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Transcription of the ferric citrate transport genes of Escherichia coli is induced by ferric citrate bound to the
outer membrane receptor FecA. Additional ferric citrate-specific regulatory proteins are FecR in the cytoplas-
mic membrane and the Fecl sigma factor in the cytoplasm. To further understand the assumed FecR-mediated
signal transduction across the cytoplasmic membrane, the transmembrane topology of FecR (317 amino acids)
was determined with hybrid proteins containing portions of FecR and mature BlaM (3-lactamase. BlaM fused
to FecR regions extending from residues 107 to 149 and residues 230 to 259 conferred high ampicillin
resistance to cells, while BlaM fused to sites between residues 159 and 210 and between residues 265 and 301
conferred low resistance. Cells that synthesized FecR’-BlaM with fusion joints between residues 8 and 81 of
FecR were fully sensitive to ampicillin. The ampicillin resistance of the low-resistance FecR’-BlaM hybrids was
increased 2- to 10-fold by cosynthesis of plasmid-encoded GroEL GroES and SecB chaperones and in degP and
ompT protease mutants, which suggested that the decreased ampicillin resistance level of these hybrids was
caused by the formation of inclusion bodies and proteolytic degradation. Replacement of glycine by aspartate
residues in the only hydrophobic FecR sequence (residues 85 to 100) abolished the (-lactamase activity of
high-resistance FecR’-BlaM proteins, indicating that there are no other transmembrane regions in FecR that
translocate BlaM into the periplasm independent of the hydrophobic sequence. All FecR’-BlaM proteins with
at least 61 FecR residues complemented a fecR mutant such that it could grow on ferric citrate as the sole iron
source and induced fecA-lacZ transcription independent of ferric citrate. The low resistance mediated by two
FecR’-BlaM proteins in a fecA deletion mutant was increased 20-fold by transformation with a fec4-encoding
plasmid. We propose that FecR spans the cytoplasmic membrane once, interacts in the periplasm with its
C-terminal region with FecA occupied by ferric citrate, and transmits the information through the cytoplasmic

membrane into the cytoplasm, where it converts Fecl into an active sigma factor.

In Escherichia coli, citrate-mediated iron transport is cata-
lyzed across the outer membrane by the FecA protein and the
TonB, ExbB, and ExbD proteins, which presumably energize
active transport across the outer membrane through the elec-
trochemical potential of the cytoplasmic membrane. Transport
of iron across the cytoplasmic membrane is mediated by an
ATP binding cassette transporter, which consists of the
periplasmic binding protein FecB, the hydrophobic membrane
proteins FecC and FecD, and the FecE ATPase (23, 31).

The special feature of the ferric citrate transport system is
the induction of the fecABCDE transport gene operon by ferric
citrate, which does not have to be taken up into the periplasm
or into the cytoplasm (4). By binding to the FecA outer mem-
brane protein, ferric citrate triggers a signal that is transferred
across the outer membrane, the periplasm, and the cytoplasmic
membrane into the cytoplasm (10). The N terminus of FecA is
located in the periplasm and is required for signaling but is
dispensable for transport (16). As in transport, TonB, ExbB,
ExbD, and the electrochemical potential of the cytoplasmic
membrane are involved in signal transfer across the outer
membrane (16). The FecR regulatory protein is required for
the response of cells to ferric citrate (21, 36) and activates the
Fecl protein in the cytoplasm by an unknown mechanism; Fecl
functions as a sigma factor that directs the RNA polymerase to
the promoter upstream of fec4 (1, 6, 7, 22). In addition to
induction of the fec transport genes by ferric citrate, transcrip-
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tion of the regulatory genes fecl and fecR and of the fec trans-
port genes is repressed by iron via the Fur repressor (6, 13, 41),
which binds to the promoter upstream of fecl fecR and of
fecABCDE (2).

To understand the surface signaling mechanism of fec trans-
port gene induction, it is important to know the transmem-
brane topology of the FecR protein. We constructed hybrid
proteins between C-terminally truncated FecR derivatives and
the BlaM B-lactamase and determined the fusion sites of FecR
that indicated a periplasmic or a cytoplasmic location of BlaM.
Furthermore, all of the FecR’-BlaM hybrid proteins that con-
tained the fusion sites after the proposed transmembrane seg-
ment of FecR activated transcription and translation of fecA
independent of ferric citrate. In addition, the ampicillin resis-
tance of two FecR’-BlaM hybrid proteins was increased by
FecA, suggesting a physical interaction of FecR with FecA.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains and plasmids used in this
study are listed in Table 1; also see Tables 2 to 4.

Plasmid pDW3 was constructed by inserting an EcoRI-HindIII fecIRA’ frag-
ment from pBV25 (36) into the vector plasmid pMa2-54 (30) digested with
EcoRI and HindIII.

To create two specific mutations in the predicted transmembrane segment of
the FecR protein, double nucleotide replacements were introduced into the fecR
gene by the gapped-duplex DNA method (30) with the oligonucleotide 5'-GTT
GCTCGACGCTGACGG-3' (replacements are underlined). Plasmids pBV25
(36) and pDW3 were used as templates. The mutated fecR gene of the resulting
plasmid, pDW10, was examined by fragment exchange with wild-type fecR in the
regions not mutagenized and by sequencing of the mutagenized segment. Plas-
mid pDW20 was obtained by inserting the Bg/II-Sall fecR fragment with the ideal
ribosome binding site of pAA70 (1) in the tetracycline resistance gene upstream
of blaM (B-lactamase gene) of pJBS633 (5) cleaved with BamHI-Sall. fecR
transcription was under the control of the tet promoter and of the phage T7 gene
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TABLE 1. E. coli K-12 strains and plasmids used in this study

J. BACTERIOL.

Sptlraasl:;i(zjr Relevant genotype or phenotype Refse;lfi?‘:c: or
Strains
5K hsdR mcrA ser thr lacY rpsL thi fhuA supE This institute
AA93 F~ araD139 AlacU169 rpsL150 relAl deoC1 flbB5301 ptsF25 rbsR aroB fecB::Mud1 (Ap lac) 21
BL2173 F~ hsdS gal, T7 RNA polymerase under lacUVS5 control 33
WM1567 Carries a heat-inducible T7 RNA polymerase gene on pGP1-2 34
DH5«a A(lacZYA-argF)U169 endA recAl hsR17(rx- my+) supE44 thi-1 gyrA96 relAl F' $80 AlacZ AM15 Stratagene
IS176 aroB malT tsx thi fecR lac::Tnl10 I. Kim
H2331 araD139 AlacU169 rpsL150 relA1 deoCl flIbB5301 ptsF25 rbsR aroB Afur 14
KS272 Alac-X74 galE galK rpsL AphoA 32
KS474 Alac-X74 galE galK rpsL. AphoA degP41 32
SG4008 Alac rpsL lon This institute
UT5600 azi-6 lacY1 leu-6 mtl-1 proC14 rpsL109 thi-1 trpE30 tsx67 ompP entA401 A(fepA-ompT) C. F. Earhart
WAL176 aroB malT tsx thi fecR 21
Plasmids
pMa2-54 ori ColE1, Ap* H. J. Fritz
pMc2-54 ori ColE1, Cm" H. J. Fritz
pT7-7 ori ColEl, T7 gene 10 promoter, Ap" 34
pSU18 ori p15A, Cm" 19
pHSG576 pSC101 derivate, Cm" 35
pJBS633 ori ColE1 Tet" 'blaM, Neo* 5
PAA70 pT7-7 fecR Ap* 40
pAK330 pBR322 secB (under p** control) 17
pBV25 pMc2-54 fecIRA, Cm* 36
pIS127 pSU18 fecR, Cm" 21
pIS135 pHSG576 fecIR, Cm* 21
pIS1034 pMLB1034 fecA fecA-lacZ, Ap* 21
pMMO1034 pMLB1034 fecA-lacZ, Ap* 21
pMS2 pHSGS576 groEL groES, Cm" R. Freudl
pSVo pHSG576 fec'RAB’, Cm* 37
pDW3 pMa2-54 fecIRA', Ap" This study
pDW10 pMc2-54 fecl fecR(G91D G93D)fecA’, Cm* This study
pDW20 pJBS633 fecR, Neo® This study
pDW28.56 pMLB1034 fecl fecR56-lacZ, Cm" This study
pDW43 pHSGS76 fecl fecR blaM, Cm" This study
pDW51.107 pIBS633 fecR(A24-68)107-blaM, Neo* This study
pDW51.248 pJBS633 fecR(A24-68)248-blaM, Neo* This study
pDW52.107 pIBS633 fecR(A6-58)107-blaM, Neo* This study
pDW52.248 pJBS633 fecR(A6-58)248-blaM, Neo* This study
pDW53.230 pIBS633 fecR(A25-185)230-blaM, Neo* This study
pDW53.248 pJBS633 fecR(A25-185)248-blaM, Neo* This study
pDW53.259 pIBS633 fecR(A25-185)259-blaM, Neo* This study
pDW53.281 pJBS633 fecR(A25-185)281-blaM, Neo* This study
pDW57.107 pJBS633 fecR(G91D G93D)107-blaM, Neo* This study
pDWS57.237 pIBS633 fecR(G91D G93D)237-blaM, Neo* This study
pDW69 pSU18 fecR, Cm" This study
pDW71 pSU18 fecR(A24-68), Cm" This study
pDW72 pSU18 fecR(A6-58), Cm* This study
pDW73 pSU18 fecR(A25-185), Cm" This study
pDW102 pHSG576 secB under p™ control This study

10 promoter. The pDW26 series was derived from pDW20 by Bal 31 exonuclease
digestion for various periods. The derivatives were blunt ended with Klenow
polymerase I, cleaved with PvuII upstream of blaM, and religated. E. coli 5K was
transformed with the resulting plasmids, which carry various fecR'-blaM gene
fusions under the control of the tetracycline promoter (p*) and the phage T7
gene 10 promoter and which contain an ideal ribosome binding site. pDW26.81
was constructed by deleting a PmaCI-Pvull fragment. pDW26.191 was con-
structed by amplifying a fecR fragment with the primers 5'-CTGGAGTATGG
CATATGAATC-3" and 5'-GCTGCGTAATATTATCC-3'; the fragment was
digested with Celll and Sspl and inserted in pDW20 cleaved with CelIl and
Pvull. Ampicillin-resistant colonies were spread as single cells on TY agar plates
supplemented with increasing concentrations of ampicillin (5, 10, 25, 50, 100,
200, 400, 800, and 1,600 p.g/ml).

pDW28.56 was constructed by cleavage of fecR with Avil (position 1919 of the
published sequence [36]) and cloned into the Xmal site of the lac fusion vector
pMLB1034 (29). pDW41 contains the CellI-PstI fecR(G91D G93D) fragment of
pDWI10 inserted into pIS135 cleaved with CelII and PstI.

To construct the plasmids of the pPDW46 series, a blaM fragment was synthe-
sized by PCR with the primers 5'-CTCAAGGATCTTACCGC-3' and 5'-GAG
CTCAAAAAGAGCTCCGGGGTCTGACGCTCAGTG-3'; the fragment was
then digested with PstI and Sacl and inserted into pIS135 cleaved with PstI and
HindlIll, resulting in pDW43. The plasmids of the pDW26 series were digested
with Hpal (pDW26.08) or Ce/Il and PstI, and the fecR'-blaM fragments were
inserted into pDW43 cleaved with Hpal or Celll and with PstI, yielding the
pDW46 series. Gene fusions on the low-copy-number plasmids (pDW46 series)
were tested with 2.5, 5, 7.5, 10, 25, and 50 pg of ampicillin/ml. pDW51.107 and
pDW51.248 resulted from the insertion of the Xbal-PmaCl fragment of pDW71
into pDW26.107 or pDW26.248 digested with PmaCI and Xbal. pDW52.107 and
pDW52.248 contained the Xbal-PmaCl fragment of pDW72 inserted into
pDW26.107 and pDW26.248, respectively.

The pDWS53 series was constructed by insertion of the XbalI-PstI fragment of
pDW?73 into pDW26.230, pDW26.248, pDW26.259, or pDW26.281, cleaved with
Xbal and Pstl.

pDW57.107 and pDW57.237 contain the CelII-Cfr101 fecR(G91D G93D) frag-
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ment of pDW10 inserted into pDW26.107 and pDW26.237 digested with Celll
and Cfr10I. pDW69 contains the Bg/II-PstI fecR' fragment of pAA70 inserted
into pIS127 digested with BamHI and PstI.

pDW71 was derived from pDW69 which was cleaved with Ce/II and BglI, blunt
ended with Klenow polymerase I, and religated. pPDW72 was derived from
pDWG69, which was cleaved with Hpal and BspMI, blunt ended, and religated.
pDW?73 resulted from a fecR fragment synthesized by PCR with the primers
5'-GGGACAGAGCTGAGCGTCCGC-3' and 5'-CTGGAGTATGGCATATG
AATC-3'; the fragment was digested with Ce/IT and HindIII and inserted into
pDW69 digested with Celll and HindIII.

pDW102 was constructed by insertion of the EcoRI-MIuNI fragment (secB
under fet promoter control) of pAK330 into pHSG576 digested with EcoRI and
HindIIL

Media. Cells were grown in TY medium, which contained (per liter) 8 g of
tryptone (Difco Laboratories), 5 g of yeast extract, and 5 g of NaCl (pH 7).
Growth on ferric citrate as the sole iron source was tested on Fec agar plates,
which contained (per liter) 8 g of nutrient broth, 5 g of NaCl, 15 g of nutrient
agar, 0.2 mM 2,2-dipyridyl, and 1 mM sodium citrate (pH 7). The antibiotics
ampicillin (50 wg/ml), chloramphenicol (25 pg/ml for cells containing low-copy-
number plasmids and 40 pg/ml for those containing high-copy-number plas-
mids), neomycin (50 wg/ml), and tetracycline (15 wg/ml) were added as required.

Recombinant DNA techniq DNA isolation from bacteria, recovery of
DNA fragments from agarose gels, cloning of restriction fragments, and trans-
formation were done by standard methods (27). All of the constructed gene
fusions, deletions, nucleotide replacements, and PCR-amplified DNA fragments
were sequenced by the enzymatic dideoxy chain termination method (28) with
[*>S]dATP (Amersham) or fluorescein-15dATP for labeling. The fluorescein-
labeled reaction products were analyzed with an A.L.F. DNA sequencer (Phar-
macia Biotech, Freiburg, Germany). The primer blaM (5'-CTGGTGCACCCA
ACTGA-3") was complementary to codons 15 to 21 of mature B-lactamase, and
other primers complementary to various regions of fecIR were also used. DNA
was amplified by PCR, using the Gene Amp process with Taq polymerase
(Promega, Madison, Wis.) as described previously (21).

Determination of B-galactosidase activity. B-Galactosidase activity was deter-
mined by the method of Miller (20) and Giacomini et al. (9). Cells were grown
to the exponential growth phase in M9 medium supplemented with vitamin-free
Casamino Acids (Difco Laboratories) and 0.1 mg each of tryptophan, phenylal-
anine, and tyrosine per ml. The media were supplemented, as indicated, with
sodium citrate (1 mM) and 2,2-dipyridyl (50 pM).

Overexpression of FecR’-BlaM hybrid proteins. The fecR'-blaM gene fusions
were transcribed by the T7 RNA polymerase encoded on the chromosome of E.
coli BL2173. Cells were grown in 2 ml of TY medium at 37°C to the exponential
growth phase (optical density at 578 nm, 0.5), and then transcription by the RNA
polymerase was induced for 1 h with 2 mM isopropyl-B-p-thiogalactoside
(IPTG).

Detection of inclusion bodies. Plasmids with fecR and fecR’'-blaM fusions were
transcribed by the temperature-inducible phage T7 RNA polymerase encoded by
plasmid pGP1-2, which was contained in E. coli WM1576 (K38) (34). Overex-
pression of the FecR derivatives and labeling with [>*S]methionine were per-
formed by the method of Fischer et al. (8). Spheroplasts were prepared by
suspending cells in 500 pl of ice-cold 0.2 M Tris-HCI (pH 8.0)-0.5 M sucrose.
The cells were treated for 15 min on ice with 50 wl of lysozyme (5 mg/ml in 50
mM Tris-HCI [pH 8.0]), 50 pl of 5 mM EDTA, and 500 pl of 0.2 M Tris-HCI (pH
8.0)-0.5 mM EDTA. Spheroplasts were collected by centrifugation for 30 min at
15,000 X g in an Eppendorf centrifuge. The proteins in the supernatant were
precipitated with 0.5 volume of 30% trichloroacetic acid for 30 min on ice,
pelleted for 15 min, washed with 100 pl of acetone and 100 wl of acetone-water
(1:1), and then suspended in 20 pl of sodium dodecyl sulfate (SDS) buffer. The
sedimented spheroplasts were suspended in 500 wl of H,O, 3 ul of DNase (2
pg/ml), and 25 pl of 1 M MgSO,. After 30 min at room temperature, the
spheroplasts were lysed by three cycles of freezing to —80°C and thawing. The
lysate was centrifuged for 15 min at 600 X g, and the sediment was suspended in
20 pl of SDS-polyacrylamide gel electrophoresis (PAGE) lysis buffer. The su-
pernatant was centrifuged at 6,000 X g and again at 14,000 X g. Proteins of the
14,000 X g supernatant were precipitated with trichloroacetic acid (final concen-
tration, 10%) and washed with acetone and acetone-water.

SDS-PAGE. Cells and proteins in the various cell fractions were dissolved in
lysis buffer in a boiling-water bath for 2 min. Proteins were separated by SDS-
PAGE (15% polyacrylamide) (18) and identified by staining with Serva Blue
(Serva, Heidelberg, Germany).

Computer-assisted analysis. Protein and nucleic acid sequences were analyzed
with PC/Gene, release 6.01 (IntelliGenetics Inc., Mountain View, Calif.), Husar
and Phd (EMBL, Heidelberg, Germany), and TMbase (Swiss Institute of Ex-
perimental Cancer Research, Lausanne, Switzerland) (12).

RESULTS

Determination of the transmembrane topology of the FecR
protein. To determine the arrangement of the FecR protein in
the cytoplasmic membrane of E. coli, hybrid proteins between
FecR and the mature TEM B-lactamase, lacking its own signal
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TABLE 2. Properties of FecR'-BlaM hybrid proteins

. . Size of s
Fusion site . Ampicillin Cleavage
Plasmid at amino hybrl@ resiI:tance Growth of of hybrgid

o protein WA176 .

acid (kDa) (pg/ml) protein
pDW20 35.5 0 + +
pDW26.08" 8 29.9 0 - -
pDW26.21 21 31.5 0 — -
pDW26.25 25 31.8 0 - -
pDW26.61 61 35.8 0 + -
pDW26.75 75 37.4 0 + -
pDW26.78 78 37.7 0 + -
pDW26.81 81 38.0 0 + -
pDW26.107 107 41.0 200 + -
pDW26.112 112 41.5 50 + -
pDW26.127 127 43.2 100 + -
pDW26.129 129 435 50 + -
pDW26.133 133 43.9 100 + -
pDW26.138 138 44.5 50 + -
pDW26.149 149 45.7 50 + -
pDW26.159 159 46.8 0 + -
pDW26.172 172 47.9 5 + -
pDW26.191 191 50.4 5 + -
pDW26.209 209 52.4 0 + -
pDW26.210 210 52.5 0 + -
pDW26.230 230 54.8 100 + +
pDW26.237 237 55.8 100 + +
pDW26.245 245 56.4 200 + +
pDW26.248 248 56.8 100 + +
pDW26.257 257 57.8 100 + +
pDW26.259 259 58.0 50 + +
pDW26.265 265 58.7 10 + +
pDW26.274 274 59.7 5 + +
pDW26.279 279 60.2 5 + +
pDW26.281 281 60.4 5 + +
pDW26.301 301 62.7 5 + +

“1In this and the following plasmids, the last number denotes the number of
N-terminal amino acids of FecR fused to mature BlaM.

sequence, were constructed. Since only periplasmic B-lacta-
mase confers resistance to ampicillin, it is inferred that hybrid
proteins which render cells ampicillin resistant contain B-lac-
tamase fused to sites in FecR that are exposed to the peri-
plasm. This method was developed by Broome-Smith and
Spratt (5) and has been successfully used for the determination
of the transmembrane topology of a number of proteins (3, 15,
24). Plasmid pDW20 (fecR) was cleaved with Sa/l, digested for
various periods with Bal 31 exonuclease, blunt ended, cleaved
with Pvull upstream of blaM, religated, and transformed into
E. coli 5K. For selection of inframe fusions, neomycin-resistant
colonies were streaked on nutrient agar plates containing am-
picillin (200 wg/ml). The ampicillin resistance was tested with
single cells on agar plates containing ampicillin concentrations
from 5 to 1,600 pg ml~'. The fusion sites between fecR and
blaM were determined by DNA sequencing.

The level of ampicillin resistance conferred by the 30 iso-
lated FecR’-BlaM hybrid proteins was tested in E. coli 5K in
which the fecR-blaM genes were transcribed under the control
of the tet promoter. FecR'-BlaM proteins that contained up to
the first 81 amino acids of FecR conferred no ampicillin resis-
tance (Table 2). Most hybrid proteins containing at least 107
amino acids of FecR rendered cells ampicillin resistant. When
expressed in E. coli AA93 Afec, the few ampicillin-sensitive
transformants observed in E. coli 5K were resistant to 5 ug of
ampicillin ml~! (data not listed in Table 2). This result is
consistent with the proposal that the hydrophobic sequence
(boldface letters) RLTRRHVMKGLLLLGAGGGWQLWQSE
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FIG. 1. Alternative topologies of FecR in the cytoplasmic membrane showing four membrane-spanning segments (A) and one membrane-spanning segment (B).

between residues 85 and 100 spans the cytoplasmic membrane.
The hydrophobic sequence is preceded by positively charged
amino acids that localize the N terminus on the inside, accord-
ing to the “positive-inside rule” of von Heijne (38). Hybrid
proteins containing portions of FecR between residues 159 and
210 and between residues 265 and 301 conferred either no
ampicillin resistance or only a low-level resistance (to 5 pg of
ampicillin/ml), which is generally considered indicative of a
cytoplasmic location of the fusion site. According to these data,
FecR would traverse the cytoplasmic membrane four times
(Fig. 1A). Increased transcription by the T7 RNA polymerase
in E. coli BL2173, transformed with plasmids of the pDW26
series, of those fecR-blaM genes that conferred low resistance

resulted in ampicillin resistance levels no higher than those
listed in Table 2.

Since FecR contains no additional hydrophobic sequences
that suggest further transmembrane segments, the amounts of
the FecR-BlaM proteins were estimated by SDS-PAGE to
determine whether the lack of ampicillin resistance was caused
by low synthesis or degradation of the hybrid proteins. Each of
the fecR-blaM genes was selectively and highly transcribed by
the T7 RNA polymerase in E. coli BL2173 transformed with 18
of the 30 fecR-blaM genes. The FecR'-BlaM proteins showed
electrophoretic mobilities that corresponded to the calculated
molecular masses (Fig. 2, lanes 3 to 20). From the FecR pro-
tein (35.5 kDa), two fragments of 20 and 15 kDa were observed

1 2 3 45 6 7 8 9 101 121314 15 16 17 18 19 20

56 .

39 T
R —— --- -
. e

20 —

14 -

e
- -
, - -
- -
e
e

- - -

FIG. 2. Stained gel after SDS-PAGE of FecR'-BlaM hybrid proteins carrying fusions at residues 8, 21, 25, 61, 75, 81, 127, 133, 159, 172, 209, 230, 237, 241, 259,
274, 281, and 301 of FecR (lanes 3 to 20, respectively). The proteins were synthesized in E. coli BL2173 in which the hybrid genes were transcribed by the phage T7
RNA polymerase, whose synthesis was induced by 2 mM IPTG. Lane 1, standard proteins of 14.3, 20.1, 26.6, 39.2, 55.6, and 85.2 kDa. Lane 2, FecR (35.5 kDa) and
its 20.2-kDa N-terminal and 15.3-kDa C-terminal degradation fragments (arrows). FecR230-BlaM and the larger hybrid proteins were proteolytically cleaved.
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TABLE 3. FecR-BlaM activity in protease mutants and chaperone-overproducing cells

Activity” in strain:

Hybrid protein

KS272 KS474 UT5600 5K SK(pMS2) SK(pDW102)
(degP™) (degP) (ompT) (groEL groES) (secB)
FecR78-BlaM 0 0 0 0 0
FecR107-BlaM 200 800 200 200 400
FecR159-BlaM 5 10 0 10 10
FecR191-BlaM 10 50 5 10 10
FecR210-BlaM 5 50 5 ND? ND
FecR265-BlaM 10 25 10 25 25

“ The values denote the highest ampicillin concentrations (micrograms per milliliter) in nutrient agar plates on which the cells formed single colonies at 28°C.

» ND, not determined.

(lane 2); this agreed with the previously determined cleavage
between residues 181 and 182, which results in fragments of
20.2 and 15.3 kDa (40). Cleavage of the FecR’-BlaM proteins
did not occur unless the FecR portion was at least 230 residues
long (lane 14). FecR230-BlaM conferred a high ampicillin
resistance, as did five other cleaved FecR-BlaM proteins,
whereas some uncleaved FecR-BlaM proteins with shorter
FecR portions and some cleaved FecR-BlaM proteins with
longer FecR portions conferred no or very low-level ampicillin
resistance, indicating no correlation between the ampicillin
resistance levels and susceptibility to cellular proteolysis.

To determine FecR’-BlaM protein concentrations under the
same conditions as those at which ampicillin resistance was
tested, the hybrid proteins synthesized in E. coli 5K fecR-blaM
transformants were analyzed by SDS-PAGE. Much less of the
proteins were synthesized when the gene was under the control
of the tet promoter than after transcription by the T7 RNA
polymerase, but the FecR-BlaM proteins were still the most
dominant proteins in the cells (data not shown). After frac-
tionation of disrupted cells by differential centrifugation for 15
min at 600, 7,000, and 14,000 X g, most of FecR and the
FecR-BlaM proteins were in the 600 X g fraction, which indi-
cates the formation of inclusion bodies (data not shown). The
fraction of FecR-BlaM proteins correctly inserted in the cyto-
plasmic membrane increased with the increase in the total
protein but was not strictly proportional to the amount of
FecR-BlaM synthesized.

To avoid the formation of inclusion bodies, the fecR-blaM
genes, together with the fecl gene, were cloned into the low-
copy-number vector pHSGS576 (five copies per cell [35]). Tran-
scription from the fecI promoter and translation with the
natural ribosome binding site yielded very low ampicillin re-
sistance levels (5 pwg/ml) conferred by the FecR’-BlaM proteins
that rendered cells highly resistant when overexpressed (Table
2). Transfer of the fecR-blaM plasmids (pDW46 series listed in
Table 4) into E. coli H2331 Afur to circumvent iron repression
increased ampicillin resistance two- to fourfold, but the differ-
ences in the resistance of the strains remained as listed in
Table 2 (data not shown). In particular, the FecR’-BlaM hy-
brids that conferred low-level resistance (5 g of ampicillin/ml)
when highly expressed (Table 2) and no resistance when mod-
erately expressed remained sensitive when expressed in the
Afur strain. Derepression of fecR-blaM transcription gave no
hints why certain transformants were only weakly resistant.

Increase of FecR-BlaM activity in protease-negative and
chaperone-overproducing cells. The E. coli 5K fecR-blaM
transformants that were resistant to 5 g of ampicillin/ml were
clearly not fully sensitive, suggesting that secretion of BlaM
into the periplasm by the FecR fragments had occurred (Table
2). The corresponding fecR-blaM transformants of E. coli

AA93 Afec all showed resistance to 5 wg of ampicillin/ml, and
none were fully sensitive (except E. coli AA93 carrying fecRS-
blaM to fecR8I-blaM and fecR). Therefore, we examined
whether ampicillin resistance could be increased in cells trans-
formed with plasmids encoding chaperones or in mutants lack-
ing certain proteases. Three of the low-resistance FecR'-BlaM
proteins and, as controls, a high-resistance FecR’-BlaM
(FecR107-BlaM) and a sensitive FecR-BlaM (FecR78-BlaM)
(encoded on plasmids of the pDW26 series) were synthesized
in E. coli 5K together with plasmid-encoded GroEL GroES
(pMS2) or SecB (pDW102). Most transformants grown at 28°C
displayed a twofold-higher resistance in the presence of over-
expressed GroEL GroES and overexpressed SecB (Table 3).
The same results were obtained with GroEL GroES at 37°C.
Cells grown at 42°C exhibited a fourfold-reduced resistance
compared to cells grown at 28 and 37°C, and this resistance was
not increased by the chaperones. DnaK did not increase am-
picillin resistance (data not shown).

fecR-blaM transformants of degP and ompT protease mu-
tants displayed 2- to 10-fold-higher ampicillin resistance levels
than did the protease-containing parent cells (Table 3). The
ampicillin resistance of a lon protease mutant carrying the
fecR-blaM genes listed in Table 3 was not increased. With
proteases, as with the chaperones, ampicillin resistance was
increased only in the fecR-blaM E. coli 5K and E. coli AA93
transformants that showed resistance to at least 5 pg of ampi-
cillin/ml. The ampicillin-sensitive transformants in the pro-
tease mutants that synthesized BlaM fused to the N-terminal
cytoplasmic FecR portion in front of the hydrophobic segment
remained fully sensitive.

Evidence against additional transmembrane segments in
FecR. If FecR contains transmembrane segments in addition
to the hydrophobic sequence between residues 85 and 100,
BlaM could be secreted into the periplasm by FecR-BlaM
proteins lacking residues 85 to 100. Residues 25 to 185 were
deleted in the high-resistance proteins FecR230-BlaM,
FecR248-BlaM, and FecR259-BlaM and in the low-resistance
protein FecR281-BlaM (Table 1, pDWS53 series). All transfor-
mants of E. coli 5K were completely sensitive to ampicillin,
which suggests that there is no transmembrane region beyond
residue 186 of FecR that secretes BlaM independent of resi-
dues 85 to 100. To confirm this conclusion, Gly-91 and Gly-93
were replaced by Asp in the high-resistance proteins FecR107-
BlaM and FecR237-BlaM. E. coli 5K carrying the resulting
plasmids pDW57.107 and pDWS57.237 were fully sensitive to
ampicillin. Sensitivity was not caused by the lack of the pro-
teins since, as will be shown below, a FecR protein containing
the double amino acid replacement displayed regulatory activ-
ities.
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TABLE 4. Expression of fecA-lacZ in E. coli AA93 Afec

B-Galactosidase

. Fusion site at activity (units)
Plasmid

amino acid: m
citrate citrate
pHSGS576 5 7
pIS135 6 502
pDW46.08 8 7 9
pDW46.61 61 85 85
pDW46.81 81 439 349
pDW46.107 107 287 176
pDW46.127 127 226 137
pDW46.149 149 220 113
pDW46.159 159 71 68
pDW46.172 172 86 98
pDW46.210 210 60 79
pDW46.230 230 54 64
pDW46.237 237 41 47
pDW46.248 248 42 56
pDW46.265 265 41 70
pDW46.281 281 33 63
pDW46.301 301 53 93
pDW41 FecR (G91D,G93D) 81 65

Regulatory activities of FecR-BlaM hybrid proteins. E. coli
WAL176 fecR does not grow on minimal agar with ferric citrate
as the sole iron source (Fec plates) (39) since fecR contains a
stop codon giving rise to a truncated FecR of only 18 N-
terminal amino acids (21). All FecR’-BlaM proteins with at
least 61 FecR residues restored growth of E. coli WA176 fecR
on Fec plates (Table 2); this indicates that the fec transport
genes were expressed when the FecR protein had a minimal
size. To study the regulatory activity of the FecR’-BlaM pro-
teins, some of the fecR-blaM fusion genes were transformed
into E. coli AA93 Afec, which carries a plasmid-encoded fecA-
lacZ gene fusion. Of the genes required for the induction of fec
transport gene transcription, fec4 was carried on the fecA-lacZ
plasmid, fecI was carried on the fecR-blaM plasmids, and tonB,
exbB, and exbD were on the chromosome.

Transcription and translation of fecA-lacZ occurred when
FecR contained 61 or more residues (Table 4). Expression of
fecA-lacZ was independent of ferric citrate in the growth me-
dium and was higher with shorter FecR portions in the FecR’-
BlaM proteins than with longer FecR portions. In contrast,
expression of fecA-lacZ in cells carrying wild-type fecR oc-
curred only in the presence of ferric citrate (Table 4, pIS135).
The somewhat lower fecA-lacZ expression in the presence of
ferric citrate in cells containing the fecR-blaM genes than in the
absence of ferric citrate may be caused by an improved iron
supply, which results in a partial repression of fecA-lacZ and
fecR-blaM transcription by Fe®"-Fur. However, iron uptake
was not mediated by the ferric citrate transport system, which
is lacking in strain AA93, but by an undefined low-affinity
system, which takes advantage of the solubilization of iron by
citrate. Apparently, N-terminal FecR fragments fused to BlaM
activated the Fecl sigma factor in the absence of the inducer.
Results similar to those of the fecR-blaM fusions were obtained
with fecR-lacZ gene fusions, of which the smallest active hybrid
protein contained 56 N-terminal FecR residues and tran-
scribed fecR-lacZ independently of ferric citrate. In E. coli
DH5a Alac, fecR56-lacZ on pDW28.56 is under the control of
the fecl gene promoter located upstream of fecR. Since fecl
fecR transcription is repressed by Fe?"-Fur, 10 U of B-galac-
tosidase was measured under iron-replete conditions in nutri-
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ent broth and 49 U was obtained under iron-depleted condi-
tions in nutrient broth supplemented with 0.2 mM dipyridyl.

FecR(GY91D G93D), which, according to the ampicillin sen-
sitivity of the FecR107-BlaM and FecR237-BlaM hybrid pro-
teins, remains in the cytoplasm and does not insert into the
cytoplasmic membrane, also increased fecA-lacZ expression
independently of ferric citrate (Table 4).

To corroborate the importance of the FecR N terminus in
Fecl-mediated fecA transcription, residues 6 to 58 or residues
24 to 68 of FecR were deleted. E. coli WA176 transformed
with pDW72 (FecRA6-58) or pDW71 (FecRA24-68) could
not grow on Fec plates. No B-galactosidase was synthesized in
E. coli 1S176 fecR lacZ(pMMO1034 fecA-lacZ) transformed
with either pDW71 or pDW72, showing that the intact N
terminus of FecR is required for induction of fecA transcrip-
tion and translation. The N-terminal region was not essential
for FecR insertion into the cytoplasmic membrane, since the
same deletions introduced into the high-resistance protein
FecR107-BlaM reduced the ampicillin resistance of E. coli 5K
from 200 to only 100 pg of ampicillin/ml. The deletions in
FecR248-BlaM reduced resistance from 100 to 50 pg of am-
picillin/ml [FecR(A24-68)248-BlaM] and to 25 wg ampicil-
lin/ml [FecR(A6-58)248-BlaM].

Evidence that FecR interacts with FecA. FecR248-BlaM and
FecR257-BlaM conferred on E. coli 5K fec " (pDW?26.248) and
E. coli SK(pDW26.257) resistance to 100 pg of ampicillin/ml,
but they conferred on E. coli AA93 Afec only resistance to 5
and 10 pg of ampicillin/ml, respectively. To examine whether
this difference is caused by the lack of the FecA protein in
strain AA93, E. coli AA93(pDW26.248) and E. coli AA93
(pDW26.257) were transformed with pSV6fecA. Both transfor-
mants were resistant to 100 g of ampicillin/ml. The strongly
increased BlaM activity may indicate interaction between
FecA and the FecR-BlaM proteins. Interaction between FecA
and FecR would involve a region preceding residue 248 of
FecR directly, or this region influences a FecR binding site. E.
coli 5K synthesizing FecR259-BlaM was resistant to 50 pg of
ampicillin/ml, and E. coli AA93 FecR259-BlaM was resistant
to 5 pg/ml. Transformation with fecA increased the resistance
of strain AA93 to only 10 pg/ml. The other FecR’-BlaM hy-
brids in E. coli AA93 were not affected by fecA.

DISCUSSION

The presence of only one hydrophobic sequence suggested
that FecR consists of three topologically distinct regions ex-
tending from residues 1 to 84 in the cytoplasm, 85 to 100 within
the cytoplasmic membrane, and 101 to 317 in the periplasm.
Additional transmembrane regions were not obvious by in-
spection of the amino acid sequence and were not predicted by
various computer-assisted membrane protein analysis pro-
grams (12, 26). The full ampicillin sensitivity of cells that syn-
thesized BlaM fused to one of seven FecR sites from the N
terminus up to residue 81 was consistent with this prediction.
The unexpected finding was that BlaM fused to FecR residues
beyond residue 107 did not confer a similar high resistance but,
instead, conferred a pattern of high, low, high, low resistance.
Interpretation of this finding has to take into account intracel-
lular precipitation of the FecR’-BlaM proteins. All FecR’-
BlaM proteins formed inclusion bodies, and an extensive anal-
ysis by differential centrifugation and SDS-PAGE of the
amounts of protein present in the cell debris, the membrane
fraction, and the soluble fraction showed that most of FecR'-
BlaM was in the cell debris (inclusion bodies), regardless of
whether larger or smaller amounts of hybrid proteins were
synthesized. A decrease in the amount of the FecR’-BlaM
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proteins by using the weak natural ribosome binding site or
through transcription by uninduced amounts of the T7 RNA
polymerase did not prevent the formation of the inclusion
bodies. Only the FecR’-BlaM proteins that conferred high-
level resistance when strongly overexpressed conferred low-
level resistance when they were weakly synthesized by cloning
into a low-copy-number vector. Attempts to reduce the pre-
cipitation of FecR’-BlaM by overexpression of the chaperones
GroEL GroES (11) and SecB (25) resulted in an increased
periplasmic B-lactamase activity of all FecR’-BlaM proteins
tested. Presumably, by binding of FecR’-BlaM to the chaper-
ones, kinetic competition between insertion into the cyto-
plasmic membrane and precipitation was shifted in favor of
insertion. Moreover, proteolysis of FecR’-BlaM decreased
periplasmic B-lactamase activity since degP and ompT mutants
carrying FecR’-BlaM proteins were resistant to ampicillin con-
centrations higher than that of the corresponding degP and
ompT wild-type strains. Both the chaperones and the muta-
tions in the proteases increased the B-lactamase activity of the
FecR’-BlaM proteins that conferred only resistance to 5 g of
ampicillin/ml—and therefore would tentatively be localized in
the cytoplasm—to levels which indicate a periplasmic location
of BlaM. Ampicillin-sensitive cells that synthesized BlaM fused
to FecR’ fragments not larger than 81 N-terminal residues
remained sensitive in the presence of the overexpressed chap-
erones and in the absence of the DegP and OmpT proteases.
These results make it likely that cytoplasmic B-lactamase did
not confer the low-level ampicillin resistance.

Point mutations that replaced two glycine residues in the
hydrophobic region (residues 85 to 100) of FecR’-BlaM with
hydrophilic, charged aspartate residues converted ampicillin-
resistant cells to ampicillin-sensitive cells, presumably by abo-
lition of BlaM translocation into the periplasm. This result
shows that there are no other FecR transmembrane segments
that can translocate BlaM into the periplasm independent of
the hydrophobic region. Taken together, these data are con-
sistent with a topology model of FecR that proposes the N-
terminal residues 1 to 84 in the cytoplasm, residues 85 to 100
in the cytoplasmic membrane, and residues 101 to 317 in the
periplasm (Fig. 1B).

The transmembrane model of FecR agrees with the finding
that cells that synthesize FecR'-BlaM proteins containing 61 or
more FecR residues transcribe fecA-lacZ constitutively. This
should occur only if the FecR N terminus is located in the
cytoplasm, because the N-terminal FecR fragments can inter-
act with the cytoplasmic Fecl and convert Fecl to an active
sigma factor. BlaM fused to the FecR’ fragments does not
seem to interfere sterically with FecR’ activity. Alternatively,
BlaM could be proteolytically cleaved from a small proportion
of FecR’-BlaM, below the detection limit of SDS-PAGE, and
the free FecR’ molecules would be active. The smallest FecR
fragment that supports growth on ferric citrate contained 56
N-terminal residues (FecR56-LacZ). Ferric citrate-indepen-
dent transcription induction by C-terminally truncated FecR’
fragments, of which the smallest derivative contained 68 resi-
dues, has been shown previously (21). The 3’-deleted fecR
genes were cloned on the same low-copy-number vector
(pHSGS576) as the fecR-blaM genes. The levels of constitutive
fecA-lacZ transcription and translation caused by FecR’ and
FecR’-BlaM were very similar, which argues against the need
of a proportion of FecR’ from FecR’-BlaM to be released in
order to exert activity. The largest FecR’ studied contained 273
residues, displayed activation in the absence of ferric citrate,
and did not respond to ferric citrate (21).

Evidence of an interaction of FecA with FecR was obtained
with two FecR’-BlaM hybrids. FecR248-BlaM conferred to E.
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coli AA93 Afec only 5% of the ampicillin resistance conferred
to E. coli 5K, and FecR257-BlaM conferred only 10%. Trans-
formation of E. coli AA93 with a fecA plasmid restored ampi-
cillin resistance to 100%. The increase of B-lactamase activity
could be caused by stabilization of membrane-inserted FecR'-
BlaM through binding to FecA or, less likely, by an increase in
the amount of membrane-inserted FecR’-BlaM through cosyn-
thesis with FecA.

The transmembrane topology of FecR makes FecR a suit-
able candidate for transduction of the signal, initiated by bind-
ing of ferric citrate to FecA, across the cytoplasmic membrane
into the cytoplasm.
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