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The 3.8-kilobase segment of plasmid DNA that contains the genes required for production of the DNA
replication inhibitor microcin B17 was sequenced. The sequence contains four open reading frames which were
shown to be translated in vivo by the construction of fusions to lacZ. The location of these open reading frames
fits well with the location of the four microcin B17 production genes, mcbABCD, identified previously through
genetic complementation. The products of the four genes have been identified, and the observed molecular
weights of the proteins agree with those predicted from the nucleotide sequence. The transcription of these
genes was studied by using fusions to lacZ and physical mapping of mRNA start sites. Three promoters were
identified in this region. The major promoter for all the genes is a growth phase-regulated OmpR-dependent
promoter located upstream of mcbA. A second promoter is located within mcbC and is responsible for a
low-level basal expression of mcbD. A third promoter, located within mcbD, promotes transcription in the
reverse direction, starting within mcbD and extending through mcbC. The resulting mRNA appears to be an
untranslated antisense transcript that could play a regulatory role in the expression of these genes.

The microcins constitute a family of low-molecular-weight
polypeptide antibiotics produced by many different species
of enteric bacteria (1, 3). The spectrum of action of most
microcins also includes many different members of the
family Enterobacteriaceae. Microcin B17 (MccB17) is the
prototype of the group B microcins (1, 3). MccB17 has been
shown to be a peptide of about 3,200 daltons of bactericidal
action which inhibits the elongation process of DNA repli-
cation (10, 17). Like most other microcins, the production of
MccB17 is plasmid determined. The wild-type plasmid pro-
ducing MccB17 is a 70-kilobase-pair incF2 plasmid called
pMccB17 (2, 28). A 6.3-kilobase-pair BamHI-toBglII frag-
ment of DNA from pMccB17 codes for the production of
MccB17 as well as for the immunity to this antibiotic (13,
28). Genetic complementation studies showed that four
genes, designated mcbABCD, were necessary for production
(29), while three additional genes, mcbEFG, confer immu-
nity on the producing strain (12). The production genes were
located in a 3.8-kilobase-pair region spanning from the
BamHI site to a Sall site.
Through the analysis of transcriptional fusions con-

structed with Mu dl(Ap lac), we showed that transcription
proceeds from the BamHI site towards the Sall site (16).
Those studies also showed that there is a promoter located
somewhere between the BamHI site and the beginning of
mcbA. Expression of the transcriptional fusions is regulated
by the product of the ompR gene. For fusions in mcbABC,
there is also temporal regulation of expression. The maxi-
mum levels of transcription are observed during stationary
phase. The promoter responsible for this behavior is located
60 bases upstream of mcbA (8).
To understand the production of MccB17 and its regula-

tion, we have determined the DNA sequence of the produc-
tion genes, identified the gene products and their corre-
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sponding coding regions, and studied the transcriptional
pattern of these genes.

MATERIALS AND METHODS

Strains, plasmids, DNA manipulations, maxicells, and as-
says. Strains and plasmids used in this study are listed in
Table 1. Plasmid pSL100 contains a promoterless chloram-
phenicol resistance gene flanked by transcriptional termina-
tors to prevent its expression. Only when a promoter frag-
ment is cloned upstream of the chloramphenicol resistance
gene ribosome-binding site is this plasmid capable of confer-
ring chloramphenicol resistance at levels greater than 5
,ug/ml (21). Plasmid pMM6180 is a single-copy mini-
pMccB17 composed of the pMccB17 replicon, the entire
microcin region, and the Tcr determinant from TnlO (0.
Mayo and F. Moreno, unpublished construct). Plasmid
pMM206-d8 is a Kmr pMM102 derivative with mcbA and the
promoter located upstream of this gene deleted (29). All
genetic manipulations were performed as described (22, 26).
Liquid and solid LB and M63 media were prepared as
described by Miller (26). Antibiotics and X-Gal were used at
the same concentrations as we have described (12). Microcin
activity was assayed as described (15), and P-galactosidase
assays were performed as described by Miller (26). All
values presented represent the mean of four determinations.
All DNA manipulations, including restriction enzyme di-
gests, ligations, and transformations, were performed as
described (22). Maxicells of strain RYC1000 were prepared
as described (30). Labeling with 50 ,uCi of [35S]methionine
per ml was performed for 10 min at 37°C. Labeled proteins
were separated by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis as described (20).
DNA sequence analysis. The entire sequence of both

strands was obtained by the chain termination method (31).
Initially, after sonication of the MccB17 DNA, random
fragments were cloned into the HincII site of M13mp8 (24).
With the initial results from these clones, we constructed a
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TABLE 1. Bacterial strains and plasmids

Strain Genotype or Referencecharacteristic or source

MC4100 F- araD139 AlacU169 rpsL relA (5)
thiA

RYC1000 MC4100; Arib-7 recA56 gyrA (14)
RYC514 MC4100; ompR101 (16)
pop3001.6 MC4100; malT::Mu cts (16)
P011681 araD A(ara-leu)7697 A(pro-lac) (6)

XIII rpsL Mu cts Mu dl(Km
lac)

P0111681 araD A(ara-leu)7697 A(pro-lac) (6)
XIII rpsL Mu cts Mu d2(Km
lac)

MH3497 Alac gal rpsL Mu cts (11)

Plasmid
pMM102 pBR322 with mcbABCDEF genes (28)
pMM206-d8 pMM102 with mcbBCDEF genes (29)
pSS81 pMM102 mcbA::ISl (29)
pSS11 pMM102 mcbB::ISJO (29)
pSS15 pMM102 mcbC::ISJO (29)
pSS33 pMM102 mcbD::ISlO (29)
pUC13 Apr Lacot+ (25)
pACYC184 Cmr Tcr (7)
pCID909 Cmr MccB17+ ImmB17+ (12)
pSL100 Apr Cms promoter probe (21)
pMM6180 Tcr MccB17+ ImmB17+ This study

detailed restriction map. From this, we generated a number
of specific clones into M13mpl8 and M13mpl9 to fill the gaps

where confirming strand sequences had not been obtained.
Both strands of the entire region presented were sequenced.
The DNA sequences were arranged by using the GEL
program (Intelligenetics).

Isolation of mini-Mu d fusions and determination of site of
insertion. Strains P0111681(pMM102), P011681(pCID909),
and P0111681(pCID909) were used to produce transducing
particles. These were used to infect MH3497 or pop3001.6 as

described (6). The transduction mixture was incubated at
30'C for 1 h to allow expression of antibiotic resistance and
then was plated on LB medium with kanamycin, X-Gal, and
the appropriate antibiotic: chloramphenicol for pCID909 and
ampicillin for pMM102 derivatives. Blue, drug-resistant col-
onies were tested for MccB17 production and immunity as
described (12). Plasmid DNA was prepared by the SDS-
alkali lysis. This DNA was directly annealed with a synthetic
oligonucleotide primer complementary to the N-terminal
segment of the lacZ gene present in mini-Mu d2. Sequencing
was performed directly from the double-stranded template to
determine the exact site of mini Mu d insertion.

S1 nuclease protection assays. RNA samples were prepared
by the Triton X-100 method (9). Single 5'-end labeled probes
were prepared as described (23). Total RNA (5 pug) and 0.1
pg of labeled probe in 30 pI of hydridization buffer (4)
containing 80% formamide were boiled and then hybridized
at 370C for 3 h. A 270-pul sample of S1 buffer (4) containing
300 U of S1 (Boehringer Mannheim Biochemicals, catalog
no. 818-348) was added, and the reaction was incubated for
1 h at 370C. After ethanol precipitation, samples were
suspended in 20 pIl of formamide dyes, boiled, and electro-
phoresed in 6% polyacrylamide-6 M urea gels (23). G+A and
C+T sequencing reactions were performed as described
(23).
Primer extension assay. A 25-base synthetic oligonucleo-

tide complementary to the mRNA from within the start of

mcbD (Fig. 1, positions 2336 to 2360) was 5' end labeled as
described (23). Labeled primer (50,000 cpm) was hybridized
to 50 jig of RNA in 30 ,ul of hybridization buffer (4) by
denaturing at 950C for 5 min and incubating at 430C for 3 h.
After ethanol precipitation, the hybridized RNA and primer
were suspended in 30 p.l of reverse transcriptase mix (1 mM
each deoxynucleoside triphosphate, 1.25 p.l of RNase inhib-
itor [Boehringer], 50 mM Tris [pH 8.3], 75 mM KCl, 10 mM
dithiothreitol, and 3 mM MgCl2). A total of 40 U of avian
myeloblastosis virus reverse transcriptase (IBI) was added,
and the mix was incubated at 430C for 90 min. After
treatment with DNase-free RNase A (100 pLg/ml) for 30 min
at 370C, the cDNA was precipitated with ethanol, dissolved
in 20 pL1 of formamide dye loading buffer, and electro-
phoresed.

RESULTS

Sequence of the MccB17 production region. The complete
nucleotide sequence from the BamHI site to the Sall site was
determined as described in Materials and Methods and is
shown in Fig. 1. The locations of the previously determined
restriction sites were confirmed by the sequence (28). How-
ever, there are two PstI sites separated by 33 base pairs,
where a single site had been mapped previously. The major
open reading frames found in the sequence correlate well
with the location of the complementation groups determined
earlier, and their orientation is in agreement with transcrip-
tion proceeding from left to right as suggested before (16).
To obtain direct evidence as to which of these reading

frames were indeed translated into protein in vivo, we
generated translational fusions using mini-Mu d2(Km lac).
Mcc-Lac+ insertions into plasmids harboring the MccB17
production genes (pMM102 and pCID909 [see Table 1]) were
isolated and mapped as described in Materials and Methods.
The exact locations of insertion of 13 fusions are shown in
Table 2 and schematically represented (see Fig. 4, line b).
These fusions thus provide direct evidence that the open
reading frames are translated regions corresponding to the
four genes defined by complementation.
The AUG initiation codon of mcbA is preceded by the

sequence AGGA, which is complementary to the 3' end of
the 16S rRNA and thus a good candidate for a ribosome-
binding site (32). The end of mcbA and the first potential
start site of mcbB are separated by 26 bases. The mcbB gene
has two possible start sites at positions 643 and 676. Both of
these are preceded by potential ribosome-binding sites. We
have no direct evidence for determining which start codon is
used. Nevertheless, the second start codon is more likely to
be the one used primarily in vivo because the spacing
between the ribosome-binding site and the AUG codon at
position 676 is six bases while the spacing to the first start is
only two bases.
The end of mcbB and the start of mcbC are separated by

only one base, so that the Shine-Dalgarno sequence of mcbC
is found within the coding region of mncbB. The open reading
frames for mcbC and mcbD overlap by 20 bases. Within this
area of overlap, there is an AccI site (Fig. 1, position 2342).
In our complementation analyses, we determined that a
deletion up to that site resulted in an mcbD mutant genotype,
while deletions up to the HindIll site located about 200 bases
upstream (position 2122) were still mcbD+ (29). Since only
the first of several in-frame AUG codons is removed in the
AccI deletion (29 [plasmid pMM138]), we conclude that this
first initiation codon is used in vivo. Further evidence was
obtained by cloning the AccI fragment into pUC18 in the
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BamH1
GGATCCACTTCAGCCGGAAACCGGATCTGCACGGCGGGAAACGGGCAAATGATATGATATGGAAGGCGGCACTCAGTTGTTGCATATGATACCGGCGTAA 100

GCCGGTACTGATTGACAGGTTTCACCTTACCCACCCCCGGCCCTGCCAGACCAGTGGGGGCTTAAAGGGGTAGTGTGACATCCTGACAGCAACTGAAAGC 200

AAAATGTWACACAATATTA'ATTTTTGTAAAAAAACAATAACAGCATAAACATAACCAACTGATATTATTATTAAATATTTAACAGGCGTACAAATTTAG 300

TTCAAATTAiTCATTGCAAAA'TATAGTTAATTACGGCAAGTAACTAGTGTTGGCCAACATACTATTCAGATGTCATAAGCATTAATTTCCCTTAAAAAAGG 400

AGTCCTTATaGGAATTAAAAG'CGAGTGAATTTGGTGTAGTT'TTGTCCGTTGATGCTCTTA'AATTATCACGCCAGTCTCCATTAGGTGTTGGCATTGGTGGT 500
METGluLeuLysAlaSerGluPheGlyValValLeuServalAspAlaLeuLysLeuSerArgGlnSerProLeuGlyValGlylleGlyGly

GGTGGCGGCaGGCGGCGGCGG'CGGTAGCTGCGGTGGTCAAGGTGGCGGTTGTGGTGGTTGCAGCAACGGTTGTAGTGGTGGAAACGGTGGCAGCGGCGGAA 600
GI yGlyGIyGIyGIyGIyGIyGlySerCysG IyGlyG InG IyG IyG IyCysG IyG IyCysSerAsnGlyCysSerG IyG yAsnGlyGlySerGlyGlyS

GTGGTTCACATATCTGATACGTTGAATTAACCGTTCAGGAGCATGGTGCTCCCTGATATTAAAAAAGGAAAAGATATGATCAATATTCTGCCGTTTGAGA 700
erGlySerHisIleTER METValLeuProAspIleLysLysGlyLysAspMETIleAsnIleLeuProPheGluI

Acc I
TAATTTCCAGAAATACAAAGACCCTGCTTATTACCTACATTTCTTCAGTAGACATTACACATGAGGGAATGAAAAAAGTACTCGAAAGCCTACGATCCAA 800
le I leSerArgAsnThrLysThrLeuLeuIIeThrTyrIIeSerSerVa IAsp HeThrHisGl uGlyMetLysLysVa ILeuGIuSerLeuArgSerLy

ACAGGGTATTATTTCTGAATACCTCCTTGATAAACTACTGGACGAATCGCTTATTGATAAAGACAAGGGCAAAGAGTTTCTTATTACCACAGGCGTGATA 900
sGlnGlyIIeIIeSerG uTyrLeuLeuAspLysLeuLeuAspG IuSerLeuIleAspLysAspLysGlyLysG IuPheLeuIleThrThrGlyVa II e

Sma I *
AATAAAACGAAAACATCACCTCTCTGGGT~A ACTCAGTC'ATAATAAGCGA TGTTCCACAiCTTTTCAGTAATGCCCGGGAACAATGGAAATGTGATGGTa 1000
AsnLysThrLysThrSerProLeuTrpValAsnSerVal~lelleSerAspValProHisLeuPheSerAsnAlaArgGluGlnTrpLysCysAspGlyV

TTTTTGTTTCTCATATCATTGATATAAAAGATAATAATATTAATGTGAGCGATTCAACACTAATCTGGTTACATCTCGAAAACTATCATTCAGACATTGT 1100
aIPheVaISerHi sII e leAspIeLysAspAsnAsnlleAsnVa ISerAspSerrhrLeu IIeTrpLeuaisLeuGluAsnTyrHisSerAspIIeVa

AAAAAGAATCTATTCAAAATTTGAAAGTAACCCTGGTGTTGCCT TCATCCAAAGCTACTACCTAAAGGAGTCATTCAGGATAGATGGAGTATATTCACCT 1200
1 LysArgIleTyrSerLysPheG IuSerAsnProG IyVaIA IaPhe IIeGlnSerryrryrLeuLysG IuSerPheArgIIeAspGlyVa ITyrSerPro

*Hlnd III
GATCTTGGTACTCCCTGCCATTTTTGTCATATAGAGAGATGGCTGAGCAGGGAAGAAAAAAGCTTCAGACGTAACGAAATGTCCTGGGCAAACTTACTTC 1300
AspLeuGlyThrProCysHi sPheCysHi sIIeGluArgTrpLeuSerArgG IuG IuLysSerPheArgArgAsnG IuMetSerTrpAlaAsnLeuLeuG

AGTTACTGAAAAAATACCAAATGACACTACCAGCATTGGCTTTAGGCGAATCAGAAAGAGGATTCAGCTATCATTTAATAAAACGGCGACTTCAGGAGTT 1400
1 nLeuLeuLysLysTyrGl nMetThrLeuProAl aLeuAl aLeuGlyG IuSerGi uArgGlyPheSerTyrHl sLeul 1 eLysArgArgLeuGl nGl uLe

GACAGGTACTTCACTGGTTAAAAGTCATGTCGATAACTTTATGTCATC TGTTAGCGCTGATTTAATCACCTGTATTTTATGTAAAGAGCCGGTAATTCAC 1500
uThrGIyThrSerLeuVaILysSereisVa AspAsnPheMetSerSerVa ISerA IAspLeullerhrCysIleLeuCysLysGl uProVa II eeis

* Pvu II
TGGCAGGCTTGCAGCTGTCTGGAGAGATAACATGTCAAAACACGAACTC rC T TTAGTGGAAGTAACGCATTACACAGATCCTGAAGTTCTGGCCATTGTT 1600
TrpGlnAlaCysSerCysLeuGluArgTER METSerLysHlsGluLeuSerLeuValGIuValThrHlsTyrThrAspProGluValLeuAlaIleVal

Kpn I
AAAGATTTTCATGTCAGAGGTAACTTTGCTrCCCrCCCCGAAITTGCTGAACGAACTTTCGTGTCCGCGGTACCTCTTGCCCATCTGGAGAAATTTGAAA 1700
LysAspPheHisValArgGlyAsnPheAlaSerLeuProGluPheAlaGluArgThrPheValSerAlaValProLeuAlaHisLeuGluLysPheGluA

ATAAAGAAGTTCTCTTCAGGCCAGGTTTCAGCTCCGTAATAAACATATCCTCATCACATAATTTTAGTCGTGAAAGGCTCCCATCAGGAATAAACTTTTG 1800
snLysGluValLeuPheArgProGlyPheSerSerValileAsnIleSerSerSereisAsnPheSerArgGluArgLeuProSerGlylleAsnPheCy

CGACAAAAATAAACTTTCCATTCGTACTATTGAAAAGTTATTAGTCAATGCATTCAGCTCACCTGATCCiGGCTCTGTAAGAAGACCTTATCCTTCTGGa 1900
sAspLysAsnLysLeuSerIleArgThrIleGluLysLeuLeuValAsnAlaPheSerSerProAspProGlySerValArgArgProTyrProSerGly

GGGGCATTGTACCCGATTGAAGTTTTrTTATGCAGATTATCTGAAAATACAGAAAAC TGGCAGGCAGGAACTAATGTTTATCACTACCTGCCGCTAAGTC 2000
GlyAl aLeuTyrPro l eGl uVal PheLeuCysArgLeuSerGl uAsnThrGl uAsnTrpGl nAl aGlyThrAsnVal TyrHi sTyrLeuProLeuSerG

correct orientation and showing that it was unable to com- acids in which only the last McbC residue (Gln) is missing
plement mcbD insertion mutations in trans. It should be and replaced with a Pro residue from within McbF (12).
noted that a deletion removing the last two codons of mcbC The predicted sizes for the gene products are as follows:
is phenotypically McbC+ (29 [plasmid pMM137]). Indeed, McbA (69 amino acids), 6,013 daltons; McbB (284 or 295
pMM137 encodes a McbC-McbF protein fusion of 422 amino amino acids), 32,764 or 33,989 daltons; McbC (272 amino

J. BACTERIOL.
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AGGCACTGGAACCTGTTGCTACATGTAATACTCAGTCACTCTACCGAAGCCTGTCCGGTGGGGATTCGGAACGTCTTGGTAAACCCCATTTTGCTCTCGT 2100
1 nAl aLeuGI uProValAlaThrCysAsnThrGl nSerLeuTyrArgSerLeuSerGlyGlyAspSerGl uArgLeuGlyLysProHlsPheAl aLeuVa

-Hind III
CTATTGCATTATTTTTGAAAAAGCTTTGTTCAAATATCGCTACAGAGGATATCGGATGGCCTTAATGGAAACAGGTTCGATGTATCAGAACGCAGTATTi 2200
1 TyrCysII eIIePheGl uLysAlaLeuPheLysTyrArgTyrArgGIyTyrArgMetAl aLeuMetGIuThrGlySerMetTyrG InAsnAlaVa ILeu

GTTGCAGATCAAATAGGACTGAAAAACCGGGTATGGGCGGGATATACCGATTCATACGTAGCAAAAACAATGAATCTGGATCAGAGGACTGTAGCGCCAi 2300
ValAla~spGInIIeGIyLeuLysAsnArgValTrpAlaGlyTyrThrAspSerTyrVaIAlaLysThrMetAsnLeuAspG InArgThrVa IA IaProL

* * * ~~~~~~~AccITGATCGTTCAGTTTTTTGGAGATGTAAACGATGATAAATGTCTACAGTAACCTTATGTCCGCATGGCCGGCCACAATGGCCATGAGTCCAAAACTGAACi 2400
eulleValGlnPhePheGlyAspValAsnAspAspLysCysLeuGlnTER

METIleAsnValTyrSerAsnLeuMetSerAlaTrpProAlaThrMetAlaMetSerProLysLeuAsnA

GAAATATGCCAACGTTTTCTCAGATATGGGACTATGAGCGTATTACACCAGCCAGCGCGGCCGGTGAAACTCTGAAGTCAATTCAGGGGGCAATAGGTGi 2500
rgAsnMetProThrPheSerG nIeTrpAspTyrGluArgIleThrProAlaSerA IaAl aGIyGl uThrLeuLysSerIIeG InGlyA IaIIeGlyG I

ATATTTTGAACGCCGTCATTTTTTTAATGAGATAGTCACCGGTGGTCAGAAAACATTATATGAGATGATiCCTCCATCTiCTGCAAAGGC'TTTTACCGAA 2600
uTyrPheGluArgArgHisPhePheAsnG u IIleVaIThrGIyGIyGlnLysThrLeuTyrG uMetMetProProSe W aA IaLysAlaPheThrGI u

. Bg 11 .
GCATTTTTTCAGATCTCATCACTGACCCGCGATGAAATCATAACCCATAAATTTAAAACGGTCAGAGCCiTTTAATCTGTTTAGCCTTGAACAACAAGAAi 2700
AlaPhePheGI nII eSerSerLeuThrArgAspGl uIleIlieThrHi sLysPheLysThrVal ArgAl aPheAsnLeuPheSerLeuGl uG InGl nGl u I

Pst I * Pst I
TACCTGCAGTCATAATTGCACTCGACAATATAACCGCTGCAGATGATCTGAAATTTTATCCTGACAGAGATACATGCGGATGTAGCTTTCATGGTAGTTi 2800
leProAlaVal IlelleAlaLeuAspAsnIleThrAlaAlaAspAspLeuLysPheTyrProAspArgAspThrCysGlyCysSerPheHisGlySerLe

GAACGATGCCATAGAAGGTTCCTTGTGTGAATTTATGGAGACACAGTCCCTCCTTCTTTACTGGTTACAGGGAAAAGCCAATACTGAAATATCCAGTGAi 2900
uAsnAspAlalleGl uGlySerLeuCysGluPheMetGluThrGlnSerLeuLeuLeuTyrTrpLeuGlnGlyLysAlaAsnThrGluIleSerSerGlu

ATAGTAACAGGCATAAATCATATAGATGAGATTTTACTGGCTCTCAGGTCAGAAGGAGATATCAGGATTTTCGATATCA~CCCTGCCCGGAGCTCCTGGAC 3000
IleVal.ThrGlylleAsnHisIleAspGlulleLeuLeuAlaLeuArgSerGluGlyAspIleArgIePheAsplleThrLeuProGlyAlaProGlyH

O 0~~~~~~~~~~~~~~~30

ACGCAGTACTAACCCTGTATGGCACAAAAAACAAAATCAGTCGAATAAAATACAGTACCGGATTATCCTATGCTAATAGTCTGAAAAAAaCACTTTGTAi 3100
isAlaValLeuThrLeuTyrGlyThrLysAsnLystleSerArgIeLysTyrSerThrGlyLeuSerTyrAlaAsnSerLeuLysLysAlaLeuCysLy

ATCCGTA6TGGAATTGTGGCAATCGTATATATGCCTGCACAACTTTCTTATTGGCGGTTATACT6ATGATGACATTATTGATAGTTACCAGCGTCACTTT' 3200
sSerValValGluLeuTrpGlnSerTyrIleCysLeufisAsnPheLeulleGlyGlyTyrThrAspAspAsplleIleAspSerTyrGlnArgHisPhe

ATGTCATGCAACAAGTACGAGTCGTTTACGGATTTGTGTGAAAATACGGTACTACTGTCTGATGATGTCAAGTTAACGCTTGAGGAAAATATTACGTCAG 3300
MetSerCysAsnLysTyrGluSerPheThrAspLeuCysGluAsnThrValLeuLeuSerAspAspwalLysLeuThrLeuGl uGluAsnIleThrSerA

ACACAAATTTATTAAACTATCTTCAACAAATTTCTGATAATATTTTTGTTTACTATGCCAGGGAAAGAGTAAGTAACAGCCTTGTCTGGTACACAAAAAi 3400
spThrAsnLeuLeuAsnTyrLeuGlnGlnleSerAspAsnIlePheValTyrTyrAlaArgGluArgValSerAsnSerLeuValTrpTyrThrLysIl

AGTAAGCCCTGATTTTTTCCTTCATATGAATAACTCAGGTGCAATAAACATTAATAATAAAATTTACCATACCGGGGACaGTATTAAAGTCAGAGAATCi 3500
eValSerProAspPhePheLeuHisMetAsnAsnSerGlyAI alleAsnIleAsnAsnLyslIeTyrHisThrGlyAspGlylleLysValArgGluSer

Kpn I
AAGATGGTACCATTCCCATAAGGATAACAAATGGTTACATTAAAAATGGCGATAATTTTTCTGATGGAACAAATCAGAACCCCTTTCAGCTTAATATGGi 3600
LysMetValProPheProTER METValThrLeuLysMetAlallellePheLeuMetGluGlnIleArgThrProPheSerLeulleTrpT

CAATTATGTCACCTACAGTGTTGTTCTTTTTCCTTCATTTCAATGAAATTGAACTTCATTATGGTGATACAGCATGGCTCGGAAAACAAATATCATGGTi 3700
hrIleMetSerProThrValLeuPhePhePheLeuHisPheAsnGlulleGl uLeuHisTyrGlyAspThrAlaTrpLeuGlyLysGlnIleSerTrpPh

TGTAGGCTACATTTCTTTTTCTGTTGTTCTGTTTAATTACTGTCTGTATCTGGTCGGAAGAAGAGAAAGTGGTTTTATTGCTACCTTCGTGCATAATATi 3800
eValGlyTyrIleSerPheSerValValLeuPheAsnTyrCysLeuTyrLeuValGlyArgArgGluSerGlyPheIleAlaThrPheValHisAsn~et

Sal I.
GATGGTCGAC 3810
AspGlyArg
FIG. 1. Nucleotide sequence of the MccB17 production genes. The nucleotide sequence of the sense strand for the four genes is presented

along with the predicted amino acid sequence of the four products. Some of the key sites used for constructions and reference are indicated.

acids), 30,757 daltons; and McbD (396 amino acids), 44,870 To determine the sizes of the gene products synthesized
daltons. from the other mcb genes, we utilized maxicells labeled with

Identification of the mcb gene products. The product of [35S]methionine. Maxicells with the MccB17-producing plas-
mcbA has been identified previously by using minicells (10). mid pMM102 are not presented because recA (pMM102)
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TABLE 2. Translational fusions in the MccB17 production genes

Plasmid and Nucleotide Gene and .c.iy
fusion no. of insertion insertiona Activity
pMM102

498 423 mcbA Ser-6
10 676 mcbB Met-1

224 792 mcbB Arg-40
244 1068 mcbB Leu-132
470 1504 mcbB Glu-277
228 1862 mcbC Pro-111 880
548 1877 mcbC Val-116 910

6 2180 mcbC Met-217 3,340
pCID909

11.25 2180 mcbC Met-217 750
18.2 2361 mcbD Ala-11 1,140
18.5 2622 mcbD Leu-98 150
33.21 2949 mcbD Ser-207 100

pMM102
483 2370 mcbD Ala-14 6,560

a The codon position is indicated. For mcbB, the second potential start site
is used as Met-1.

b P-Galactosidase activity was determined from exponential (optical den-
sity at 600 nm equals 0.5) cultures of pop3001.6 harboring the different
plasmids grown at 30° in minimal medium. Activity is expressed in Miller units
(26).

strains do not grow in minimal medium due to their defective
immunity (12, 13). The identification of products from mcbB
and mcbD in maxicells was possible from pMM102 deriva-
tives containing insertions in these genes. These previously
described plasmids (29) are listed in Table 1 and shown in
Fig. 2A. mcbB+ plasmids give a product migrating at 29,500
daltons which disappears when mcbB is mutated (Fig. 3A,
lane 4 [pSS11]). Similarly, the mcbD product was identified
as a 45,500-dalton protein which disappears in mcbD mu-
tants (Fig. 3A, lane 6 [pSS33]). It should be noted that McbD
is unstable. Following a 30-min chase, no McbD product
could be identified in maxicells (results not shown).
Because of its instability, McbD could not always be

identified in the plasmids described above. To identify this
product unambiguously, we cloned mcbD and the mcbD
mutant insertion present in pSS33 into pUC13 so that they
would be expressed from the lac promoter (Fig. 2B). This
generated plasmids pMM5066 and pMM5332, respectively.
Lanes 8 and 9 of Fig. 3A confirm that the 45,500-dalton
protein is indeed the product of mcbD. Results identical to
those described above were obtained with several other
mutations in mcbB and mcbD (data not shown). The sizes of
the products are in agreement with those predicted from the
nucleotide sequence.

Maxicells carrying pMM102 derivatives with mcbC muta-
tions did not seem to lack any band which could be identified
as McbC. The predicted size of McbC is 30,757 daltons, a
size very close to that of the bla gene product. Thus, McbC
could be masked by ,-lactamase. To clone the mcbC gene in
a plasmid lacking the bla gene, we first subcloned the
fragment spanning from PvuII (position 1515) to BglII (po-
sition 2612) (Fig. 1) into the HincHI and BamHI sites of
pUC13 to generate pMM5060 (Fig. 2C). From this construct,
we further subcloned the PvuII-EcoRI fragment containing
the mcbC gene under the control of the lac promoter into the
PvuII and EcoRI sites of pACYC184. This plasmid was
designated pMM5067 (Fig. 2C). Four different ISJO inser-
tions into mcbC were similarly subcloned into pACYC184 to
generate pMM5015, pMM5022, pMM5035, and pMM5038
(Fig. 2C). Figure 3B shows the products synthesized in
maxicells harboring the mcbC subclone pMM5067 in lane 2

and one mcbC mutation, pMM5015, in lane. 3. The three
other insertions gave identical results (data not shown). The
difference observed is the disappearance of a band of about
31,000 daltons in the mutants. This fits well with the pre-
dicted size for McbC and confirms the hypothesis that the
product can be masked by 1-lactamase.

Transcription of the MccB17 production genes. The ar-
rangement of the four genes involved in MccB17 production
suggests that these genes are transcribed as an operon. The
largest intergenic space is found between mcbA and mcbB,
and it is either 25 or 58 base pairs, depending on the exact
start site of mcbB. In this region, there is a terminator of
transcription, but readthrough transcripts can proceed into
mcbB (Z. Han and R. Kolter, manuscript in preparation).
The intergenic space between mcbB and mcbC is only 1 base
pair, and mcbC and mcbD actually overlap by 20 base pairs.
This is shown schematically in Fig. 4, line a. However,
previous results from complementation studies and tran-
scriptional fusions suggested the possibility that multiple
promoters are involved in the transcription of these genes
(16, 29). In particular, three observations were consistent
with our interpretation of multiple promoters. First, we
observed no clear polarity effects from a large number of
insertion mutations within these four genes. Second, expres-
sion of transcriptional fusions of lacZ inserted in mcbA,
mcbB, and mcbC increased during stationary phase while
expression was growth phase independent for a lacZ fusion
in mcbD. We have identified a promoter upstream of mcbA
(Pmcb) whose expression is induced after the cessation of
growth (8). This promoter could be responsible for the
transcription of mcbA, mcbB, and mcbC. However, it is not
clear how it could transcribe mcbD given the growth phase-
independent expression of the fusion in mcbD.
To investigate the contribution of Pmcb to the expression

of mcbC and mcbD, we placed the terminator cassette
omega (27) in the SmaI site within the mcbB gene of four
plasmids containing Mu d2 fusions. Fusions 228, 548, and 6
are in mcbC, while 483 is in mcbD. The exact locations of
these fusions are given in Table 2, and the omega cloning is
diagrammed in Fig. 4, lines b and c. The levels of P-
galactosidase in these plasmids, with and without the omega
terminator, were determined and are shown in Table 3. The
presence of omega almost completely abolished lacZ expres-
sion in fusions in mcbC, suggesting that Pmcb is the major
promoter for mcbC. Surprisingly, Pmcb also influences
greatly the expression of mcbD. There is close to a 10-fold
reduction in the levels of lacZ expression from fusion 483
when omega is present. The residual activity does not show
any dependence on the OmpR product. These results sug-
gested the presence of a weaker secondary promoter located
within mcbC but downstream of the site of insertion of
mini-Mu d2 in fusion 548. To identify the location of the
promoter responsible for this residual transcription, we
mapped the 5' end of the mRNA as described in Materials
and Methods. RNA was prepared from a strain harboring
pMM102 with the mcbD-483 fusion and the omega termina-
tor in the SmaI site. Figure 5 shows a cDNA of 113 bases,
corresponding to a start site located in position 2248, 83 base
pairs upstream of the mcbD start. An unusual -10 sequence
(CGGGAT) is found 4 base pairs upstream and, spaced by 17
base pairs, is a relatively close-to-consensus -35 sequence
(AGGACT) (see Discussion).

Leftward transcription of the mcb genes. All the mini-Mu
d2 (Km lac) translational fusions obtained in the four
MccB17 production genes are transcribed left to right as
shown (Fig. 4, line b). This is consistent with our findings
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FIG. 2. Structures of plasmids used in the identification of mcb gene products. (A) Restriction map of the MccB17 DNA inserted into
pBR322 in pMM102 and locations of the insertions in the derivatives pSS81, pSS11, pSS29, and pSS33. (B) Cloning of mcbD and an insertion
derivative into pUC13 to generate pMM5066 and pMM5332. (C) The two-step cloning of mcbC and insertion derivatives in a P-lactamase-free
vector, pACYC184, to generate pMM5067, pMM5015, pMM5022, pMM5035, and pMM5038. Abbreviations: B, BamHI; H, HindIII; Bg,
BglII; S, Sall; E, EcoRI; Hc, HincII; P, PvuII.

from the sequence that all major open reading frames are
transcribed and translated in the same orientation. However,
leftward transcription in the central region of the mcb genes
was suggested by several results. First, the Kmr and Bler
determinants from TnS lacking a promoter were expressed
when cloned in the BglII site within mcbD, independent of
orientation (14). Second, in the wild-type plasmid we ob-
tained an active Mu dl(Ap lac) insertion within mcbC
oriented to transcribe from right to left (16). This fusion
expressed P-galactosidase at low levels and did not show
growth phase regulation. Even though we analyzed dozens
of mini-Mu d2(Km lac) translational fusions, none was
transcribed from right to left. Therefore, we isolated mini-
Mu dl(Km lac) transcriptional fusions oriented such that
transcription was from right to left. We used pCID909 (12),
a pACYC184 derivative harboring all the MccB17 produc-
tion and immunity genes, as the target plasmid. Indeed we
found several such fusions. We mapped the site of insertion
of four of these using restriction endonucleases. Three of
them were found within mcbC and one just to the right of the
BglII site within mcbD (Fig. 4, line d). We then measured the

levels of P-galactosidase from these fusions in the multicopy
plasmid in which they were isolated. The levels in MC4100
grown in minimal medium were 352, 341, 362, and 435 Miller
units for fusions 2.11, 2.12, 3.7, and 3.8, respectively.
We then wanted to determine the exact position of the

leftward promoter responsible for this transcription. To this
end, we focused our efforts on the Sau3AI fragment present
within mcbD and spanning from the BglII site (position 2612)
to position 2745. This fragment was chosen because it is
located just to the right of the rightmost insertion, 2.11. This
fragment was cloned into the BamHI site of the promoter
probe plasmid pSL100 (21) in the appropriate orientation for
the chloramphenicol resistance gene to be expressed, i.e.,
such that the half-BglII site is proximal to the start of
chloramphenicol resistance gene translation. Cells harboring
this plasmid, designated pOG5502, are resistant to 350 ,ug of
chloramphenicol per ml.
We then attempted to identify the 5' end of transcripts

initiating from this region in the wild-type plasmid pMccB17
by S1 nuclease protection analysis. RNA was prepared from
exponential and stationary-phase cells harboring pMccB17

T T T
sem 8811 ss29
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FIG. 3. (A) Identification of McbB and McbD. Maxicells were prepared, labeled, and run in SDS-polyacrylamide gel electrophoresis as
described in Materials and Methods (11.5% gel). All cells are RYC1000 harboring. Lanes: 1, pBR322; 2, no plasmid; 3, pSS81; 4, pSS11; 5,
pSS29; 6, pSS33; 8, pMM5066; 9, pMM5332; 10, pUC13. Lane 7 contained molecular weight standards which are denoted with the horizontal
bars. The sizes in kilodaltons are shown on the right side. The McbB and McbD products are indicated with arrows from the left side. (B)
Identification of McbC by 13% SDS-polyacrylamide gel electrophoresis. Maxicells of RYC1000 harbored in lanes as follows: 1, no plasmid;
2, pMM5067; 3, pMM5015.

and was probed with two different end-labeled fragments
spanning the BgIII site. In both cases, we were unable to
detect a signal. We then prepared RNA from cells harboring
the promoter probe construction pOG5502. The probe in this
case was a fragment from pOG5502 labeled at a DdeI site
present in the vector pSL100. The probe spanned the entire
cloned Sau3AI fragment and ended in a BgIII site also
present in the vector pSL100. The results of this S1 mapping
are shown in Fig. 6. Leftward transcription from this third
promoter, designated P3, starts at position 2630. The se-
quence immediately upstream of the start site shows a good
fit with the consensus sequence for sigma-70 promoters in E.
coli (Fig. 7).

DISCUSSION

In this paper, we present the nucleotide sequence of the
genes involved in the production of the polypeptide antibi-
otic MccB17. We also present the exact sites of fusion of 13
active translational fusions as direct evidence that the four
major open reading frames in the sequence are translated
into proteins. The product of the first gene, mcbA, was
previously identified by using minicells (10). This product
was also shown to be processed to yield the active molecule.
The three other gene products, McbB, McbC, and McbD,
were identified from results presented here. The molecular
weights predicted from the nucleotide sequence correlated
well with those observed for the gene products produced in
maxicells as determined in SDS-polyacrylamide gels. The
location of the four open reading frames in the sequence also
correlates well with results obtained previously from genetic
complementation (29).
The predicted amino acid sequences of the mcbABCD

products were analyzed for their content of potential trans-
membrane domains by using the hydrophobicity values of
Kyte and Doolittle (19). The results (data not shown) suggest

that none of these proteins have membrane-spanning do-
mains, but these results must be interpreted cautiously since
some membrane-spanning domains are not predicted by
these criteria (33). None of the four proteins has a charac-
teristic signal peptide. Nonetheless, the mcbA product is
exported as the active MccB17 molecule. We have shown
that 26 amino acids are removed from the N terminus in the
processing of the primary product (10). The lack of signal
sequences and potential transmembrane domains in McbB,
McbC, and McbD suggests that they are all localized in the
cytoplasm. Elsewhere we have presented results indicating
that the products of the two genes immediately downstream
of mcbD, designated mcbE and mcbF, are in part responsi-
ble for the export of MccB17 (12). It is therefore likely that
the roles of McbB, McbC, and McbD in the production of
MccB17 are played in the cytoplasm of the producing cells.
Exactly what those roles are remains to be determined, but
we have argued that they are involved in steps prior to or

during the removal of the 26 N-terminal amino acid residues
of McbA (10). It should be noted that searches of the EMBL
and GenBank data bases revealed tno significant homologies
between these products and published sequences.

Several observations suggest that the transcription of
mcbABCD is regulated in a complex fashion which could
involve several promoters in various regions of the cluster of
genes. First, insertion mutations do riot show polarity in
complementation experiments (29). Second, while all four
genes are regulated by the OmpR activator, only fusions to
the first three genes increase in expression upon the onset of
stationary phase (16). The sinmplest interpretation of these
results is that there are two ompR-dependent promoters; one
transcribes mcbABC and is subject to growth phase regula-
tion, the other transcribes mcbD and is expressed at con-
stant levels throughout growth. Third, active transcriptional
fusions were isolated in both orientations within the mcbC

2 3
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FIG. 4. Transcriptional pattern of the MccB17 production genes. (a) The alignment of the four production genes relative to key restriction
sites. (b) The locations and orientations of mini-Mu d2 fusions within the production region. (c) The fusions that were tested for the effects
of the omega terminator inserted at the SmaI site. (d) Locations of mini-Mu dl fusions obtained which transcribe in the opposite direction
from the mini-Mu d2 fusions. The Sau3AI fragment that contains a leftward promoter is shown by the bold line. (e) The overall transcriptional
pattern of the mcb production genes. The major promoter, P,,,<,, transcribes from upstream of mcbA. There is a terminator of transcription
between mcbA and mcbB (Han and Kolter, in preparation). Readthrough transcription proceeds into mcbB, mcbC, and mcbD. Within mcbC
there is a secondary promoter, P2, transcribing mcbD. Within mncbD there is a promoter, P3, transcribing in the opposite direction.

gene (16). These findings led us to identify and characterize
the promoters responsible for the transcription of these
genes.
Between the BamHI site and the start of mcbA there is an

ompR-dependent promoter, P.,b, which transcribes right-
ward (16). We have identified the start site of P,,mcb, by using
S1 nuclease protection: transcription starts at position 345
(8). By inserting a strong transcriptional terminator within
the mcbB gene, we were able to determine the contribution
ofPmb to the transcription of mcbC and mcbD. Almost all of
the transcription across mcbC (97 to 98%) was due to the
Pmcb promoter. In the case of mcbD, it appears that about
90% of its transcription is also controlled by P,,,h,,. With a
primer extension assay, we identified an internal promoter

TABLE 3. 13-Galactosidase levels in fusions with and without
omega in ompR' and oinpR backgrounds"

ompR'+ otnpR
Fusion

Without omega With omega With omega

mcbC-228 980 20 10
mcbC-548 945 22 16
mcbC-6 2320 77 75
mcbD-483 5560 453 425

" Expressed in Miller units (26). Strains used were ompR' MC4100 and
ompR RYC514. Growth was in minimal medium.

154

75

3 _N_ - _-

a3 - _

.WWI

FIG. 5. Location of the start site for the mcbD promoter, P2.
Primer extension was done as described in Materials and Methods.
Lanes: 1, pBR322 end-labeled Hinf fragments as size standards; 2,
synthesized cDNA; 3 through 6, A, C, G, and T sequencing
reactions from M13mpl8 (24) using the 17-mer universal primer.
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FIG. 6. Location of the RNA start site for the leftward promoter
within mcbD. S1 mapping was done as described in Materials and
Methods. Lanes: 1, tRNA control; 2, RNA isolated from cells
harboring pOG5502; 3, C+T residues (23); 4, A+G residues (23).

which was responsible for the residual levels of mcbD
transcription in the absence of Pmcb (P2 in Fig. 4). The
mRNA start site for P2 is at nucleotide 2248. The -10 region
of this promoter shows little similarity with the consensus
-10 of sigma-70 promoters in E. coli. The -35 region,
however, showed a relatively good match to consensus. In
this respect, P2 is similar to Pmcb (8).
Our results indicate that most of the expression of mcbD

was due to Pmcb a promoter that was induced during
stationary phase. Thus, the lack of induction in stationary
phase of a lacZ transcriptional fusion in mcbD remains a

paradox (16). A possible explanation for this observation
may be that there is differential stability among the various
parts of the mcb mRNA. Experiments to determine the
amount and stability of RNA from the various genes in cells
harboring the wild-type plasmid are currently in progress.
A related issue when discussing the contribution of P,,nb to

the transcription of downstream genes is the existence of a

group of insertion mutations that fail to complement other
mutations in both mcbB and mcbC (29). This aberrant group
includes two IS1 insertion mutations that had been mapped
very close to the PvuII site at position 1514. The last five
codons of mcbB and the ribosome-binding site for mcbC are
located immediately to the right of this PvuII site. A possible
explanation for this aberrant complementation group is that
the insertions had occurred in this short region of functional
overlap between the two genes. With the sequence informa-
tion completed, we were able to map more accurately the
site of insertion of these mutations. We found that they are

- 3 5 -10

CTCTGACCGTTTTAAATTTATGGGTTATGATTTCATCGC

TTGACA TATAAT
FIG. 7. Fit of sequence upstream of RNA start site for leftward

promoter with consensus sequence for sigma-70 promoters in E.
cOli.

located in the region of mcbB about 100 bases upstream of
the PvuII site. Thus, the more likely explanation for the
behavior of these mutations is that these IS] insertions in
mcbB show polarity on the expression of mcbC. Indeed, IS]
insertions are usually polar (18). This polarity does not affect
mcbD because of the existence of P2. In contrast, the lack of
polarity of the IS10 insertions could be due to transcripts
proceeding from the outward promoter of this insertion
sequence.

Finally, there appears to be an antisense RNA transcript
from the MccB17 production genes. Supporting this is the
finding that transcriptional but not translational fusions can
be obtained in the opposite orientation to the translation of
mcbB, mcbC, and mcbD. We mapped the start site for this
transcript, thus defining a third promoter in this region. This
promoter was designated P3, but its transcript could only be
detected in cells harboring this promoter (which is found
within the coding region of mcbD) in a high-copy plasmid.
However, Mu dl(Ap lac) fusions to this promoter expressed
low but measurable levels of activity in the low-copy wild-
type plasmid pMccBl7. To determine if this counter tran-
script plays a regulatory role in the expression of the
MccB17 production genes, the multicopy plasmid pMM206-
d8 was introduced into cells carrying a copy of different
mcb-lacZ fusions in the chromosome. In no case was the
activity of the fusion altered by the presence of the plasmid.
This suggests that the antisense RNA does not play a
physiological role in the expression of the mcb production
genes in trans. It remains to be determined if it has any effect
in cis.
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