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The Escherichia coli dnaX gene encodes both the 7 and vy subunits of DNA polymerase III. This gene is located
immediately downstream of the adenine salvage gene apt and upstream of orf12-recR, htpG, and adk. The last
three are involved in recombination, heat shock, and nucleotide biosynthesis, respectively. apt, dnaX, and
orfl2-recR all have separate promoters, and the first two are expressed predominantly from those separate
promoters. However, use of an RNase E temperature-sensitive mutant allowed the detection of lesser amounts
of polycistronic messengers extending from both the apt and dnaX promoters through htpG. Interestingly,
transcription of the weak draX promoter is stimulated 4- to 10-fold by a sequence contained entirely within the
dnaX reading frame. This region has been localized; at least a portion of the sequence (and perhaps the entire
sequence) is located within a 31-bp region downstream of the dnaX promoter.

The Escherichia coli dnaX gene, required for DNA chain
elongation, is located in a group of six genes, all or most of
which are involved in nucleic acid metabolism (Fig. 1). These
include apt, dnaX, orfl2-recR, htpG, and adk. apt (encoding
adenine phosphoribosyl transferase) is an adenine salvage
enzyme which catalyzes synthesis of AMP from 5'-phospho-
ribosyl-1'-pyrophosphate and adenine (20). dnaX encodes both
the 7 and vy subunits of DNA polymerase III holoenzyme (5,
15, 23, 32, 39). The function of orfl12 is unknown, but recR is
involved in DNA repair and plasmid recombination (26).
HtpG is a heat shock protein (4). Although the function of
HtpG is not known, at least three other heat shock proteins are
involved in nucleic acid metabolism (2, 38), and it is conceiv-
able that HtpG is also. Adenylate kinase, the adk product,
catalyzes the phosphorylation of AMP to ADP (9). In addition
to these six genes that are known to be expressed, three long
reading frames are oriented from right to left within the
apt-adk region (Fig. 1). Although they all start with ATG
codons, it is not known if they are expressed.

All six genes known to be transcribed are oriented in the
same direction, the distances between them are short, and an
orfl12-recR promoter is located within the upstream, dnaX
reading frame (43). The dnaX promoter (designated Xp) has
been localized within the region between apt and dnaX.
Although most apt and dnaX transcripts are monocistronic in
wild-type cells, small amounts of transcripts which extend from
apt or dnaX through htpG were observed in a temperature-
sensitive RNase E mutant. In addition, a sequence internal to
the dnaX reading frame stimulates dnaX expression.

MATERIALS AND METHODS

Bacterial strain, plasmids, and bacteriophages. Strain
HBI101 (27) was the bacterial host for all experiments unless
otherwise indicated. The RNase E wild-type and temperature-
sensitive mutant strains, N3433 and N3431 (18), respectively,
were obtained from B. Bachmann. Plasmid pKK232-8 (7) was
the promoter-cloning vector. pCM7 (12) is a derivative of
pBR327 (40) and contains the Tn9 chloramphenicol acetyl-
transferase (CAT) gene flanked by HindIII sites; it was pur-
chased from Pharmacia. pGEM-7Z and pGEM-3Z (Promega)
both contain Sp6 and T7 promoters flanking the multiple
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cloning site. ptacl consists of pKK232-8 into which the tac
promoter has been inserted to drive CAT expression (43).
pUCT has been described previously (30).

pBJ1 is the 6.2-kb EcoRI fragment which contains apt
through a portion of adk cloned into pBR322 (43). In order to
insert the 3,080-bp EcoRI-Pstl apt-dnaX region into the pro-
moter-cloning vector, a 3.1-kb Clal-Pst] fragment, which con-
sists of 25 bp of vector pBR322 DNA from the Clal site to the
vector EcoRI site plus the 3,080-bp EcoRI-Pstl apt-dnaX
region from pJH16 (32), was inserted into Accl- and PstI-cut
M13mp18, producing M13kcx1 (Fig. 1). M13kex1 replicative-
form DNA was cut at the BamHI and HindIII sites which
bracket the insert (partial digest with HindIII) and the apt-
dnaX region inserted into pKK232-8, generating pKKC50 (Fig.
1

pKKC31, pKKC32, and pKKC33 are the BamHI-Sspl,
BamHI-BstEIl, and BamHI-Narl fragments, respectively, with
filled-in ends, of M13kcxl cloned into the Smal site of
pKK232-8.

pKKC34 contains the fragment between the Smal sites of
the polylinker and the apt sequence of pKKC50 cloned into
Smal-cut pKK232-8. pKKC106 was made by deleting the
HindIIl fragment (from within the apt gene to the pKKC34
polylinker) from pKKC34.

pKKC22 consists of the pKKC34 HindIIl fragment (cut
within the apt gene and downstream of the insert within the
polylinker region) cloned into HindIll-cut pKK232-8.
pKKC2013 consists of the Smal-Narl region overlapping the 3’
end of apt and the 5’ end of dnaX cloned, after filling the Narl
end, into Smal-cut pKK232-8. pKKC7 was constructed by
cloning the Narl-Aflll fragment of pKKC50, after filling the
ends, into Smal-digested pKK232-8. pKKC11 consists of the
514-bp BstEII-Sspl recR promoter fragment with filled ends
inserted into Smal-cut pKK232-8. pKKC123 is the Smal-Sspl
fragment from pKKC50 cloned into Smal-cut pKK232-8.

Plasmids pEU100, pEU200, pED100, and pED200 are de-
rivatives of the Xp-containing pKKC2013 with the 621-bp
Narl-Aflll fragment inserted upstream in the normal
(pEU100) or reversed (pEU200) orientation or downstream in
the normal (pED100) or reversed (pED200) orientation.
These constructs were made in several steps, the first of which
was to insert BamHI linkers up- or downstream of Xp in
pKKC2013 in two different plasmids. pKKC2020 is pKKC2013
with a BamHI site inserted upstream of Xp in the Smal site.
pKKC2040 has a BamHI site inserted downstream of Xp in the
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filled-in HindlIIl site located in the polylinker of pKKC2013.
Second, the Narl-Aflll fragment from pKKC50 had the ends
filled in and was inserted into the Hincll site of pUC7, i.e.,
between the BamHI sites, creating pEB10. Third, the stimula-
tory sequence bracketed by BamHI sites was cloned from
pEBI10 into the BamHI sites, in both orientations, of
pKKC2020 and pKKC2040.

Plasmids pED108, -109, -110, -120, -130, and -140 were
made by polymerase chain reaction (PCR) amplification of
fragments beginning with the Smal site at position 732 and
ending downstream of Xp. All six were amplified from linear-
ized pJH16 DNA with the same forward primer, 5’ TTCCCG
GGCCATTAATTAT 3’ (positions 727 to 745). Reverse prim-
ers and their positions were (i) 5' CATTTTCGGGCTAA
GACC (898 to 881) (pED110), (ii) 5" CAGCAAAGCTTCCT
GGCCGACGACGT (944 to 919) (pED108), (iii) 5" AGATA
AAGCTTATGAATACGCCCTAA (994 to 969) (pED109),
(iv) 5" TTTAGAAGCTTCGCCAGCAGTCGGGC (1057 to
1032) (pED120), (v) 5’ TTAACAAGCTTCGGCGGCTCTTC
AAG (1321 to 1296) (pED130), and (vi) 5’ TGGCAAGCTTC
TGGTCGGTCAGACTT (1548 to 1523) (pED140). The pED
110 insert extended from the Smal site at position 732 to the
blunt end of reverse primer i. This piece was cloned into
Smal-cut pKK232-8. Reverse primers ii to vi all introduced a
HindIIl site. Amplified pieces synthesized with these reverse
primers were cut with Smal and HindIII and cloned into Smal-
and HindIII-cut pKK232-8.

Recombinant DNA technology. Standard techniques (27)
were used for plasmid DNA isolation, restriction, filling sticky
ends, 5' labelling with [y-**P]ATP, ligation, transformation,
and gel electrophoresis.

DNA sequencing. The chain termination method (35) with
M13kcx1 DNA as the template was used for DNA sequencing.

Enzyme assays. CAT and B-lactamase were assayed in the
same extracts by the procedures of Seed and Sheen (37) and
Lupski et al. (25), respectively.

Primer extension and Northern (RNA) blot analysis. The
method of Inouye et al. (22) was used for primer extension.
Avian myeloblastosis virus reverse transcriptase was from
Promega. The primer was the deoxyribonucleotide 5" CATTT
TCGGGCTAAGACC 3’, which corresponds to nucleotides
898 to 881. The procedures for RNA isolation and Northern
blots were described previously (24).

Preparation of RNA probes. Radiolabelled RNA probes
were prepared as described previously (28). For the CAT
probe, the 780-bp HindIII fragment containing the CAT gene
from pCM7 (12) was cloned into pGEM-7Z to generate
pKCX77, which was linearized with BamHI and transcribed by
T7 RNA polymerase. To prepare the probe for the B-lacta-
mase transcript, the 237-bp Scal-PstI fragment containing part
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of the B-lactamase gene from pBR322 was cloned into
pGEM-3Z to generate pKCX80, which was linearized with
EcoRI and transcribed by using Sp6 RNA polymerase.

In vitro transcription. The method of Bracco et al. (6) and
E. coli RNA polymerase (Pharmacia) were used for in vitro
transcription.

PCR. PCR was carried out with EcoRlI-linearized pJH16
DNA as the template. The reactions were performed in a
programmable heating block with 30 rounds of temperature
cycling (94°C for 1 min, 55°C for 2 min, and 72°C for 3 min);
100 pmol of each primer, 3 X 10~° pmol of template, and 2.5
U of Taq polymerase (Perkin Elmer Cetus) were used in a final
volume of 100 wl. The reaction buffer was that recommended
by the manufacturer. On completion of the reaction, the PCR
product was subjected to phenol-chloroform and chloroform
extractions followed by ethanol precipitation.

RESULTS

Localization of Xp and quantitative assays of promoter
strength. Promoters for apt (Ap) and orfl2-recR (Rp) have
been identified previously (Fig. 1). Hershey and Taylor (20)
identified Ap (nucleotides 54 to 82) by S1 mapping of the apt
transcript. Yeung et al. (43) identified Rp (nucleotides 2620 to
2648) within the dnaX reading frame by promoter cloning, S1
mapping, and primer extension. Potential promoters for dnaX
include nucleotides 629 to 656 within the apt sequence (GTG
AAG-16 bp-CATTAT) (16) and the sequence TCGCCG-17
bp-TAGCAT, which extends from position 798 to 826 within
the intergenic region between apt and dnaX (16, 44). To
identify Xp and to measure its strength, various fragments of
the dnaX region were cloned into the promoter-cloning vector
pKK232-8 (7), which uses the CAT gene as the reporter gene.
The presence of Ap upstream of apt was confirmed by the
construction of pKKC106 (Fig. 1), which contains the 5’ end of
apt on an EcoRI-HindIIl fragment. The presence of Rp was
confirmed by cloning the BstEII-Sspl fragment upstream of
orfl12 in pKKC11 (Fig. 1).

Xp was localized on the insert of pKKC2013, which carries
the Smal-Narl fragment from position 729 to 897. All three
promoters, Ap, Xp, and Rp, are extremely weak, directing the
synthesis of only 0.8, 0.3, and 0.5%, respectively, as much CAT
as directed by the induced tac promoter (ptacl). Promoter
strength is indicated as the ratio of CAT to B-lactamase to
normalize on the basis of copy number. No promoter was
found upstream of the Smal site (at position 729) on the
HindIlI-Smal insert (position 305 to 734) of pKKC22 or within
the 5’ end of the dnaX reading frame on the Narl-Afill
fragment (position 897 to 1525) of pKKC7.

To locate the dnaX transcription start point, primer exten-

FIG. 1. (A) The 6,820-bp dnaX region of the chromosome. Open bars represent open reading frames, the directions of which are indicated by
the arrowheads. E, EcoRI; H, HindlIl; N, Narl; A, Aatll; Ss, Sspl; Ps, Pstl; Sa, Sall; X, Xmnl; C, Clal. This structure was adapted from that
published by Yeung et al. (43) and is based on data from Hershey and Taylor (20), Yin et al. (44), Flower and McHenry (16), Mahdi and Lloyd
(26), Yeung et al. (43), and Brune et al. (9). orf149, -530, and -183 are designated to reflect the number of codons they contain. They are oriented
from right to left; it is not known if they are expressed. (B) Expanded apt-dnaX-orf12 region. The promoters for apt (Ap), dnaX (Xp), and orf12-recR
(Rp) are indicated by vertical open bars. Hatched vertical bars are potential DnaA boxes. S, Smal; Af, AfllI; Bs, BstEll; other abbreviations are
as in panel A. (C) M13kex1 polylinker region plus insert. The heavy bar is the EcoRI-Pstl apt-dnaX fragment. The open box is pPBR322 DNA from
the pJH16 (32) Clal site to the EcoRlI site. The dashed line is M13mp18 polylinker. B, BamHI; Ac/C, junction of half of the Accl site of M13mp18
to half of the Clal site of the insert; other abbreviations are as in panels A and B. (D) Promoter-cloning vector pKK232-8 (7). AMP, B-lactamase
gene; CAT, CAT gene; other abbreviations are as in panels A and C. Arrows represent transcripts. (E) apt-dnaX fragments cloned into pKK232-8
for promoter activity assay. Promoter strength refers to the ratio of CAT to B-lactamase expressed as counts per minute over absorbance change.
The values shown are the averages of three experiments; the standard deviations ranged from 10 to 25%, except for background values of 11 to
22, for which the standard deviation was 50%. Boxes containing arrows indicate stimulatory sequences cloned in specific orientations as described
in the text.
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FIG. 2. dnaX transcription start point. RNA extracted from a strain
harboring pED100 (in vivo) and RNA transcribed in vitro from
pED100 by using E. coli RNA polymerase were primed for reverse
transcription with a 5’-end-labelled synthetic oligodeoxyribonucle-
otide, 5" CATTTTCGGGCTAAGACC 3’ (complementary to nucle-
otides 898 to 881). The products were denatured, electrophoresed, and
located by autoradiography. Size markers were provided by chain-
terminating sequencing reactions with the same primer and M13kcx1
DNA as the template. The sequencing reaction products are labelled
A, T, G, and C. Lane 1, RNA synthesized in vivo; lane 2, RNA
synthesized in vitro. The arrow indicates primer extension products.

sion analysis was used. A synthetic oligodeoxyribonucleotide
complementary to nucleotides 898 to 881 was used as a primer
for extension of mRNA isolated from cells harboring pED100,
which contains the sequences from nucleotide 729 to 1520 (Fig.
1). The product was denatured, and its size was measured by
electrophoresis and autoradiography. Transcription initiated
with a U at position 833, 7 nucleotides from the 3’ end of the
Xp —10 region (Fig. 2). Transcription also began with nucle-
otide 833 in vitro. Transcripts synthesized by RNA polymerase
from pED100 DNA in vitro also were used for primer exten-
sion, with the same result as that found in vivo (Fig. 2).
Some transcripts initiated at apt and dnaX run through
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FIG. 3. Analysis of transcripts initiated from Ap and Xp by North-
ern blot hybridization. Total RNA was extracted from strain HB101
carrying pKKC33 (4pXp-CAT) (lane 1) or pKKC2013 (Xp-CAT) (lane
2). Twenty micrograms of RNA was electrophoresed, transferred to
GeneScreen, and hybridized to 10° cpm of strand-specific CAT probe
per ml in a total volume of 10 ml. The RNA ladder from Bethesda
Research Laboratories was used for size markers (shown on the left, in
kilobases). The arrow indicates a 2.1-kb transcript.

htpG. To determine if transcripts initiated from Ap run into the
dnaX region, the promoter activity of a fragment containing
both Ap and Xp was compared with the activities of fragments
carrying Ap or Xp. Ap (on pKKC106) directed the synthesis of
about 280 U of CAT, whereas Xp (on pKKC2013) directed the
synthesis of about 95 U (Fig. 1). The presence of both
promoters (on pKKC33) directed the synthesis of about 140 U.
This intermediate value suggests that some of the apr tran-
scripts extend into the dnaX reading frame.

A Northern blot analysis confirmed that conclusion. RNAs
extracted from cells carrying ApXp-CAT (pKKC33) and from
cells carrying Xp-CAT (pKKC2013) fusions were electropho-
resed, transferred to a filter, and probed with a transcript
complementary to the full-length CAT fragment (Fig. 3). The
Xp-CAT fusion (pKKC2013, Fig. 3, lane 2) produced a prin-
cipal transcript of 1.4 kb, consistent with initiation from Xp and
termination at the CAT terminator. This fusion transcript
would consist of 84 nucleotides of dnaX mRNA and about 1.3
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FIG. 4. Analysis of transcripts complementary to a dnaX probe.
Wild-type (lanes 1 and 2) and RNase E mutant (lanes 3 and 4) strains
were transformed with pBJ1. Cultures were grown at 30°C (lanes 2 and
4), portions were shifted to 43°C (lanes 1 and 3), incubation was
continued at both temperatures for 30 min, and total RNA was
extracted. Twenty micrograms of each preparation was analyzed as
described for Fig. 3 except that the probe was a 5’-end-labelled
oligodeoxyribonucleotide complementary to nucleotides 1 to 60 of the
dnaX transcript. Arrows mark transcripts of 6.5, 4.9, 3.7, 3.1, and 1.8
kb. To demonstrate the 6.5-kb transcript, the film was exposed so long
that the 3.7- and 3.1-kb transcripts appear as one broad band. The
RNA size markers (shown on the left, in kilobases) were from
Promega.

kb of CAT gene sequences. (Also produced were a 1.1-kb
transcript and lesser amounts of smaller transcripts, all of
which might have been degradation products.)

When the ApXp-CAT fusion was the template, the principal
transcript was again 1.4 kb, consistent with initiation at Xp.
However, small amounts of a 2.1-kb transcript also were
produced, consistent with initiation at Ap; synthesis through
the 740-nucleotide apt region, 84 nucleotides of dnaX, and
about 1.3 kb of CAT; and termination downstream of the CAT
gene.

Polycistronic dnaX messengers were sought also by North-
ern blot analysis of RNA extracted from a temperature-
sensitive RNase E mutant. This enzyme is known to be
involved in mRNA processing (31). Plasmid pBJ1, the 6.2-kb
EcoRlI insert of which extends from apt through half of the adk
gene (Fig. 1), was transformed into the wild-type and RNase E
temperature-sensitive isogenic pair of strains, N3433 and
N3431 (18). The strains were grown at 30°C, a portion of each
culture was shifted to 43°C for 30 min, and RNA was extracted
from both 30- and 43°C-grown cultures. Northern blots were
probed with a 5'-end-labelled oligodeoxyribonucleotide com-
plementary to the first 60 nucleotides of the dnaX mRNA.
RNA extracted from the wild-type cells at 30 and 43°C and
from the RNase E mutant at 30°C had two principal tran-
scripts, 3.1 and 1.8 kb (Fig. 4). When the RNase E mutant was
incubated at 43°C, longer transcripts of 6.5, 4.9, and 3.7 kb
were found along with the 3.1- and 1.8-kb transcripts.

Probing of RNA from wild-type and RNase E mutant cells
which were not overproducing dnaX messenger (i.c., plasmid-
less cells) with a apt probe revealed that the wild-type cells
growing at 30 and 43°C and the RNase E mutant growing at
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30°C contained only one 750-nucleotide transcript, which
corresponds to apt messenger. However, the RNase E mutant
growing at 43°C contained, in addition to the 750-nucleotide
apt transcript, small amounts of 6.0-, 3.7-, 2.3-, and 2.0-kb
transcripts (data not shown).

In summary, apt and dnaX are expressed predominantly
from Ap and Xp, respectively, and orf12-recR has a separate
promoter also. However, small amounts of polycistronic mes-
sengers are produced. Of the two polycistronic messengers
which initiate at apt, one (3.7 kb) extends through recR, and the
other (6 to 6.5 kb) extends at least through htpG. Messengers
which initiate at Xp extend through dnaX (1.8 kb), recR (3.1
kb), or htpG (4.9 kb). From the results with the RNase E
mutant, we conclude that this enzyme participates in process-
ing the longer transcripts. Whether some short transcripts are
generated also by termination is not known.

A sequence within the dnaX reading frame increases expres-
sion. A sequence which increased expression was identified in
the dnaX coding region between the Narl and AfllI sites (Fig.
1). This fragment had no promoter activity when fused in
either orientation to the CAT gene. For example, pKKC7 did
not confer chloramphenicol resistance or produce detectable
CAT (Fig. 1). However, expression from an ApXp fragment
which extended from nucleotide 1 to 897 (pKKC33) was
increased fourfold by extension of the 3’ end to the BstEII site
at nucleotide 2225 (pKKC32) (Fig. 1). The stimulation affected
dnaX as shown by the results with two plasmids, one carrying
Xp and the other carrying Xp plus the stimulatory sequence. A
plasmid carrying Xp on a fragment which extended from the
Smal site at nucleotide 729 to the Narl site at nucleotide 897
directed the synthesis of 95 U of CAT (pKKC2013), but the
plasmid expressed 600 U when the fragment extended to the
AfI site at nucleotide 1520 (pED100) (Fig. 1). (The Smal-
Narl and Narl-Aflll fragments in pED100 are joined by a
BamHI linker [see Materials and Methods].)

This internal sequence had little or no effect when inserted
upstream of Xp in its normal (pKKC2013 versus pEU100) or
reverse (pEU200) orientation. When the sequence was located
downstream in its normal position, the stimulation was sixfold,
but in reverse orientation (pED200), the Narl-Afill fragment
reduced expression.

The internal stimulatory sequence overlaps nucleotides 904
to 935. To localize further the sequence responsible for
increased expression, a set of overlapping fragments carrying
Xp and various lengths of downstream sequence were fused to
the CAT gene. All fragments started at the Smal site at
position 732. The control plasmid was pKKC2013, in which the
cloned fragment terminated at the 3’ end with a filled-in Narl
site (ending at position 903) joined to the blunt Smal site
upstream of the CAT gene (Fig. 5). Six additional constructs
were made by PCR. pED110 joined dnaX position 898 to the
Smal site upstream of the CAT gene. The remaining five
constructs had HindIIl sites added to the 3’ ends by use of
mismatch PCR primers; all were joined to the HindIII site
upstream of the CAT gene. The dnaX sequences in pED108,
-109, -120, -130, and -140 ended at positions 935, 983, 1049,
1310, and 1538, respectively.

The two shortest fragments, pKKC2013 and pED110, had
strengths of 95 to 100; each of the longer fragments had five-
to eightfold-greater activity. Thus, at least a portion of the
stimulatory region and perhaps the entire region is present on
the sequence from 904 to 935, that is, between the 3’ ends of
pKKC2013 and pED108. From the start point of transcription,
these positions are at +72 to +103 nucleotides.
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Xp Insert 3’ end Promoter-Cloning

Promoter

Plasmid Last Nucleotide NO. Sequence Vector Sequence Strength
pKKC2013 903 GCC GGG-19bp-AAGCTT-SD-ATG 95
pED110 898 ATG GGG-19bp-AAGCTT-SD-ATG 100
pED108 935 GAA GCTT-SD-ATG 630
pED109 983 CAT AAGCTT-SD-ATG 500
pED120 1049 AAG CTT-SD-ATG 470
pED130 1310 CC6 AAGCTT-SD-ATG 670
PED140 1538 CAG AAGCTT-SD-ATG 860

FIG. 5. Localization of the dnaX internal stimulatory sequence.
Fragments starting at position 732 and terminating at various positions
downstream of Xp were fused to the Smal site (dotted underline) or
HindIIl site (solid underline) of the promoter-cloning vector
pKK232-8. SD, Shine-Dalgarno. The CAT initiation codon is in
boldface. Four stop codons in three reading frames are located
between the vector HindIII site and the initiation codon (8). Promoter
strength is the CAT/B-lactamase ratio.

DISCUSSION

Transcription from the weak dnaX promoter, Xp, begins
with the U seven nucleotides downstream of the —10 se-
quence. Among 263 E. coli transcription start points screened,
only 31, or 12%, were U (19). Most E. coli transcripts start with
a purine at the seventh nucleotide position (downstream of
—10). If the seventh base is not a purine, transcription usually
starts with a purine at position six or eight. In the case of dnaX,
the nearest purines are 2 or 10 bases from the — 10 sequence,
which is outside the usual 4- to 8-nucleotide window (3).
Interestingly, dnaX transcription initiates at nucleotide 833,
which also is the last nucleotide of some upstream transcripts
initiated from apt (20).

In addition to transcripts which initiate at position 833, some
of the apt transcripts also run into dnaX as previously sug-
gested by Hershey and Taylor (20). This suggestion was based
on the observation that a probe which extended downstream
through the Xp promoter, used to identify the 3’ end of apt
mRNA, was fully protected in S1 nuclease protection experi-
ments. Our analysis and the recent study by Flower and
McHenry (17) provide direct evidence that some apt tran-
scripts extend into dnaX, although dnaX is expressed princi-
pally from its own promoter. We report here the detection of
monocistronic dnaX transcripts; on the other hand, Flower and
McHenry (17) did not detect 3’ ends of dnaX transcripts
between dnaX and orfl2-recR and concluded that these three
genes constitute a dnaX operon.

Additionally, polycistronic messengers from both Ap and Xp
extending through htpG were detected in small amounts but
only in a temperature-sensitive RNase E mutant grown at a
nonpermissive temperature. We conclude, therefore, that
some monocistronic messengers are generated by RNase E
processing of longer transcripts.

Inasmuch as most apt transcripts are monocistronic, the
question then arises as to the mechanism by which they are
terminated. Although the intergenic region between apt and
dnaX contains two regions of dyad symmetry, neither stem-
loop resembles a rho-independent terminator (20). An inter-
esting question is whether the portions of apt transcripts which
run into dnaX are regulated, perhaps by DnaA protein.
Between Ap and Xp are three potential DnaA boxes (each with
seven of nine matches to the consensus sequence); two of these
were pointed out by Flower and McHenry (16). All three
potential DnaA boxes are oriented in the direction of tran-
scription (on the noncoding strand). It has been demonstrated
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that a DnaA box in the direction of transcription can attenuate
dnaA transcription as well as that of a downstream gene (36).

We have also identified a region within the dnaX coding
sequence which increases gene expression by 4- to 10-fold. This
sequence was initially located on a 628-bp region that extends
from codon 11 to 219; it has subsequently been further
localized by deleting from the 3’ end. When the 3’ end
extended to nucleotide 904, stimulatory activity was abolished;
when the 3’ end extended to nucleotide 935, the sequence was
fully functional. Perhaps the responsible sequence is located
entirely within these 31 bp, which extend over the region from
+72 to +103 nucleotides from the transcription start.

This internal sequence is thought to boost gene expression
by an effect on transcription or on the transcript because the
constructs used to detect its activity were transcriptional
fusions. At least three models can explain the activity of this
sequence. First, an activator protein could bind within this
region and stimulate transcription. Stimulation could result
from induced DNA bending directly or from activator protein-
RNA polymerase contact after looping. Second, an antitermi-
nation or antipausing mechanism could extend nascent mes-
sengers beyond a termination or pause site within the 5’ end of
dnaX. Third, an effect on mRNA processing or degradation
could result in increased expression levels.

With regard to the possibility that the internal sequence
activates transcription initiation, it is interesting that this
region contains 16 bp which have extensive similarity to the
purine regulon operator. Genes involved in purine and pyrim-
idine nucleotide biosynthesis are negatively regulated by the
purine repressor binding, in the presence of corepressor
guanine or hypoxanthine, to operators (10, 29, 34). The
consensus purine regulon operator and the similar sequence
from the dnaX internal region are

puro aCGCAAAC GTTTtCnT
dnaX CCACAAAC CITTGCTG

Among the 13 most conserved positions in purO, 10 in the
dnaX region are identical. Perhaps the purine repressor pro-
tein, which normally represses at the purine operators, acts as
an activator at the dnaX site. Alternatively, a similar protein,
but not the purine repressor itself, could be the activator.

The possibility that a repressor, in this case the purine
repressor, can alternately repress or activate is not without
precedence. The tyrP gene, which encodes the tyrosine trans-
port system (41), is alternately repressed or stimulated from
one promoter by the TyrR protein, depending on the identity
of the cofactor. Tyrosine-mediated repression requires two
TYR R boxes, the downstream one of which overlaps the tyrP
promoter — 35 region. Phenylalanine-mediated activation re-
quires only the upstream TYR R box (1). In X lysogens, the cI
repressor simultaneously represses transcription from the A\
rightward promoter (Pr) and enhances expression from the
leftward cI promoter (Prm) (21). A natural repressor, the
RepA protein of plasmid pLS1, can repress or activate tran-
scription from a particular promoter of this plasmid, depend-
ing on the helix phasing of the RepA target relative to the
promoter (33). In eucaryotes, the glucocorticoid receptor
protein, when bound to hormone, stimulates or represses
promoters near positive or negative glucocorticoid response
elements. Moreover, a composite glucocorticoid response ele-
ment of only 25 bp can be either positively or negatively
regulated, depending on the physiological context (14).

The internal sequence does not function as a typical en-
hancer because it is position and orientation specific. There are
several examples of downstream activator sequences in euca-
ryotic systems which do not have properties typical of enhanc-
ers. The bovine leukemia virus long terminal repeat functions
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as a transcriptional promoter and contains an activator se-
quence downstream of the transcription start site. The activa-
tor was effective only when located immediately downstream of
the RNA start (13). The murine c-myc proto-oncogene first
exon contains a positive control element which is active only in
its sense orientation, 3’ of a nearby promoter (42). The mouse
ribosomal protein gene rpL32 first intron contains an element
which stimulates transcription by 5- to 10-fold. This element
did not function when translocated upstream of the transcrip-
tion start site or downstream of its normal location (11).
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ADDENDUM

After this paper was submitted for publication, the paper by
Flower and McHenry (17) reported the identification of dnaX
and orfl2-recR promoters and the conclusion that dnaX and
orf12-recR constitute an operon.
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