as R133 of FhuA forms a salt
bridge to E571. In fact, the geometry of these residues and that
of eight additional neighbor residues is strictly conserved in the
crystal structures of FhuA (12, 24), FepA (6), FecA (14), and
BtuB (9). However, our data indicate that the salt bridges are
not essential for the structure and function of FhuA, and this
conclusion might also apply to FepA, FecA, and BtuB.

Mutagenesis analysis of FhuA revealed a robust molecule
that tolerated many mutations without losing much of its ac-
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tivity. The cork mutations affected the transport of ferrichrome
and sensitivity to albomycin and microcin J25 more strongly
than sensitivity to colicin M and the phages. Whereas transport
rates were reduced, sensitivities to colicin M and the phages
frequently remained at the wild-type level. Although this find-
ing might be influenced by the transport assay more easily
revealing small differences than the colicin and phage assays,
the lower transport rates were strictly accompanied by strongly
reduced sensitivities to albomycin and microcin J25, which
were determined in drop tests on nutrient agar plates, as were
the colicin and phage assays. Therefore, we conclude that most
mutations in the cork reduced sensitivity to colicin M and the
phages less than they reduced transport activity.
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