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Two genes, secE and nusG, situated between the tuJR and ribosomal protein rplKAJL operons in the rif
region at 90 min on the Escherichia coli chromosome, have been sequenced and characterized. The secE gene
encodes a 127-amino-acid-long polypeptide, which is an integral membrane protein essential for protein export
(P. J. Schatz, P. D. Riggs, A. Jacq, M. J. Fath, and J. Beckwith, Genes Dev. 3:1035-1044, 1989). The nusG
gene encodes a 181-amino-acid-long polypeptide and is involved in transcription antitermination. The protein
product of nusG is essential for bacterial viability. The secE-nusG genes are cotranscribed, with transcripts
initiated at the PEG promoter and terminated at the Rho-independent terminator in the region of the rplK
promoter. The majority of transcripts are processed at a number of sites in the 5' untranslated leader region
by RNase III and are possibly also processed by a second unidentified nuclease. The role of transcript
processing in the regulation of secE and nusG has not yet been established. The juxtaposition and coregulation
of a protein export factor and a transcriptional factor raise questions concerning a functional connection
between the two processes.

A cluster of essential genes that encode components of the
transcription and translation apparatuses is located at 90 min
on the Escherichia coli chromosome. The tuJB operon within
the cluster encodes four tRNAs and the translation elonga-
tion factor EF-Tu; this operon has been sequenced and its
transcription pattern has been partially characterized (1, 28).
The rpIKAJL-rpoBC gene cluster encodes, in the following
order, the four 50S subunit ribosomal proteins Lll, Li, L10,
and L12, and the P and 3' subunits ofRNA polymerase; the
nucleotide sequence of this region has also been determined,
and regulation and transcription of these genes have been
studied extensively (5, 10, 14, 21).
Two additional genes, secE and nusG, have been located

between the tufB and rplKAJL operons (24; Fig. 1). The
essential secE gene encodes a component of the protein
export apparatus and has been shown to be an integral
membrane protein (24). The nusG-encoded protein, orig-
inally detected by in vitro transcription and translation of
Xri:f (12) or after infection by this phage (29), is involved in
transcription antitermination. This protein, along with
NusA, NusB, and NusE, is required for X N-mediated
antitermination in an in vitro transcription system (J. Green-
blatt, personal communication). In addition, mutations in
nusG suppress the E. coli nusAl and nusE71 mutations and
restore the activity of the N protein of X (S. L. Sullivan, F.
Ward, and M. E. Gottesman, manuscript in preparation).
Because of the importance of secE and nusG gene products
in essential cellular functions, we have studied the organi-
zation, regulation, transcription, and expression of these
genes. In this work, we present the sequence and transcrip-
tion pattern of the secE-nusG operon. We demonstrate that
nusG is essential for bacterial viability, and we show that
secE, required for protein export, and nusG, implicated in
transcription antitermination, are arranged in a bicistronic
operon.

* Corresponding author.

MATERIALS AND METHODS

Media and growth conditions. Bacteria were grown expo-
nentially at 32 or 37°C in Luria broth (LB) or M9 minimal
salts medium (17) supplemented with glucose (0.2% [wt/
vol]), required amino acids (50 ,ug/ml), thiamine (0.5 ,ug/ml),
and NAD when required (1 ,ug/ml). Growth was monitored
by measuring the A460. Kanamycin and ampicillin were each
added to 50 ,ug/ml when necessary.

Plasmid, phage, and bacterial construction. Standard bac-
teriological techniques, e.g., transformation and P1 trans-
duction, were as previously described (25). The structures
and constructions of plasmids are illustrated and described
in Fig. 1.

Bacteriophage int2 cI857 nusG::KAN (YU129) was

constructed by a three-step procedure. First, the 2.1-kilo-
base (kb) EcoRI fragment from pSS105 was cloned into the
unique EcoRI site located in the b region of cloning vector
XNF1955 (9) yielding YU109 (X c1857 ninS SamlOO nusG+).
The kanamycin cassette interrupting the nusG gene was

introduced into an nin+ S+ derivative of YU109 by in vivo
genetic recombination with pSS110, selecting for A kanamy-
cin-resistant transducing phage. Finally, the int2 mutation
was introduced by standard phage crosses.
The bacterial strains used in this study are summarized in

Table 1. Construction of bacterial strains SS164 and SS165
was performed as follows: MC4100 was spotted with
X int2 cI857 nusG::KAN (YU129) at 320C on tryptone broth
plates. A kanamycin-resistant, temperature-sensitive lyso-
gen (SS159) was isolated from the center of the spot, and a

X-resistant variant (SS161) was obtained after challenge with
X i21cI. Strain SS161 was transformed with plasmid pBR322
or pSS105, selecting for ampicillin resistance to yield strains
SS164 and SS165, respectively.
DNA sequencing. Standard recombinant DNA procedures

were by the method of Maniatis et al. (15). DNA sequencing
was done by the dideoxynucleotide-chain termination
method (16, 22, 23). Appropriate DNA fragments were

cloned into M13mp18, M13mp19, pUC18, or pUC19 as

1621

JOURNAL OF BACTERIOLOGY, Mar. 1990, p. 1621-1627
0021-9193/90/031621-07$02.00/0
Copyright © 1990, American Society for Microbiology



1622 DOWNING ET AL.

SCALE tbp)

-500 0 500 1000 1500

GENOMIC =
MAP

tufb (EFTO T xX secE nuS6 T rIK (LI I)

S N L* p NR H A N pE

PLASMIDS
N~~~~~~~~~~~~~~~~~~~

pSS 0S5 (S -'E)
pBRU (S C) IKAN INSERT-DSS 107

IKAN INSERT-pSS I1

SI PROBES

3.

FIG. 1. Genetic organization of the secE-nusG gene cluster. The
positions of the tufB (EF-Tu), secE, nusG, rplK (Lil) genes are

denoted by the filled rectangles. Abbreviations for selected restric-
tion sites are indicated, and their positions on the nucleotide scale
are as follows: Sinal (S, -684); NMA (N, -117, 1013); NrcI (NR,
347); HincIl, HpaI (H, 419); Asp718 (A, 753); EcoRI (E, 1438). The
SmaI site at position -684 corresponds to the Smal site at position
491 by the sequence numbering system of An and Friesen (1).
Nucleotide 1158 and the EcoRI site at nucleotide 1438 correspond to
positions 1 and 280, respectively, in the sequencing numbering
system of Post et al. (21). The transcription start sites PEG and PL11
(5) are at positions 60 and 1235, respectively. The terminators (T) for
tlufB and secE-nusG genes are located at positions 66 and 67 and
positions 1238 through 1247, respectively. The RNase III processing
sites (RNase III) are situated at nucleotides 96 and 129. A prominent
5' transcript end which is located at nucleotide 216 is indicated by X.
Cloned derivatives of this chromosomal region are as follows.
Plasmid pTUB2 contains a 6.4-kb EcoRI insert derived from the 90
min region of the E. coli chromosome and contains the rrnB operon,
as well as tufB, secE, nusG, and the proximal portion of rplK (18;
this work). The SmaI-EcoRI 2.1-kb fragment from pTUB2 was

ligated to an EcoRl linker at the Smala end and was inserted into the
EcoRl site of pBR322 to produce pSS105. Plasmid pBRU is identical
to pSS105 except that the SmaI-EcoRI fragment was obtained from

rIf'18 (13); the fragment was inserted between the EcoRI site and
the blunt-ended Clal site (filled in with Klenow enzyme) of pBR322.
Plasmid pSS107 was constructed from pSS105 by insertion of a

kanamycin resistance cassette (KAN) from pUC4KISS (Pharmacia)
into the NruI site at nucleotide 347. The HinclI-EcoRI 1.0-kb
fragment was inserted into the SmaI-EcoRI site of pT7-6, a deriva-
tive of the T7 promoter vector pT7-1 (26), to give plasmid pSS108.
Plasmid pSS110 was obtained by inserting KAN into pSS108 at the
Asp718 site at position 753. The probes used for Si nuclease
protection experiments were the 5'-end-labeled Smal-Hpal 1.1-kb
fragment (top) and the 3'-end-labeled Ncil-Ncil 1.1-kb fragment
(bottom). bp, Base pairs.

templates. Universal forward and reverse primers were used
to sequence both strands. The molecular length sequencing
ladders used to size the products of primer extension reac-

tions were generated with the oligonucleotide primers
oWD32 or oWD33.

Oligonucleotides. Oligodeoxyribonucleotides were synthe-
sized on an Applied Biosystem 380A DNA synthesizer and
were deprotected and purified as described by Atkinson and
Smith (3). The oligonucleotides used for primer extension
were:

oWD32 5'-GCAATCAGAATTACTACGGC-3'
oWD33 5'-CGGAAAACGCCTGAACGACG-3'

oWD32 is complementary to a sequence in the seciE gene

(positions 378 to 397); oWD33 is complementary to a se-

quence in the proximal region of the niusG gene (positions
654 to 673).

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description'

Strain
C600 .....rth leia trp tlii recA
PD828..... C600(pBRU)
PD858..... C600(pSS107)( pBRU::KAN)
N99..... F -gaIK2 Strr
N2076..... F tii arfgHl nad-84 la(CYl gal-6 nalAl X'

XV/-7 ara-13 ntl-2 str-9 tonA2 rtnc-
N2077..... F /ti argHl nad-84 lacYl gal-6 nalAl X'

.xV/-7 aria-13 ntl-2 str-9 tonA2 rn-105
N3431..... HfrPOI rel-I thi-I lacZ43 rne-3071(Ts)
N3433..... HfrPO1rel-I thi-l lacZ43 rne+
MC4100 ..... F araDl39 A(argF-/ac)U169 rpsLS50

relA flbB5301 deoCI ptsF23 rbsR
SS77..... N99(pSS105)
SS159 ..... MC4100A int2 (1857 nusG::KAN
SS161 ..... MC4100A int2 c1857 nlisG::KAN Kr
SS164 ..... MC4100 K int2 c1857 nusG::KAN(pBR322)
SS165 ..... MC4100 K int2 c1857 niisG::KAN(pSS105)
SS200 ... .. MC4100(pBR322)

Plasmid
pBRU..... secE nlusG
pSS105 ..... secE niusG
pSS107 ..... se(E::KAN nlusG (=pBRU::KAN)
pSS108 ..... ni.sG
pSS11O.u......nsG::KAN

For the bacterial gene content of the plasmids, only the full-length
bacterial genes are listed. For additional details concerning plasmid construc-
tion and content, see legend to Fig. 1.

Oligonucleotides (250 ng) were 5' end labeled at 37°C for
40 min with 10 U of T4 polynucleotide kinase and 100 pCi of
[y-32PIATP in 20 [LI of kinase buffer (0.1 M Tris chloride [pH
8.0], 5 mM dithiothreitol, 10 mM MgCl2). The reaction was
terminated by the addition of 1 pLl of 0.5 M EDTA (pH 8.0)
and incubation at 65°C for 5 min. Eight micrograms of carrier
tRNA was added, and the reaction volume was taken up to
100 pI with TE (10 mM Tris chloride [pH 7.5], 1 mM EDTA).
The labeled oligonucleotide was purified by two successive
ethanol precipitations in the presence of 2.5 M ammonium
acetate and was redissolved in 20 to 50 pLI of TE.

Si nuclease mapping. Total cellular RNA was prepared by
the method of Downing and Dennis (5). Isogenic rne+lrne
strains N3433 and N3431 were grown in M9 minimal salts
media at 30°C to an A460 of approximately 0.4. The cultures
were then shifted to 44°C for 15 or 30 min; RNA was
prepared from these cultures.
The 3' and 5' ends of in vivo mRNA transcripts were

analyzed by SI nuclease mapping as described by Berk and
Sharp (4) and as modified by Favaloro et al. (6). Conditions
for hybridization and Si nuclease digestion were described
previously (5). The 5'-end-labeled SmaI-HpaI 1.1-kb frag-
ment and the 3'-end-labeled NciI-NciI 1.1-kb fragment were
used to locate 5' and 3' transcript ends, respectively (Fig. 1).
Both probes span the tufB-secE intergenic region. Molecular
length standards were MspI fragments of pBR322, 3' end
labeled with Klenow enzyme and [o-32P]dCTP.
Primer extension. Analysis of transcript 5' ends by the

primer extension method was carried out by the method of
Newman (19). Ten micrograms of total cellular RNA and 1
ng of 5'-end-labeled oligonucleotide primer were heated at
65°C for S min in 10 pLI of 160 mM KCl, 40 mM Tris chloride
(pH 8.5), and 1 mM EDTA (pH 8.0). The mixture was cooled
gradually to 42°C and incubated at 42°C for 1 h. Five units
each of avian myeloblastosis virus reverse transcriptase
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(Pharmacia, Inc.) and RNase inhibitor (Pharmacia) were

then added to the reaction, with 10 ,ul of 10 mM MgCl2, 10
mM P-mercaptoethanol, and 1 mM of each deoxyribonucle-
otide. Incubation was continued at 42°C for 1 h. The reaction
was stopped by the addition of 2 of 0.5 M EDTA and 78
,ul of TE. The products were precipitated with ethanol in the
presence of 0.3 M sodium acetate. The pellet was dissolved
in 5 of formamide sequencing dye mix, and the radioac-
tivity was measured by Cerenkov counting. Reaction prod-
ucts were analyzed on an 8% polyacrylamide-urea sequenc-

ing gel alongside a sequencing ladder generated with an

appropriate single-stranded template and the same primer
(but unlabeled) as that used in primer extension.

RESULTS AND DISCUSSION

A physical map of the 1,318-nucleotide-long region be-
tween the end of the tufB gene and the beginning of the rplK
gene is depicted in Fig. 1. The complete nucleotide sequence
of this region was determined with the SmaI-EcoRI 2.1-kb
fragments obtained from both genomic DNA (carried on

pSS105) and Xrifd18 (13). The two sequences were identical
(Fig. 2). The region contains two long open reading frames
that have been designated secE and nusG.
The distance between the end of the tuiB gene and the

beginning of the secE open reading frame is 229 nucleotides
(Fig. 2). Overlapping sequences characteristic of a Rho-
independent transcription terminator and an RNA polymer-
ase promoter recognition sequence occur immediately after
the tujB gene (between nucleotide positions 20 and 70). If
functional, the terminator would reduce or prevent exten-
sion of the abundant tuJR transcripts into the secE-nusG
region. Transcripts initiated at the promoter would contain a

5' untranslated leader of approximately 180 nucleotides in
length.
The secE gene (positions 240 to 620) encodes a 127-

amino-acid-long polypeptide that is rich in hydrophobic
residues. On the basis of a number of different alkaline
phosphatase fusions to secE, Schatz et al. (24) have sug-
gested that the secE gene product is an integral membrane
protein containing three membrane-spanning domains.
These domains, representing residues 19 through 36, 45
through 63, and 93 through 111, are 18 or 19 amino acids in
length and are devoid of charged residues. The amino
terminus of the protein is believed to be localized to the
inside surface and the carboxy terminus to the outside
surface of the cell membrane. The position of the initiating
methionine codon at nucleotide 240 is supported by the
isolation of a secE-phoA gene fusion with a junction imme-
diately after the GAA glutamic acid codon at nucleotide 282.
The initiation codon is preceded by a ribosome binding
sequence at positions 230 to 233. The isolation of a cold-
sensitive mutant indicates that the secE product is required
for cell viability; presumably, it plays an essential role in the
bacterial protein translocation system (24).
Only a single nucleotide separates secE from the open

reading frame designated nusG. The nusG gene begins with
an ATG methionine codon at position 625 and encodes a

polypeptide of 181 amino acids in length. This protein
contains a high proportion of acidic (14%) and basic (15%)
residues and therefore is probably not an integral membrane
protein. Two fusions of alkaline phosphatase to nusG at
codons three and six confirm the position of the initiation
codon (24). This conclusion has recently been substantiated
by an N-terminal amino acid sequence of the purified nusG
protein. (J. Greenblatt, personal communication).

The nusG-rpIK intergenic space is 158 nucleotides in
length. This region contains the major promoter for tran-
scription of the rplKAJL-rpoBC gene cluster, which initiates
at or near nucleotide 1235 (Fig. 2) (5, 21). This promoter
region overlaps the terminator site for transcripts exiting the
nusG gene.
The nusG gene is essential. We have demonstrated that

nusG is essential for bacterial viability in a series of gene
disruption experiments. The bacteriophage A c1857 int2
nusG::KAN (YU129) carries a secE-nusG region disrupted
by the insertion of a kanamycin resistance cassette at the
Asp718 restriction site (nucleotide 753) within the nusG
coding region. Lysogens of MC4100 were selected as kan-
amycin-resistant survivors of infection with YU129 at 32°C
(see Materials and Methods; Fig. 3). Since YU129 is inte-
gration defective, stable lysogens arose almost exclusively
through homologous recombination in or around the secE
and nusG genes and were merodiploid for the region nusG+-
A int2 cI857-nusG::KAN. Lysogen SS159 was first rendered
X resistant and was subsequently transformed with either
pBR322 or pSS105 (nusG+) to give strains SS164 and SS165,
respectively.
Lysogens for A c1857 are killed by thermal induction of the

prophage; rare temperature-resistant survivors represent
cells in which homologous recombination between flanking
sequences removed the prophage prior to induction. If the
intact chromosomal nusG gene is dispensible for growth, a
significant percentage of the surviving bacteria should carry
the nusG: KAN marker. However, if the chromosomal nusG
gene is essential, virtually all of the survivors should be
kanamycin sensitive. Our results support the latter possibil-
ity. Strains SS164 and SS165 were plated at 42°C on LB-
ampicillin and LB-kanamycin plates, and the fraction of
survivors that were kanamycin resistant for each strain was
determined. Whereas 12.6% of the SS165 survivors were
resistant to kanamycin, only 0.02% of the SS164 survivors
grew on LB-kanamycin (Table 2).
The kanamycin-resistant survivors of strain SS165 pre-

sumably carry a defective nusG::KAN allele on the chromo-
some and a complementing nusG allele on the plasmid. To
support this assumption, we attempted to P1 transduce the
nusG::KAN marker from the temperature-resistant SS165
survivors to a new background. Numerous kanamycin-
resistant transductants of strain SS77 with a plasmid-borne
nusG+ allele were obtained. In contrast, no kanamycin-
resistant transductants of strain SS200 carrying pBR322
were obtained. These data indicate that a nusG null mutation
cannot be introduced into E. coli in the absence of a

complementing nusG+ allele. Taken together with the pre-
vious results of Schatz et al. (24), it is clear that both the
secE and nusG genes are essential for viability.

Transcript mapping. Plasmids pSS105 and pBRU contain
the 2.1-kb SmaI-EcoRI fragment and are capable of comple-
menting lethal mutations in the chromosomal secE (24) and
nusG genes. Neither plasmid contains the upstream tufB
promoter, suggesting the secE and nusG are transcribed
independently of tufB. In vivo transcripts derived from the
secE-nusG region on the bacterial chromosome and the
plasmid pBRU were characterized by primer extension and
S1 nuclease protection analysis. For this purpose, two
synthetic oligonucleotides, one complementary to a region in
secE (oWD32) and the other complementary to a region in
nusG (oWD33), were prepared.
The 5' transcript end sites in the tupB-secE intergenic

space were analyzed with oWD32 to prime reverse transcrip-
tion with total RNA isolated from a number of different
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FIG. 2. Nucleotide sequence of secE-nusG genes. The predicted amino acid sequences of secE and nusG are given below the DNA
sequence. The secE gene is located between nucleotides 240 and 620; the nusG gene is located between nucleotides 625 and 1167. The PEG
and PL11 transcription initiation sites are depicted by arrows at positions 59 and 1235, respectively. The -10 and -35 sequences associated
with these 5' transcript end sites are indicated. Other 5' transcript ends that originate from processing or weak promoters are indicated by
X for major and x for minor mRNA species. The sites of RNase III processing are noted. Sites of transcription termination of tufB mRNA
and the secE-nusG mRNA are shown by filled circles at positions 66 and 67 and 1239 through 1241, respectively. Sequences exhibiting
inverted repeat symmetry associated with termination are indicated by overbars. Oligonucleotides oWD32 and oWD33, which were used as
primers for primer extension experiments, are complementary to the indicated sequences. The kanamycin resistance cassette was inserted
in the NruI site at position 347 (pSS107) or in the Asp718 site at position 753 (pSS110). The HpaI site (419) and the NciI site (1013) indicate
the ends of restriction fragments, SmaI-HpaI (1.1 kb) and NciI-NciI (1.1 kb), respectively, which were used as probes for S1 nuclease
mapping. The HinclI site (419) is the same as the HpaI site. The terminal portion of the nucleotide sequence of An and Friesen (1) extends
to position 79. The two sequences are identical in the overlapping region with one exception; beginning at postion 41, our nucleotide sequence
has a run of four consecutive As compared with a run of three consecutive As in the sequence of An and Friesen (1). These data have been
submitted to GenBank under accession no. M30610.

bacterial strains. A total of seven different 5'-end sites were

evident with RNA from strain C600 (Fig. 4A, lanes 3 and 5);
these sites are located at or near nucleotide positions 60, 96,
129, 149, 161, 178, and 216. Only the sites at positions 60 and
161 are preceded by easily recognizable and appropriately
spaced -10 and -35 promoter consensus sequences. The

intensities of the seven 5'-end sites were uniformly enhanced
when RNA from strain C600 containing the pBRU plasmid
(PD828) was used as the template (Fig. 4A, lane 1). This
observation indicates that the transcripts derived from the
secE-nusG region of the chromosome and the recombinant
plasmid are identical and implies that transcription is not

40

J. BACTERIOL.



E. COLI secE-nusG OPERON 1625

nus6' KAN 'nusE
YU129

R

nuAXXIGl%'l

B SS159

_ , - _

.,_- _.

* X-z

[\\\UIN c16S7 ,mt2
nusG nus6' KAN 'nus6

cm
nus6 KAN 'nus6

11I _I

nU

HJ

DII D 11

NXXXXX%1 OR LXXUXO
nus6 nusG' KAN 'nuOS

FIG. 3. Disruption of the nusG gene. (A) X int2 c1857
nusG::KAN (YU129) inserts into the E. coli chromosome by ho-
mologous recombination. (B) The resultant nusG-X-nusG::KAN
merodiploid. (C) Recombination between the nusG repeats removes
the X prophage. (DI and DII) Two possible nonlysogenic recombi-
nation products.

dependent on the upstream tufB promoter. The oligonucle-
otide oWD33, complementary to a region in nusG, was also
used to locate 5' transcript ends. The 5'-end sites of the
products generated with this primer correspond to those
generated with oWD32 (data not shown).

Plasmid pSS107 contains a kanamycin cassette inserted
into the NruI site at nucleotide position 347 within the secE
gene. When RNA from a strain carrying this plasmid
(PD858) was used in the primer extension assay with oWD32
as primer, only the low-level transcripts derived from the
chromosomal secE-nusG region were detected (Fig. 4A,
lanes 2 and 4). Si nuclease analysis clearly demonstrated
that few, if any, transcripts exit from the kanamycin cassette
(data not shown). Together, these results indicate that the
secE and nusG genes are cotranscribed and that the kana-
mycin cassette on plasmid pSS107 induces transcriptional
polarity on the downstream nusG gene.
The two 5'-end sites, at nucleotide positions 96 and 129,

are located at nearly opposite positions within a region of
inverted repeat symmetry. The endonuclease RNase III is
known to recognize interrupted RNA hairpins and to cleave

TABLE 2. A nusG::KAN mutant is inviable

Survivors
Strain Plasmid per ml (104) Kanr/Ampr

LB-amp LB-kan

SS164 pBR322 1540 0.3 0.02
SS165 pSS105 (nusG+) 460 57.9 12.6

a Strains SS164 and SS165 are xr lysogens of X cI857 nusG::KAN, bearing
pBR322 or pSS105 (nusG+), respectively. Cells were grown overnight in
LB-ampicillin (amp) (50 jig/ml) at 32°C to a density of 4 x 109 cells per ml.
Appropriate dilutions were plated on LB-ampicillin (50 p.g/ml) or LB-kana-
mycin (kan) (50 jig/ml), and the number of colonies were determined after
overnight incubation at 42°C.

FIG. 4. Transcript mapping by primer extension and Si nuclease
protection. (A) Primer extension with oWD32 as the primer. Reac-
tion products from primer extension experiments were analyzed on
an 8% polyacrylamide-urea sequencing gel alongside a sequencing
ladder (G, A, T, C). The major 5' transcript ends are located on the
DNA sequence at positions 60, 96, 129, and 216. The minor 5'
mRNA ends are indicated by Xl, X2, and X3, and correspond to
nucleotide positions 149, 161, and 178, respectively. Ten micro-
grams of total cellular RNA, prepared from the following strains,
was used for each reaction: PD828 [C600(pBRU)] (lane 1), PD858
[C600(pSS107) (= pBRU::KAN)] (lanes 2 and 4), C600 (lanes 3 and
5); N2076 (rnc+) (lane 6), N2077 (rnc) (lane 7), N3433 (rne+) (lane 8),
and N3431 (rne) (lane 9). Lanes 1 through 3 are short exposures (30
h) and lanes 4 through 9 are long exposures (2 weeks). (B) Nuclease
Si mapping of 5' transcript ends derived from the tufB-secE
intergenic region. The 5'-end-labeled SmaI-HpaI 1.1-kb restriction
fragment was used as the probe; five micrograms of RNA was used
in each reaction. Lanes: 1, molecular length markers (MLM) are
3'-end-labeled MspI fragments of pBR322 (their lengths are 623, 528,
405, 310, 243, 239, 218, 202, 191, 181, and 161 nucleotides); 2, C600
RNA; 3, N2076 RNA (rnc+); 4, N2077 RNA (rnc); 5, rRNA
(control); 6, 5'-end-labeled SmaI-HpaI 1.1-kb probe. The predomi-
nant 5' transcript ends are correlated with their respective primer
extension counterparts. The probe (P) and the nucleotide positions
of transcript termini are indicated. (C) Nuclease Si mapping of 3'
transcript ends derived from the tuiB-secE intergenic region. The
3'-end-labeled NciI-NciI 1.1-kb DNA fragment was used as the
probe (lane 2). The lane designations are similar to those described
for panel B. The 3' transcript ends are situated on the DNA
sequence at positions 11, 18, 44, 53, and 67.

a number of different precursor mRNA and rRNA substrates
(5, 7, 11). The RNAs from an RNase III mutant strain
(N2077) and its isogenic wild-type parent (N2076) were
examined by primer extension to determine if these sites
were generated by RNase III cleavage (Fig. 4A, lanes 6 and
7). In the mutant strain, the 5'-end sites at positions 96 and
129 were greatly reduced and the intensity of the 5'-end site
at position 60 was correspondingly increased. This result
suggests that a precursor RNA with a 5'-end site at position
60 is either partially or slowly cleaved by RNase III at
position 96 or 129 or both and that the site at position 60
probably represents the major transcription initiation site for
the secE-nusG mRNA.
As implied by their relative autoradiogram intensities,

transcripts with 5' termini at positions 129 and 216 are the
predominant mRNA species (Fig. 4A and B). The 5' tran-
script end at nucleotide 216 is of unknown origin; it may
have been generated from the transcript initiated at nucleo-
tide 60 by some unidentified nucleolytic activity. If so, it
appears that the majority of transcripts initiated at position
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60 are processed upstream of the secE coding region; this
posttranscriptional event may provide an additional level of
regulation in the expression of these genes. For example,
Portier et al. (20) have suggested that RNase III processing
at the 5' end of the polynucleotide phosphorylase messenger
triggers 5'-to-3' transcript decay. RNase III processing in the
secE-nusG transcript leader may have a similar function.
The endonuclease, RNase E, excises precursor 5s rRNA

from the nascent rRNA transcript and cleaves RNA I, a
transcript involved in replication of ColEl plasmid DNA (2,
8, 27). The consensus recognition sequence for this enzyme
exhibits some resemblance to the sequence surrounding the
anomalous but abundant end site at position 216. To deter-
mine if RNase E was responsible for generating the nucleo-
tide 216-end site, total RNA was isolated from a tempera-
ture-sensitive RNase E mutant strain that had been
incubated for 15 or 30 min at the restriction temperature of
44°C. Primer extension with oWD32 indicated that none of
the extraneous 5'-end sites, including the one at position 216,
were produced by RNase E cleavage (Fig. 4A, lanes 8 and
9).
The 5' transcript ends detected by primer extension were

confirmed by Si nuclease protection experiments (Fig. 4B).
Total cellular RNAs isolated from strain C600 and rnc+lrnc
strains N2076 and N2077 were used to protect the 5'-
end-labeled SmaI-HpaI 1.1-kb fragment spanning the tufB-
secE intergenic region (Fig. 1). The ends of fragments
protected from S1 nuclease digestion correspond to the
transcript ends observed in the primer extension experi-
ments (Fig. 4A and B).

Si nuclease protection experiments, with the 3'-end-
labeled NciI-NciI 1.1-kb probe (Fig. 1), indicated that tran-
scripts exiting the tufB gene are efficiently terminated. The
longest transcripts terminate at or near nucleotide position
67. This end site is probably a Rho-independent transcription
terminator; it lies within a tract ofT residues and is preceded
by inverted repeat symmetry. A number of other shorter but
more abundant transcripts with 3'-end sites near nucleotide
positions 11, 18, 44, and 53 were also detected (Fig. 4C). All
of these sites lie beyond the tufB termination codon. It is
unclear whether these 3'-end sites are generated by termi-
nation events or by nuclease cleavage in the 3' untranslated
portion of tufB mRNA.
The 3' end of the secE-nusG transcript has been previ-

ously mapped from nucleotides 1238 to 1247 within a T-tract
sequence that is preceded by inverted repeat symmetry (Fig.
2) (5). There is little if any transcription readthrough into the
downstream rplK gene. The major promoter for the
rplKAJL-rpoBC gene cluster initiates transcription at or near
nucleotide 1235. The overlap of this transcription start site
with the secE-nusG termination site may permit some regu-
latory interaction between these two secE-nusG and
rplKAJL gene clusters (5).

In conclusion, secE and nusG genes have been shown to
be essential and their nucleotide sequences have been deter-
mined. This completes the nucleotide sequence of the entire
rif region of the E. coli chromosome. The two genes are
cotranscribed, with transcription initiation occurring at the
PEG promoter and termination occurring at the Rho-indepen-
dent terminator in the vicinity of the rplK (PL11) promoter.
The majority of transcripts are processed in the 5' untrans-
lated leader region by RNase III and probably also by a
second unidentified nuclease. Whether transcript processing
is a regulatory feature of nusG and secE expression requires
further investigation. In addition, the juxtaposition and
coregulation of a transcriptional factor and a protein export

factor raise questions concerning a possible functional con-
nection between these two essential cellular processes.
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