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A genetic approach was undertaken to identify normal bacterial genes whose products function to limit the
effective concentration of antibiotics. In this approach, a multicopy plasmid library containing cloned
Escherichia coli chromosomal sequences was screened for transformants that showed increased resistance to a
number of unrelated antibiotics. Three such plasmids were identified, and all contained sequences originating
from the mar locus. DNA sequence analysis of the minimal complementation unit revealed that the resistance
phenotype was associated with the presence of the marA gene on the plasmids. The putative mar4 gene product
is predicted to contain a helix-turn-helix DNA binding domain that is very similar to analogous domains found
in three other E. coli proteins. One such similarity was to the SoxS gene product, the elevated expression of
which has previously been associated with the multiple antibiotic resistance (Mar) phenotype. Constitutive
expression of marA conferred antibiotic resistance even in cells carrying a deletion of the chromosomal mar
locus. We have also found that transformants bearing marA plasmids show a significant reduction in ompF
translation but not transcription, similar to previously described mar mutants. However, this reduction in
ompF expression plays only a minor role in the resistance mechanism, suggesting that functions encoded by
genes unlinked to mar must be affected by marA4. These results suggest that activation of marA is the ultimate

event that occurs at the mar locus during the process that results in multiple antibiotic resistance.

The intrinsic level of bacterial susceptibility to antimicro-
bial agents depends on the affinity of a specific agent for its
cellular target as well as the ability of the agent to accumu-
late within the cellular compartment that contains the target.
While the first part of this equation is expected to vary with
each specific antibiotic-target combination, the matter of
accumulation may depend on global factors that include
essentially the same set of cellular processes regardless of
the bacterial system. These would be expected to include
barriers to permeability as well as active export systems.

A number of reports regarding chromosomal mutations
that confer low-level resistance to a variety of antibiotics
(10, 14, 19, 29) have appeared. In most cases, however, little
is known about either the identity of the gene designated by
the resistance mutation or the cellular mechanisms affected
by these mutations. Probably the best characterized of these
is the mar locus in Escherichia coli (10, 11). Mutations at
mar confer resistance to several unrelated antibiotics and
have been associated with an increase in the activity of an
active efflux mechanism .for tetracycline (10). In addition,
mar mutants have significantly reduced levels of the outer
membrane porin OmpF, presumably as a consequence of
MicF-mediated translational repression of ompF expression
(7). Thus, the mar locus represents one candidate for an
intrinsic genetic system that may play a central role in
establishing barriers to the accumulation of foreign com-
pounds.

Nonetheless, the mar locus itself is poorly understood at
the genetic level. Hachler et al. have determined that ap-
proximately 8 kbp of DNA from the mar locus is required to
restore the ability to select spontaneous mar mutants in a
deletion strain, but it is not clear which genes included at this
site are necessary for drug resistance (15). For this reason,
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we chose to examine multiple antibiotic resistance by using
a different approach: we attempted to identify genes which,
when amplified on a multicopy plasmid, would give rise to a
Mar phenotype. Such genes might encode factors whose
expression is limiting with respect to antibiotic resistance.
We describe here one such gene, derived from the mar
region, which encodes a putative transcriptional activator.
Overexpression of this gene product is sufficient to confer an
intermediate level of resistance to a number of structurally
unrelated agents by at least two mechanisms, the downreg-
ulation of ompF expression and modulation of other activi-
ties encoded outside of the mar locus.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and genetic procedures.
The bacterial strains and plasmids used in this study are
listed in Table 1. Unless otherwise indicated, cultures were
grown in L broth (10 g of tryptone, S g of yeast extract, 5 g
of NaCl [each per liter]) at 37°C. Antibiotics were added to
the following concentrations: ampicillin, 50 pg/ml; kanamy-
cin, 50 pg/ml; chloramphenicol, 20 pg/ml. All antibiotics
were from Sigma Chemical Co. (St. Louis, Mo.). Enoxacin
(26), a fluoroquinolone, was from an in-house synthesis.

The isolation of mini-TnlOkan insertions into plasmids
was performed as described previously (20), by using the
ANK1316 phage delivery vehicle (20). Construction of spe-
cific strains was by P1 transduction (31). Special note should
be made regarding the strategy used to construct and verify
strains deleted for the mar locus. The loss of this locus does
not confer an obvious phenotype. Therefore, the marA allele
containing a mini-Tn/0Okan insertion (plasmid p16 in Fig. 2)
was recombined into the chromosome of MC4100 by first
subcloning the Sal/l-Pvull fragment from pl16 into the tem-
perature-sensitive plasmid pMAK?705 and then recovering
the desired recombinant strain after resolution of plasmid
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TABLE 1. Bacterial strains, plasmids, and phage

Plai'?l:ﬁ as;;am, Properties or phenotype ?:;:Zig
E. coli strains
MC4100 F~ araD139 AlacU169 rpsL relA thi T. Silhavy
SK3001 MC4100 AmicF1::kan H. Aiba; 23
PK1738 trpr trpA9605(Am) his-29(Am) ilv pro-2 arg-427 thyA deoB or P. Kuempel; 18
deoC tsx gyrA (Nal") rac zdd-230::Tn9 Cm" dell738 (Amar) sad
B159 MC4100 marA::mini-TnlOkan This study
B177 MC4100 zdd-230::Tn9 Cm* Amar This study
MH225 MC4100 d(ompC'-lacZ) 10-25 T. Silhavy; 16
MHS513 MC4100 &d(ompF'-lacZ) 16-13 T. Silhavy; 16
MH621 MH20 $(ompF'-'lacZ)hyb 16-21 T. Silhavy; 16
B197 MHG621 AmicFl1 This study
B202 MHG621 marA::mini-TnlOkan This study
B194 B180 zdd-230::Tn9 Cm" Amar Km® This study
MH480 MCA4100 A(ompF)480 T. Silhavy; 16
Plasmids
pBR322 Ap" Tc' 3
pBS+ Ap* Stratagene
pMAK?705 Cm"; temperature-sensitive replication E. Olson; 17
p7 Ap"; 6.2-kbp insert in pBR322; Mar This study
p9 Ap"; 2.2-kbp insert in pBR322; Mar This study
pll Ap'; 7.5-kbp insert in pBR322; Mar This study
pl4 p9 marA::mini-Tnl0kan; Ap* Km" Mar™ This study
pl5 p9 with mini-Tnl0kan in tet promoter; Ap" Km" Mar™ This study
pl6 2.3-kbp Sall-Sall fragment from p9 into Sall site of pBS+ This study
pl7 Same as that for p16, but insert is in opposite orientation This study
p34 Sall-Pvull fragment from pl4 containing marA::mini-Tnl0kan This study
cloned into Sall site of pMAK705; Cm" Km"
p37 p9 with deletion of Pvull fragment between insert and vector sites This study
Phage
ANK1316 Delivery vehicle for mini-Tnl0Okan N. Kleckner; 20

integrants, as described previously (17). The structure of the
marA::TnlOkan allele in the resulting strain, designated
B159, was confirmed by Southern hybridization. The mar
deletion was then transferred from strain PK1738 (Table 1)
into B159 by P1 transduction, with selection for the chlor-
amphenicol resistance conferred by a Tn9 element that is
tightly linked with the mar deletion (18). Transductants were
then screened for loss of the TnlOkan insertion, and these
presumptive Amar strains were further screened for the loss
of the sad gene (18) on M9 media containing 2.5 mM succinic
semialdehyde (22).

Transformation with plasmid DNA was routinely per-
formed by the TSS method (5). Comparison of resistance
levels was performed by a gradient plate method (8), except
that 30 ml of media was used per layer and the antifoam
agent was omitted. Quantitative assessment of resistance
was performed by an agar dilution method by using L agar
plates supplemented with antibiotics, the concentrations of
which varied in twofold increments. These plates were
inoculated by spotting 2 pl of a culture suspension contain-
ing approximately 10’ CFU of the test organism per ml. The
plates were then incubated overnight at 35°C. The lowest
concentration of antibiotic that completely inhibited growth
was designated the MIC.

Construction of a plasmid library and identification of
multiply antibiotic-resistant clones. Two hundred micrograms
of chromosomal DNA from the E. coli strain MC4100 was
partially digested with the restriction enzyme Sau3A and
then separated by size on a 10 to 40% sucrose gradient as
described previously (2). Seven-hundred-fifty-microliter

fractions were removed from the top of the gradient tube,
and aliquots were analyzed on an 0.8% Tris-borate-EDTA-
agarose gel. A fraction containing DNA fragments in the 5-
to 10-kbp range was used as a source of material for cloning.
These purified fragments were then ligated with BamHI-
digested pBR322 vector, and the ligation products were
subsequently transformed into competent library-efficiency
DH5a cells (Bethesda Research Laboratories, Inc., Gaith-
ersburg, Md.). Ampicillin-resistant transformants were then
screened on supplemented L agar plates for resistance to 10
ug of chloramphenicol per ml. (Vector-transformed cells are
sensitive to this level of antibiotic.) Plasmid DNA was
purified from prospective positive isolates and then re-
screened after transformation into competent MC4100 cells.
Confirmed positive clones were then analyzed further.
DNA biochemistry and analysis. Chromosomal DNA was
prepared as described by Silhavy et al. (31). Plasmid DNA
was prepared by the alkaline lysis method (28). Restriction
endonucleases and T4 DNA ligase were from Boehringer
Mannheim, and agarose was from FMC Corp. Restriction
enzyme analyses, ligations, and agarose gel electrophoresis
were performed as described in standard protocols (28).
Radiolabeled DNA probes were prepared by the random
priming method by using a kit from Boehringer Mannheim
and [*°P]dATP (Amersham). Transfer of DNA from agarose
gels to Nytran membranes (Schleicher & Schuell), and
procedures for hybridization and washing of blots were
performed as described in the manufacturer’s instructions.
For mapping experiments in which the Kohara collection of
phages (21) was surveyed for homologous sequences, a
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nylon membrane containing the ordered miniset collection of
recombinant phages was purchased (TaKaRa) and hybrid-
ized with radiolabeled probes as described above. DNA
sequence analysis was performed by the dideoxy chain
termination method of Sanger et al. (30) by using the
Sequenase kit (U.S. Biochemicals) and denatured plasmid
templates.

Other methods. B-Galactosidase assays were performed as
described by Miller (24) by using the chloroform-sodium
dodecyl sulfate method. Cultures were grown in L broth to
the mid-log phase prior to being assayed for enzyme activity.
Computer analyses of nucleic acid and protein sequences
were performed on a VAX computer (Digital Equipment
Co.) by using the GCG package of sequence analysis pro-
grams (9) and on a Macintosh computer by using the
MacVector software programs (IBI).

Nucleotide sequence accession number. The nucleotide
sequence reported here has been submitted to GenBank and
assigned the accession number L06966.

RESULTS

Cloning of sequences conferring increased antibiotic resis-
tance. To identify genes whose products might be important
in establishing the intrinsic level of resistance to antibiotics,
we screened a recombinant library of E. coli chromosomal
DNA sequences cloned into the plasmid pBR322 for trans-
formants with increased levels of resistance to chloramphen-
icol. Three independent recombinant plasmids that satisfied
this criterion were obtained (Fig. 1A). The MIC for chlor-
amphenicol was increased in these strains from 2 pg/ml for
pBR322 transformants to 16 pg/ml for cells transformed with
the recombinant plasmids shown. Similar increases in resis-
tance were also observed for enoxacin (a fluoroquinolone)
and tetracycline. The cloned inserts contained overlapping
DNA fragments, indicating that they were probably derived
from the same chromosomal locus, a conclusion that was
confirmed by hybridization experiments (not shown). Inter-
estingly, the cloned fragments were all oriented in the same
direction with respect to the vector fef promoter and con-
tained similar but not identical Sau3A cloning junctions at
their left-hand ends.

Location of the cloned sequences on the physical map of the
E. coli chromosome. The Pvull-Clal fragment from plasmid
p9 (Fig. 1A) was used as a probe to localize the cloned
sequences on the E. coli chromosome. Hybridization against
the miniset collection of Kohara phages resulted in a positive
signal against the overlapping phages 305 and 306 (not
shown). These phages contain sequences from the 34-min
region of the E. coli genetic map. This is the same general
location as that of the mar locus, previously identified by
George and Levy as being involved in multiple antibiotic
resistance (11).

Localization of the minimal complementation unit. To more
precisely define the minimal segment capable of conferring
antibiotic resistance, fragments derived from plasmid p9, the
smallest of the original resistance plasmids, were subcloned
and analyzed for chloramphenicol susceptibility (Fig. 1B).
Since a deletion of the sequences to the right of the Pvull site
had no effect on the level of resistance (p37), the region
involved in the resistance phenotype was clearly localized
towards the left half of the insert.

We also sought to isolate mini-Tnl0Okan insertions in p9
that would eliminate the resistance phenotype. Two such
insertions were identified and characterized. The first, pl4,
contained a transposon insertion located to the left of the
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FIG. 1. Analysis of cloned mar sequences. (A) Restriction maps
of recombinant plasmids conferring multiple antibiotic resistance to
wild-type E. coli cells. The physical maps of three plasmids capable
of conferring chloramphenicol resistance are shown. These plasmids
also provide resistance to tetracycline and enoxacin (a quinolone)
but not to kanamycin. Abbreviations: B/Sa, BamHI-Sau3A junc-
tion; E, EcoRI; C, Clal; P, Pvull; S, Sall. The heavy bar indicates
the cloned E. coli chromosomal sequences. Thin lines indicate the
pBR322 vector sequences. The bar beneath the plasmid p9 repre-
sents the probe used in hybridization experiments against the
Kohara collection of overlapping phages (see text). (B) Analysis of
antibiotic resistance mediated by derivatives of plasmid p9. Deriv-
atives of this plasmid were constructed to further localize the
complementation unit. Only the insert sequences, drawn to the same
scale as that in panel A are shown. All constructs were introduced
into strain MC4100 and analyzed on gradient plates containing 10 mg
of chloramphenicol per ml in the bottom layer. Relative resistance
was scored as fractional growth across the gradient, with ++++
indicating growth across the entire plate. |, site of mini-TnlOkan
transposon insertion. Restriction site designations are the same as
those described for panel A.

Pvull site, consistent with this portion of the molecule being
important for resistance. The second insertion (p15) mapped
outside of the cloned DNA to a region of the vector that
includes the tet promoter. The isolation of this latter inser-
tion offered an explanation for the similar orientation and
left-hand cloning junctions observed for the three original
resistance plasmids (Fig. 1A): the resistance phenotype
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1 GTCGACCTGGGAGCACTGACCCGTATGCTGGATCGCCTGGTCTGTAAAGGCTGGGTGGAAAGGTTGCCGAACCCGAATGACAAGCGCGGCGTACTGGTAA 100
101 AACTTACCACCGGCGGCGCGGCAATATGTGAACAATGCCATCAATTAGTTGGCCAGGACCTGCACCAAGAATTAACAAAAAACCTGACGGCGGACGAAGT 200
201 GGCAACACTTGAGTATTTGCTTAAGAAAGTCCTGCCGTAAACAAAAAAGAGGTATGACGATGTCCAGACGCAATACTGACGCTATTACCATTCATAGCAT 300

SD M S R RNTUDA ATITTIUHSI
marA->
301 TTTGGACTGGATCGAGGACAACCTGGAATCGCCACTGTCACTGGAGAAAGTGTCAGAGCGTTCGGGTTACTCCARATGGCACCTGCAACGGATGTTTAAA 400
L DWIEUDNTLES ST PLSTLEZ KVYVSETZ RS STG GYSZ KWIHTLG QTR RMTF K
<===-=- HELIX---------- TURN-----~--~ HELIX-------- > .
401 AAAGAAACCGGTCATTCATTAGGCCAATACATCCGCAGCCGTAAGATGACGGAAATCGCGCAAAAGCTGAAGGAAAGTAACGAGCCGATACTCTATCTGG 500
K E T G H S LG Y I R SRI KMTETIA AGO QI KTLTZEKTESNETZPTITULTYTUL A
501 CAGAACGATATGGCTTCGAGTCGCAACAAACTCTGACCCGAACCTTCAAAAATTACTTTGATGTTCCGCCGCATAAATACCGGATGACCAATATGCAGGG 600
ER Y GFE S Q QTLT RTTFI KNYTFTUDVUZPUPHIEKYU RMTNMG® QG
601 CGAATCGCGCTTTTTACATCCATTAAATCATTACAACAGCTAGTTGAAAACGTGACAACGTCACTGAGGCAATCATGAAACCACTTTCATCCGCAATAGC 700
E S R F L HPTILNUBHTYNS * '
PvuIl
701 AGCTG 705

FIG. 2. DNA sequence of the SalI-Pvull fragment from plasmid p9. The deduced protein sequence for the single prominent open reading
frame identified is also shown. A potential ribosome binding site (SD), the precise location of the mini-TnlOkan insertion in p14 (| ), and a

candidate helix-turn-helix motif (4) are indicated.

depends on the expression of cloned sequences from an
active, external promoter. This idea also helped to explain
another orientation-dependent resistance effect. Subcloning
of the Sall fragment from p9 into the plasmid pBS+ in both
orientations produced recombinant plasmids that conferred
different levels of chloramphenicol resistance (p16 and p17).
Greater resistance was observed for the construct in which
the insert was oriented in the same direction as the vector-
encoded lac promoter.

DNA sequence analysis of the resistance determinant. The
DNA sequence of both strands of the 704-bp Sall-Pvull
fragment was determined (Fig. 2). A single open reading
frame encoding a putative 127-amino-acid polypeptide was
identified. A computer search of available sequence data
bases revealed that the cloned gene is identical to the marA4
gene that was cloned and sequenced by Cohen and cowork-

ers (5a) (GenBank accession no. M96235). The marA coding
region was analyzed by using the GCG package of sequence
analysis programs (9). The predicted polypeptide is very
basic, with a computer-predicted pI of 9.3. A potential
helix-turn-helix region characteristic of certain transcrip-
tional regulatory proteins (4) was identified in the amino-
terminal portion of the molecule.

The sequence data base search also identified a distinct
pattern of amino acid sequence similarity between the MarA
protein and the products of the soxS, rob, and tetD genes.
An alignment of the amino acid sequences of these proteins
is shown in Fig. 3. The similarity is particularly striking for
the regions that include the predicted helix-turn-helix do-
mains of these proteins, with the second helices being almost
completely identical. This observation suggests the possibil-
ity of a functional relationship among these proteins.

MarA e MSRRNTDAITIHSILDWIEDNLESPLSLEKVSERSGYSKWHLORMFKKETGHSLGQY IRSRKMTEIAQKLKESNEPILYLA 81
: Ioes Tlee s | IERE I I O O N R B N I I A I [ R N B

SoxS R T MSHQKIIQDLIAWIDEHIDQPLN, RTVTHQTLGDY IRQRRLLLAAVELRTTERPIFDIA 77
s b sl bsl e PR be s LERELERRREEE Hdssd Pbstese 0 1e = LLE <l

Rob 1 MDQAGIIRDLLIWLEGHLDQPLSLDNVAAKAGYSKWHLORMFKDVTGHAIGAY IRARRLSKSAVALRLTARPILDIA 77
I I I R R R A e B I N A O B RIS I A B O R B B |

TetD 1 MYIEQHSRYQNKANNIQLEYDDRQFHTTVIKDVLLWIEHNLDQSLLLQWRLFKKV'ICVTLASYIRARRLTKAAVELRLTKKTILEIA 100

MarA 82 ERYGFESQQTLTRTFKNYFDVPPHKYRMTNMQGESRFLHPLNHYNS*... 127
SoxS 78 MDLOYVSQUTFSRVERRQFDRTESDYRHRLY .. ... ... ... 107

Rob 78 IQLR;I;;&&;‘F’;‘IL;JL!'(KQF"AQ';LAL;ILR;PEM;AFGIRPLI!..RIGI;F'IMPE 127
TetD 101 Ll:(;QlI:‘l;éééS:F'.l[‘lliR]:'II(YIILK‘IJ‘;‘L’SY‘III'RRNKLWELEAW* ........... 138

FIG. 3. Alignment of MarA amino acid sequence with SoxS, Rob, and TetD. Alignments are shown over the entire length of each protein
for MarA, SoxS, and Tet and for the amino-terminal 127 amino acids of Rob. A vertical line ( | ) above a given protein sequence indicates
an amino acid identity between that protein and MarA, while a colon (:) designates a functionally similar amino acid. The groupings used for
functional substitution determination are YWF, QNED, MILV, PAGST, and HKR. Percent identities between MarA and the other proteins
are: MarA and SoxS, 39.3% over a 107-amino-acid overlap; MarA and Rob, 49.0% over 104 amino acids; MarA and TetD, 43.1% over 109
amino acids. Candidate helix-turn-helix motifs are underlined.
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TABLE 2. p9-induced antibiotic resistance does not require an
intact mar locus

Strain Plasmid Relevant features G';:V;?el(gad
MC4100 pBR322  Wild type 23
P9 Wild type; multicopy marA 80
B177 pBR322  Amar 20
p9 Amar; multicopy marA 80

¢ Values indicate the extent of growth across a linear gradient of 0.0 to 0.25
wg of enoxacin per ml.

Requirement for other mar sequences for p9-induced resis-
tance. Since the genetic organization of the mar locus has
been reported to be complex (15), it seemed possible that
other genes whose products are required for marA4-induced
antibiotic resistance would be found there. To address this,
we examined the effect of deleting the mar locus on the
resistance patterns of p9-transformed strains. Strains were
compared on enoxacin gradient plates only, since chloram-
phenicol (Tn9 Cm" linked to Amar in B177 strains) and
tetracycline (Tet" encoded by pBR322) were not usable in
these experiments. The mar deletion in an otherwise wild-
type strain conferred a slightly hypersensitive phenotype
compared with that of mar™ transformants, suggesting that
there is a basal level of activity normally associated with the
mar locus. However, the p9 plasmid was able to induce an
increase in enoxacin resistance in the deletion strain that was
indistinguishable from that observed in the wild-type strain
(Table 2). Thus, the antibiotic resistance phenotype associ-
ated with amplification of the marA gene does not require
other functions encoded at the mar locus. In these and all
other experiments performed, transformants containing the
p9APvu plasmid (Fig. 1B) behaved indistinguishably from
p9-transformed strains, confirming that it is the mar4 se-
quence on p9 that is responsible for the effects observed
(data not shown).

Effects of plasmid p9 on the expression of outer membrane
porins. One consequence of a classic mar mutation is a
decrease in the level of the OmpF porin in the outer
membrane (7). To determine if plasmid p9 affects the expres-
sion of ompF, strains containing various omp-lacZ fusions
were transformed with this plasmid and analyzed for B-gal-
actosidase activity (Table 3). The most significant effect of
p9 compared with that of control strains was its inhibitory
effect on the expression of the ompF-lacZ translational
fusion, consistent with previously described effects of marA
chromosomal mutations (7). In addition, this inhibition could
be completely suppressed by a deletion of micF, a negative
regulator of ompF translation (25). Thus, overexpression of
marA results in a reduction in ompF expression, presumably
through the activation of micF, consistent with previous
reports (7). This downregulation of ompF expression did not
require other functions encoded at the mar locus, since the
mar deletion did not affect the repression of the ompF-lacZ
translational fusion mediated by p9 (Table 3).

To determine the effect of this decrease in ompF expres-
sion on the antibiotic resistance phenotype, the marA plas-
mid p9 or the pBR322 vector were introduced into a strain
containing a null mutation in ompF, and antibiotic suscepti-
bilities were examined on gradient plates (Table 4). The loss
of a functional ompF gene had little or no effect on either
chloramphenicol or enoxacin susceptibility. In addition, any
effect observed was minor compared with that obtained with
the original p9 transformants. Moreover, introduction of p9
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into the ompF mutant further increased resistance to that of
the original p9 transformants.

By contrast, a deletion of micF had no effect on the
resistance of the host strain to either chloramphenicol or
enoxacin. The introduction of p9 into the AmicF strain
increased resistance to a level that was equivalent to that
observed for wild-type (micF*) transformants (Table 4).
Taken together, the above results suggest that the resistance
associated with the p9 plasmid could be explained by the
modulation of functions other than a reduction in ompF
expression, functions encoded outside of the mar locus.
Apparently, the inhibitory effect of p9 on ompF plays only a
minor role in this resistance scheme.

DISCUSSION

We have described a new condition by which multiple
antibiotic resistance associated with the mar locus can be
induced in E. coli, i.e., overexpression of a transcriptional
regulator encoded by this locus. The observations described
in this study offer important insights regarding the role of this
locus in affecting antibiotic resistance.

First, the transcriptional activator that is described here
corresponds to the marA gene that has been identified by
George and Levy on the basis of a Tn5 insertion (11). This
insertion results in an inability to generate spontaneous mar
mutants. By comparing the published restriction map of the
cloned mar locus (15) with the recombinant plasmids de-
scribed here, it seems certain that the TnS insertion previ-
ously described is within the marA gene.

The most significant finding is that constitutive overex-
pression of the MarA activator results in a Mar phenotype
even in the absence of an intact mar locus. This observation,
along with previous molecular cloning work on this region
(15), allows us to begin to predict roles for the genes located
at this locus. It has been reported that a fairly extensive
amount of genetic material, ~8 kbp, is required to generate
a classic mar mutant (15). Importantly, the Tn5 insertion in
marA eliminates all Mar phenotypes associated with such
mutations. One possible explanation for these findings is that
marA is epistatic to other genes encoded at this locus, and
the induction of marA expression is the ultimate event in a
signaling cascade. In this scenario, most typical mar mutants
would occur either in a gene that affects marA4 expression or
in marA itself. Our finding that overexpression of marA from
a multicopy plasmid bypasses the requirement for any other
sequences at the mar locus is consistent with this model. In
addition, the observation that the accumulation of marA4-
specific mRNA species is inducible by certain chemical
agents including chloramphenicol, tetracycline, and sodium
salicylate (15, 24a) provides direct evidence for a stress-
response-like activity associated with this locus. This

TABLE 3. Effect of p9 on the expression of omp-lacZ fusions

B-galactosidase

Strain Relevant genotype; fusion activity®
pBR322 P9
MH225 Wild type; ompC (operon) 1,432 1,080
MH513 Wild type; ompF (operon) 480 471
MH621 Wild type; ompF (protein) 7,013 225
B197 AmicF; ompF (protein) 7,361 6,044
B194 Amar; ompF (protein) 6,776 277

@ Activity expressed in Miller units as described previously (24).
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TABLE 4. Effect of AompF and AmicF on antibiotic resistance

Growth (% of gradient)®

Strain Plasmid Relevant features
Chloramphenicol Enoxacin
MC4100 pBR322 Wild type 19 29
MC4100 p9 Wild type; multicopy marA 91 86
MH480 pBR322 AompF 27 19
MH480 p9 AompF; multicopy marA 100 86
SK3001 pBR322 AmicF 24 33
SK3001 p9 AmicF; multicopy marA 94 95

¢ Values indicate the extent of growth across a linear gradient containing either 0 to 20 pg of chloramphenicol per ml or 0.0 to 0.25 ug of enoxacin per ml.

scheme would be analogous genetically to other stress-
inducible systems in which a regulatory locus encodes both
a sensor-transducer and a transcriptional activator (27). The
sequences to the right of marA, which are required for the
establishment of classic mar mutants (15), might encode the
sensor. Constitutive overexpression of the MarA activator,
as in the case described here, would bypass the need for the
sensor in the activation of the mar system.

It is likely that the effects of classic mar mutations on
outer membrane permeability are the direct result of in-
creased MarA activity in these cells. The results of the
experiments reported here parallel those reported earlier for
classic mar mutants (6, 7). Specifically, overexpression of
MarA from p9 results in decreased ompF expression that is
dependent on micF but which does not require other se-
quences encoded by the mar locus. In addition, gradient
plate tests comparing the AmicF and ompF::Tn5 strains with
an isogenic wild-type parent demonstrated that modulation
of ompF expression plays only a minor role in the resistance
mechanism. Moreover, high-level resistance imparted by
plasmid p9 was observed in all of the backgrounds described
above. Thus, another cellular function(s) in addition to the
downregulation of ompF is affected by MarA overexpres-
sion, and this plays a very significant role in the resistance
scheme.

What might these other resistance determinants be? One
possible candidate is an efflux pump that has been associated
with tetracyline resistance in mar mutants (10). However,
this efflux mechanism appears to be specific for tetracycline,
and no increase in the active export of chloramphenicol (10)
or quinolones (6) has been detected in mar strains. Since mar
mutants do exhibit a reduced accumulation of all of these
compounds, it is likely that barriers to permeability other
than reduced levels of OmpF are affected by MarA. In
addition, multiple target genes may be regulated by MarA,
with different gene products playing distinct roles in medi-
ating resistance towards different antibiotics. For example,
while activation of an efflux system may be the most
important component of tetracycline resistance, reduced
levels of specific porins may promote chloramphenicol or
quinolone resistance. All of these effects would be coordi-
nately controlled by marA.

MarA shows significant amino acid sequence similarity to
other E. coli proteins (Fig. 3). Among these proteins, SoxS
and TetD are similarly sized, low-molecular-weight mole-
cules whose putative DNA-binding domains are similarly
positioned in their primary sequences. The Rob protein is
significantly larger, at approximately 35 kDa. The most
striking feature from the alignment of these proteins is the
strong conservation in the predicted helix-turn-helix motifs,
particularly in the second a-helix (Fig. 3) (4). Since this helix
has been shown to play a major role in the recognition of the

target binding site for certain DNA-binding proteins (4), it is
tempting to speculate that these proteins might recognize an
overlapping set of operator sequences. In fact, the best
characterized of these, SoxS, is particularly intriguing since
strains that constitutively express this protein have antibi-
otic resistance phenotypes similar to those of mar mutants
(1, 13). In addition, a mutant that is constitutively activated
for the Sox system has been mapped to the mar region of the
chromosome (12). This allele, designated soxQ1I, confers
similar phenotypes to mar mutants, in addition to increased
resistance to superoxide-generating compounds. It has been
proposed that the soxQ gene may be part of the mar locus
and that regulators encoded by the soxQ-mar and soxRS loci
might control the expression of an overlapping set of target
genes (12). We have recently found that the antibiotic
resistance phenotype associated with constitutive alleles of
soxR is partially dependent on an intact mar locus (24a). We
are currently investigating the relationship between marA4
and soxS in greater detail. The functions of the putative Rob
and TetD proteins are not known. Since the potential exists
for the conservation of a DNA binding specificity among the
several different gene products mentioned here, it is proba-
ble that the target genes controlled by these proteins are
important in several stress response or homeostatic systems.
Antibiotic-resistant strains carrying the p9 plasmid should
provide a useful starting point for the identification of these
target genes by classical genetic methodologies.
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ADDENDUM IN PROOF

After submission of the manuscript for this article, a DNA
sequence analysis of the mar region was published by Cohen
et al. (5a).
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