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ABSTRACT The promoter-proximal portion of the oper-
on containing the Escherichia coli nusA gene has been cloned.
Its nucleotide sequence shows that genes for tRNAM® and a
15-kilodalton protein of unknown function precede the nusA
protein gene. The sequence suggests that the three genes form
a single transcription unit. Consistent with this hypothesis, pu-
rified RNA polymerase formed full-length transcripts on the
cloned DNA in vitro, although transcription was frequently
arrested at the intercistronic site(s) between the gene for
tRNAM* and the 15-kilodalton protein.

The N gene product of coliphage \ permits transcription of
the phage-delayed early and late genes by overcoming tran-
scriptional termination barriers (1). Many Escherichia coli
mutants that fail to support the action of N protein and A
growth have been isolated, and they are named nus, standing
for N utilization substance (2, 3). The protein products of the
genes, nusA and nusB, the former of which has been shown
to be the same as L factor (4), are required for efficient tran-
scription of not only A genes but also E. coli genes including
the #rp and lac operons (5, 6).

The nusA gene product, a 69-kilodalton (kDa) protein with
an isoelectric point of 4.6, binds to N protein (7, 8) or to E.
coli core RNA polymerase but not to the RNA holopolymer-
ase (9). In a coupled in vitro transcription—translation sys-
tem, it stimulates the synthesis of B-galactosidase (6). It also
acts as a factor that causes RNA polymerase to pause at
some transcriptional termination signals (10-12).

nus functions may interact with ribosomes in E. coli: an-
other mutant, nusE, alters the ribosomal protein S10 (13). It
seemed possible that the clues to interaction of transcription
and translation might also be found in genomic organization
of other nus genes. We therefore cloned the nusA gene re-
gion and found two genes, for tRNAM® and a 15-kDa pro-
tein, that precede the nusA gene in a common transcriptional
unit.

MATERIALS AND METHODS

Strains and General Methods. The strains of E. coli, bacte-
riophage A, and plasmids used are listed in Table 1. The
methods used for cloning the genes have been described
(16). Plasmid DNA was purified as described (17). Slab gels
(2 mm thick x 13 cm) of 5% or 3% polyacrylamide or 1%
agarose in 90 mM Tris borate, pH 8.3/4 mM EDTA contain-
ing ethidium bromide at 0.5 ug/ml were used for determina-
tion of the electrophoretic mobilities of the DNA fragment
and the RNA transcript. The sizes of the DNA fragments
and the RNA transcripts were estimated from their mobil-
ities relative to that of the HindIIl fragments of A phage
DNA or the Hinfl fragments of pBR322 DNA. DNA frag-
ments were extracted from agarose or acrylamide gels as de-
scribed by Yang et al. (18) or Maxam and Gilbert 19).

Enzymes and Chemicals. All enzymes were used under the
conditions specified by the suppliers. The restriction en-
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Table 1. Strains of E. coli, bacteriophage \, and plasmid used
Source or
Strain or plasmid Relevant genotype reference
E. coli
K37 rpsL,galK2 2
K95 nusAl,rpsL.galK2 2
N17-9 recAam trp,rpsL,recA99,uvrA H. Ogawa
Bacteriophage
AcI90 Our laboratory
Plasmid
pBR322 AmRTcR 14
pLC34-4 imm¢<°'E! 15
pKU1 nusA-expressing fragment of This work

pLC34-4 cloned in pBR322

zymes, T4 DNA ligase, and T4 polynucleotide kinase were
purchased from Takara Shuzo (Kyoto, Japan). Bacterial al-
kaline phosphatase and RNase T1 were purchased from
Boehringer Mannheim. RNase A and RNase U2 were ob-
tained from Sigma. RNase Phy I was supplied by P-L Bio-
chemicals. [*>S]Methionine (400 Ci/mmol; 1 Ci = 37 GBq)
and *?P; were from New England Nuclear, [a-3?PJUTP (410
Ci/mmol) was from Amersham, and [y-**PJATP and [y-
2PIGTP (5,000-7,000 Ci/mmol) were synthesized as de-
scribed by Johnson and Walseth (20). E. coli RNA polymer-
ase was prepared by the method of Burgess and Jendrisak
(21). NusA protein was purified as reported by Greenblatt et
al. (11).

Determination of Nucleotide Sequences. The nucleotide se-
quences of DNA fragments were determined as described by
Maxam and Gilbert (19). The cleaved products were frac-
tionated on 5% and 20% polyacrylamide gels in 8 M urea.
The nucleotide sequence near the 5’ end of RNA was deter-
mined by analysis of the products of partial digestion of [y
32P]GTP-labeled RNA with RNase A, RNase T1, RNase U2,
al;d RNase Phy I essentially as described by Simoncsitz et
al. (22).

Determination of the NH,-Terminal Amino Acid Sequerice.
A manual Edman degradation procedure (23) was used to
determine the NH-terminal sequence of the nusA protein
with slight modification as described by Hase et al. (24).

Transcription of DNA Fragment. The 1.9-kilobase-pair
(kbp) Pst I DNA fragment from pKU1 was transcribed with
E. coli RNA polymerase. The reaction mixture (200 ul) was
40 mM Tris-HCl, pH 7.8/10 mM MgCl,/0.1 mM dithiothrei-
tol/10% (vol/vol) glzycerol/0.04 mM ATP/CTP/GTP/UTP
including either [a-**P]JUTP (0.6 Ci/mmol), [v3?P]ATP (31
Ci/mmol), or [»**PIGTP (31 Ci/mmol), 1 ug of DNA frag-
ment, and 2 ug of E. coli RNA holopolymerase. After incu-
bation of the mixture for 30 min at 37°C, an equal volume of
0.6 M sodium acetate, pH 5.0/1% NaDodSO, containing 100
ug of E. coli tRNA per ml was added. Samples were then
extracted with phenol, precipitated with ethanol, and ana-
lyzed by gel electrophoresis (in Tris borate/EDTA) on 3%

Abbreviations: kDa, kilodalton(s); kbp, kilobase pair(s).
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polyacrylamide gels containing 7 M urea as described (25).
Identification of Plasmid-Encoded Proteins. Plasmid-en-
coded proteins were located on 12% polyacrylamide/
NaDodSO, gels (26) by the “maxicell” technicgue (27) with a
uvrA recA phr* cell as the plasmid host and [>>S]methionine
(400 Ci/mmol) at a concentration of 10 uCi/ml. Gels were
dried and exposed to XAR-5 x-ray film (Kodak) at —80°C.

RESULTS

Cloning of the nusA Gene. The nusA gene is near the argG
gene at 68 min on the E. coli chromosome (28). The pLC34-4
plasmid has been reported to carry the argG gene (15) and
may bear the nusA gene. To check this possibility, an E. coli
mutant strain, nusAl, lacking functional nusA protein was
transformed with plasmid pLLC34-4. As a transformant was
restored to the nusA* phenotype (the ability to grow A\
phage), we concluded that plasmid pL.C34-4 carries the func-
tional nusA gene. To obtain a plasmid containing the shorter
insert, strain nusAl was transformed with a ligation mixture
of Pst I fragments from pL.C34-4 and pBR322 DNAs. Of
about 200 tetracycline-resistant transformants screened, five
colonies allowed growth of AcI90 phage at 42°C. The plasmid
DNAs extracted from these transformants were analyzed.
Analysis of the DNA with restriction enzymes showed that
all of these plasmids contain the same DNA insert of about
1.9 kbp, although both orientations are present (Fig. 1). We
designated these two types of plasmids pKU1 and pKU1'.

Nucleotide Sequence of the 5’ Upstream Region of the nusA
Gene. We determined the sequence of the inserted DNA of
the 1.9-kbp Pst I fragment from pKU1. The sequence analy-
sis strategy is shown in Fig. 2. The partial sequence (Fig. 3)
revealed a structural gene for tRNAM® (nucleotides 9-85)
followed by two open reading frames [nucleotides 320-739
and 770-1801 (the end of the insert of pKU1)].

The second open reading frame, starting at nucleotide 770,
permits translation of the nusA protein: the amino acid se-
quence of five residues from the NH, terminus of the nusA
protein, which was purified from E. coli strain K37, was de-
termined to be NH,-Met-Asn-Lys-Glu-Ile (data not shown),
which is consistent with the sequence predicted from the nu-
cleotide sequence shown in Fig. 3. As more recent sequence
data show that pKU1 contains about 70% of the nusA coding
region (the complete nucleotide sequence of the nusA gene
will be presented elsewhere), the polypeptide containing the
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FiG. 1. Electrophoretic analysis of pKU1 and pL.C34-4 plasmid
DNA s cleaved by Pst 1. pLC34-4, pKU1, and pBR322 DNAs (1.0 ug
each) were digested with Pst I and analyzed by electrophoresis on a
horizontal 1.0% agarose gel containing ethidium bromide at 0.5
pug/ml.

70% portion from the NH, terminus of the nusA protein
seemed to complement the nusAl mutation.

The first open reading frame (nucleotides 320-739) can en-
code a protein with a molecular weight calculated as 15,471.
The function of this protein is unknown.

Site of Transcriptional Initiation. Among the 840 nucleo-
tides preceding the nusA gene, only one nucleotide sequence
(nucleotides —36 to —7) fits the canonical —10 region Prib-
now sequence (T-A-T-R-A-T-R; R, purine nucleoside) (29)
or the —35 region sequence (T-T-G-A-C-A) (30, 31). Thus, it
seemed probable that the genes for tRNAY®, the 15-kDa
protein, and the nusA protein form a single transcriptional
unit.

To show that only one promoter exists at the nucleotide
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Fic.2. Restriction map and sequence analysis strategy for the 1.9-kbp insert of pKU1. The black bar indicaFes the cloned segment in pKU1.
The positions of the restriction endonuclease sites are based on analysis of the sizes of DNA fragments from singly or doubly digested 1.9-kbp
Pst I DNA fragment. The arrows indicate the direction and extent of individual analyses.
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CTGCAGATTTTACGTCCGTCTCGGTACACCAAATCCCAGCAGTATITTIGCATTTTTTACCCAAA

+1
ACGAGTAGAATTTGCCACGTTTCAGGCECGGGGTGGAGCAGCCTGGTAGCTCGTCGGGCTCAT

100
AACCCGAAGATCGTCGGTTCAAATCCGGCCCCCGCAACCACTTTCCCTTAGAGTCCTTTTTCA

AATATACTGTGAAGACTTCGGCCTTCGTAGTGGGATTTGAAAAAATCCTTCTGGAAAGTGCTC

200
CAGACCGCAGTTGCGTTATAGGGTTCAGTTATATAAAGCCCCGATTTATCGGGGTTTTITGTT

300

CATTAGAGCAAAATTAGCAGAG® ATG ATT ACT GCG CCA GTT GAG GCC CTG GGT
Met Ile Thr Ala Pro Val Glu Ala Leu Gly

TTT GAA CTG GTT GGC ATC GAA TTT ATT CGC GGT CGC ACA TCC ACA CTG

Pl%ao Glu Leu Val Gly Ile Glu Phe Ile Arg Gly Arg Thr Ser Thr Leu

CGC ATC TAT ATT GAT AGT GAA GAT GGC ATC AAT GTT GAT GAT TGT GCT
Arg Ile Tyr Ile Asp Ser Glu Asp Gly Ile Asn Val Asp Asp Cys Ala

GAT GTG AGC CAC CAG GTA AGT GCT GTG CTG GAT GTT GAA GAT CCC ATC
Asp Valsgéar His Gln Val Ser Ala Val Leu Asp Val Glu Asp Pro Ile

ACC GTT GCT TAT AAC CTG GAA GTC TCC TCA CCG GGT CTC GAT CGC CCA
Thr Val Ala Tyr Asn Leu Glu Val Ser Ser Pro Gly Leu Asp Arg Pro

CTG TTC ACG GCT GAA CAC TAC GCC CGT TTT GTC GGA GAA GAG GTG ACT
Leu Phe Thr 9&8 Glu His Tyr Ala Arg Phe Val Gly Glu Glu Val Thr
CTG GTT CTC CGT ATG GCG GTA CAA AAC CGT CGT AAA TGG CAG GGC GTT
Leu Val Leu Arg Met Ala Val Gln Asn Arg Arg Lys Trp Gln Gly Val

ATC AAA GCG GTA GAC GGT GAA ATG ATC ACA GTT ACC GTC GAA GGT AAA
Ile Lys Ala Val A_}s&) Gly Glu Met Ile Thr Val Thr Val Glu Gly Lys

.

GAT GAA GTG TTC GCG CTG AGT AAT ATC CAG AAG GCG AAC CTG GIT CCC
Asp Glu Val Phe Ala Leu Ser Asn Ile Gln Lys Ala Asn Leu Val Pro
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CAC TTT TAA TAGTCTGGATIGAGGTGAAAAGCCCGCG ATG AAC AAA GAA ATT TTG

His Phe
800

Met Asn Lys Glu Ile Leu

GCT GTA GIT GAA GCC GTA TCC AAT GAA AAG GCG CT
Ala Val Val Glu Ala Val Ser Asn Glu Lys Ala

FiG. 3. Nucleotide sequence of the 5'-upstream region of the nusA gene. The DNA sequence is numbered beginning at the predominant site
of initiation of transcription in vitro. The Pribnow, —35 recognition, and Shine-Dalgarno sequences are boxed. The tRNAM® gene is under-
lined. The dyad symmetries are indicated by horizontal arrows, and the thymidine-rich sequences preceded by the dyad symmetries are
indicated by dotted lines. The predicted amino acid sequence is shown below the DNA sequence.

—36 to —7 site of the 1.9-kbp Pst I fragment, we transcribed
RNA from the purified DNA fragment with purified RNA
polymerase and [a->?P]JUTP in vitro. On electrophoretic
analysis of the transcripts, RNA species of about 240 and
1,800 nucleotides were found to be the predominant prod-
ucts (Fig. 4). Because these RNA species could be labeled
with [y->*P]JGTP but not with [y->*P]JATP (data not shown),
transcription of each apparently started with GTP. Produc-
tion of the RN A species of 240 nucleotides might result from
termination of transcription at the thymidine clusters located
at nucleotides 226-234 or 267-273, which is preceded by a
possible palindrome structure of 16 or 13 base pairs of DNA,
respectively (nucleotides 210-225, 254-266). In contrast, the
RNA species of 1,800 nucleotides is almost as long as the
entire template DNA fragment.

To show that the short and long RNA species were tran-
scribed from the same promoter, we analyzed the nucleotide
sequences at the 5’ ends of each RNA. This sequence was
deduced from the products of partial digestion of [vy-
32P]GTP-labeled RNAs by various RNases. The results

showed that the 5’ sequences of two labeled RNA species
were both pppG-U-U-U-C-A (data not shown)—i.e., at +1
in the sequence shown in Fig. 3. We also analyzed the RNA
products synthesized in vitro from the restricted DNA.
When the 1.9-kbp Pst I DNA fragment from pKU1 was re-
stricted by Taq I and used as a template for in vitro transcrip-
tion, only two RNA species—of 240 and 370 nucleotides—
were detected. We therefore conclude that genes for
tRNAN®, the 15-kDa protein, and the nusA protein are tran-
scribed as a single transcriptional unit (“operon”).
Expression of the nusA Operon in ‘“Maxicells.”” For detec-
tion of synthesis of the protein products of this operon, plas-
mid pKU1 was transformed into maxicell strain N17-9
recAam. After ultraviolet irradiation, the proteins still syn-
thesized in maxicells carrying pKU1 were labeled with
[**SImethionine and the bulk protein from labeled cells was
analyzed by polyacrylamide gel electrophoresis. Maxicells
containing pKU1 directed synthesis of at least four molecu-
lar species of protein (Fig. 5). The protein species unique to
pKU1 were of 55, 21, and 18 kDa. These three protein spe-
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F1G. 4. Autoradiograph of transcripts synthesized from the 1.9-
kbp Pst I fragment by RNA polymerase. Transcripts were labeled
with [a-*?PJUTP in the presence of all four NTPs at 0.04 mM each.
Electrophoresis in 3% polyacrylamide/urea gels was carried out at
200 V for 15 hr.

cies probably represent a fragment of the nusA protein, a
fragment of B-lactamase, and the 15-kDa protein, respective-
ly. In fact, the 55-kDa protein was shown to be precipitated
with a specific rabbit antiserum against nusA protein (A.
Ishihama, personal communication).

DISCUSSION

Two sites for the structural genes of tRNAM! in the E. coli
chromosome have been reported: metZ is mapped at 61 min
and metY, at 69 min (32). tRNAM® is a minor fraction of
initiator tRNAM®t molecules and is encoded by metY (33).
The primary structure of this tRNA differs from that of the
major species (tRNAM®) at one base of the RNA chain (the
47th base from the 5’ end) (34, 35). Data on the nucleotide
sequence show that the structural gene of tRNAM' existing
upstream of the nusA operon is metY.

The open reading frame (nucleotides 320-739) preceding
the nusA gene encodes a 15-kDa protein. This protein con-
tains 22 acidic amino acids and 12 basic amino acids and cor-
responds to no known ribosomal protein (36) or transcription
factor (37). It is not clear whether this 15-kDa protein is in-
volved in the antitermination mechanism.

The sequence T-A-G-A-A-T-T located about 10 nucleo-
tides upstream from the site of transcriptional initiation of
the nusA operon is similar to the consensus sequence of a
Pribnow box (30, 31). This sequence resembles the sequence
T-A-T-A-A-T-T of the promoter of the E. coli recA gene (38)
and also of the c17 promoter of phage A (39). The sequence
including T-T-G, found about 25 nucleotides further up-
stream, may function as the initial recognition signal for
RNA polymerase.

The sequence G-A-G-G-T-G-A (nucleotides 753-759) lo-
cated upstream from the translational initiation site of the
nusA gene is an excellent Shine-Dalgarno ribosome-binding
site (40) and could result in the production of a high level of
the nusA protein in E. coli. On the other hand, the 15-kDa
protein gene does not appear to be preceded by a definite
Shine-Dalgarno sequence. The sequence T-A-G (nucleo-
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F16. 5. Radioactive proteins synthesized in a maxicell harboring
plasmid pKU1 or plasmid pBR322. Lanes: 1, no plasmid; 2,
pBR322; 3 and 4, pKU1. Standards included the following: phos-
phorylase b (molecular weight, 94,000), bovine serum albumin
(67,000), ovalbumin (43,000), carbonic anhydrase (30,000), soybean
trypsin inhibitor (20,100), and a-lactalbumin (14,400), shown
(x1073) on the left. The protein species of 55, 21, and 18 kDa unique
to pKU]1 are indicated (X1073) on the right.

tides 312-314), which precedes the ATG initiation codon by
five nucleotides, could serve this function, although its effi-
ciency for ribosome binding may be low.

Preceding the genes for the 15-kDa protein, there are two
inverted sequences (nucleotides 210-225 and 254-266) fol-
lowed in each case by a run of thymidines. This is a typical
p-independent transcriptional termination signal (41). In
fact, about 90% of the transcripts are terminated at these
sites in vitro (Fig. 4). Since the nusA protein enhances tran-
scription termination at the p-independent termination signal
(12), the rate of production of nusA protein may be regulated
autogenously by decreasing read-through transcription at
these two sites.

Plumbridge et al. (42) reported that the infB gene en-
coding initiation factor 2 is located at 68 min on the E. coli
chromosome, which is close to argG, nusA, rpsO (the gene
for ribosomal protein S15), and pnp (the structural gene for
the large subunit of polynucleotide phosphorylase). Two
other research groups (ref. 43; T. Kurihara and Y. Naka-
mura, personal communication) have also reported cloning
of the nusA region and results of analysis of protein products
encoded by the genomic region. From the data obtained by
these three groups, the order of the genes is argG-nusA-
infB-rpsO-pnp. It is possible that the nusA operon may
include some of these genes in addition to the genes for
tRNAM and the 15-kDa protein.

We express appreciation to Drs. H. Matsubara, T. Wada, and S.
Wakabayashi (Osaka University) for advice and use of the facilities
in determining the NH,-terminal sequence of the nusA protein.
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