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The operator-distal genes hisBHAFI(E) of the Escherichia coli K-12 histidine
operon were mapped on a DNA fragment 4,500 base pairs long. This fragment,
originally present in a X transducing phage, was cloned in the vector plasmid
pBR313. A restriction map was determined, allowing identification of the orienta-
tion of the genes in the fragment. The cloned genes were expressed in appropriate
hosts, independent of the orientation of the DNA fragment, as shown by
transformation tests and by enzyme assays of one of the gene products, hisB,
histidinol phosphatase. An internal transcription initiation site was identified by
isolation of the cellular RNA, hybridization to specific DNA probes, and mapping
by S1 nuclease.

With the development of recombinant DNA
technology, the histidine operon of the entero-
bacteria Escherichia coli and Salmonella typhi-
murium has been the subject of extensive stud-
ies (9). Most of the work has been concerned
with the elucidation of the mechanisms of oper-
on regulation. Expression of this biosynthetic
operon in both species is regulated at the tran-
scriptional level by an overall mechanism
termed attenuation (9, 48). Recent studies from
our and other laboratories have been concerned
with the genetic analysis of the regulatory region
(28), DNA sequencing of the regulatory region
(4, 20, 44) and of regulatory mutants (29), and
cloning and expression (transcription and trans-
lation) of the proximal part of the operon (5, 14,
23). There are several other aspects of the his
operon organization which are of potential inter-
est: internal promoters (1, 21), intercistronic
regions (40), and multifunctional gene products
(42). As a prerequisite to studying some of these
features, we report here the cloning of the distal
portion of the E. coli K-12 his operon, a restric-
tion map of this region, the orientation and
expression of its genes, and the mapping of an
internal transcription initiation site.

MATERIALS AND METHODS
Bacterial strains, phage, and plasmids. Bacterial

strains used are listed in Table 1. Strain FB251 was
constructed by selecting a spontaneous thy mutant
with thymidine-trimethoprim selection (36) in strain
FB186 and mating this derivative with an Hfr strain
thy' recA56 (N1200), selecting for thy' recombinants,
and scoring for UV sensitivity (14). Phage lysates and
transduction tests were performed as previously de-

scribed (2). Details of the construction of histidine
recombinant plasmids are given below.
Media, growth conditions, and enzyme assays. Liquid

media were LB broth (36) and minimal medium (45)
supplemented with 0.5% glucose. Solid media con-
tained 1.2% agar (Difco) and were nutrient broth (36)
and minimal medium (45) supplemented with 0.5%
glucose. Amino acids were added at 0.5 mM; L-
histidine was added at 0.1 mM, and histidinol was
added at 1.0 mM. Tetracycline and ampicillin were
added to both liquid and solid media at 25 and 50 ,ug/
ml, respectively. Strains for enzyme assays or for
RNA preparation were grown in minimal medium to
an absorbancy at 650 nm of 0.8. Assay procedures for
the enzymes of the histidine pathway (histidinol phos-
phatase [E.C. 3.1.3.15] [B enzyme] and imidazolylace-
tol-phosphate:L-glutamate aminotransferase [E.C.
2.6.1.9] [C enzyme]) have been described elsewhere
(34). Proteins were measured by the method of Lowry
et al. (32).

Chemicals and enzymes. All amino acids, histidinol,
histidinol phosphate, and glyoxal were obtained from
Sigma Chemical Co. Acrylamide, methylenebisacryl-
amide, ammonium persulfate, N,N,N' ,N'-
tetramethylethylenediamine, and agarose were from
Bio-Rad Laboratories. Guanidine hydrochloride was
from Bethesda Research Laboratories. [y-32P]ATP
(3,000 Ci/mmol) was from Amersham Corp. or was
prepared from 32Pi by the method of Maxam and
Gilbert (35); the latter was kindly donated by R. Di
Lauro. Restriction endonucleases HpaI, PstI, Sall,
SmaI, and HaeII were purchased from Bethesda Re-
search Laboratories. HindIII, BamHI, and Hinfl were
from New England Biolabs. BgIII was purified as
described (8). Calf intestine alkaline phosphatase was
from Boehringer Mannheim Corp.; T4 polynucleotide
kinase and ligase were from Miles Laboratories, Inc.;
S1 nuclease was from Sigma. Either unlabeled or 3p_
labeled pBR322 DNA, digested with Hinfl, was used
as a standard of molecular weight on acrylamide gels.
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HindlIl digests of A DNA were used as molecular-
weight standards on agarose gels.
DNA fractionation and labeling. Phage DNA (16) and

plasmid DNA (17) were prepared as described else-
where. For screening large numbers of transformants,
plasmid DNA was purified by the rapid method de-
scribed elsewhere (18). The cloned HindIII 4,500-
base-pair (bp) fragment was isolated on and purified
from preparative 1% agarose slab gels by the method
of Vogelstein and Gillespie (46). DNA fragments from
acrylamide gels were recovered by the method of
Maxam and Gilbert (35). 5'-Terminal labeling ofDNA
fragments was performed with T4 polynucleotide ki-
nase and [.y-32P]ATP, as described elsewhere (35),
except that calf intestine alkaline phosphatase was
used instead of bacterial alkaline phosphatase and the
enzyme was inactivated by heating for 10 min at 75°C.

Restrition maps. The restriction map of the plasmid
DNA was determined by using restriction sites unique-
ly present in the vector or cloned DNA, as described
below. Fine mapping of the HindIII 4,500-bp fragment
was performed by the technique of Smith and Birnstiel
(41), as previously described (14).

Cloning and transformation. Plasmids pVG2 and
pVG3 were obtained by mixing the his DNA and the
pBR313 DNA, both restricted with HindIII. The DNA
mixtures were ligated and used to transform strain
FB251, as previously described (14). Plasmids pVG4
and pVG5 were constructed as described below.
RNA preparation and S1 mapping. Total RNA was

extracted from E. coli cells by the guanidine hydro-
chloride procedure described elsewhere (26) and modi-
fied as follows. A 200-ml amount of cultures grown in
minimal medium to an absorbancy at 650 nm of 0.8
was immediately poured over five crushed ice cubes
(10 ml/cube) of a killer solution (minimal medium
containing 10 mM NaN3 and 200 Fg of chlorampheni-
col per ml) and centrifuged at 5,000 rpm for 15 min.
The pelleted cells were suspended in 3 ml of 25%
sucrose in 50 mM Tris-hydrochloride (pH 8.0) and left
10 min on ice. A 0.6-ml amount of lysozyme, 10 mg/ml
in water, was added, followed after 10 min by 1.2 ml of
0.25 M EDTA, pH 7.0. Spheroplasts were collected by
centrifugation for 15 min at 5,000 rpm and either
immediately processed or frozen in dry ice-ethanol
and stored at -80°C. The pellet was suspended in 5 ml
of 8 M guanidine hydrochloride-50 mM sodium ace-
tate (pH 5.0)-i mM dithiothreitol and homogenized in
a Polytron homogenizer for 2 min at maximum speed,
keeping the vessel in a dry ice-ethanol bath at -50°C.
The homogenate was extracted with 10 ml of chloro-
form-isoamyl alcohol (24:1) by homogenizing as above
for 1 min and was then centrifuged. The aqueous phase
was precipitated with 2.5 ml of absolute ethanol and
kept at -20°C for 30 min; the precipitate was then
collected by centrifugation. The precipitate was redis-
solved in 5 ml of 8 M guanidine hydrochloride-20 mM
EDTA (pH 7.0)-i mM dithiothreitol; sodium acetate
(pH 5.0) was then added at 50 mM (final concentra-
tion) followed by 2.5 ml of absolute ethanol, and the
solution was kept at -20°C for 30 min and then
centrifuged. This last step was repeated three times.
The pellet was suspended in 2.5 ml of 20 mM EDTA
(pH 7.0), by periodic blending in a Vortex mixer and
heating at 37°C for 5 to 10 min. The suspended pellet
was then extracted by blending in a Vortex mixer for 2
min with 1 volume of chloroform-butanol (4:1). The

suspension was centrifuged, and the organic phase
was extracted once with a 1/2 volume of 20 mM EDTA,
pH 7.0. The two aqueous phases were combined; 3
volumes of 4 M sodium acetate (pH 6.0) were added
and left at -10°C overnight. The RNA was collected
by centrifugation and suspended in water, and the
concentration and purity were checked by the absor-
bancy ratio at 260 and 280 nm. The nucleic acid was
precipitated again with 2.5 volumes of absolute etha-
nol at -70°C for 30 min, collected by centrifugation,
redissolved in water at a concentration of 2 mg/ml, and
stored at -80°C. The integrity of the RNA prepara-
tions was routinely checked by agarose slab gel elec-
trophoresis of samples denatured with glyoxal by the
method of Carmichael and McMaster for evaluating
the relative amounts of 23 and 16S RNA (15).
RNA-DNA hybridizations, Si nuclease digestion,

and analysis of hybrids on denaturing gels were per-
formed as described elsewhere (22). The reaction
mixtures contained 200 ng of 5'-labeled DNA probe
(specific activity, 500,000 cpm/,Lg) and different
amounts of specific RNA, whereas the total concen-
tration in each hybridization mixture was kept at 40 ,ug
of RNA by adding nonspecific rat liver RNA. Si
nuclease digestion was for 1 h at 37°C with 100 U of
enzyme per assay. Products were analyzed on 5%
acrylamide slab gels in 7 M urea and visualized by
autoradiography using Kodak X-Omat R films ex-
posed at -80°C with intensifying screens.

RESULTS
A hisBHAFI(E) transducing phage. This phage

was originally constructed by Borck et al. (11)
by cloning total E. coli DNA restricted with

TABLE 1. E. coli K-12 strains'
Strain Genotype Source or construction

FB1 A(hisGDCBHAFIE) P. E. Hartman (24)
750 gnd rhaA

FB8 Wild-type E. coli T. Kasai (30)
K-12, UTH1038

FB169 hisB463 (A c1857 S7 This paper and Bruni
[hisBpBHAFIEJ) et al. (14)

FB181 hisI903 Goldschmidt et al. (25)
FB182 hisF892 Goldschmidt et al. (25)
FB184 hisA915 Goldschmidt et al. (25)
FB186 hisB855 Goldschmidt et al. (25)
FB190 hisG2743 recA56 Bruni et al. (14)
FB251 hisB855 recA56 This paper
FB252 hisB855 recA56 Transformation of

(pVG2) FB251
FB253 hisB855 recA56 Transformation of

(pVG3) FB251
FB254 hisB855 recA56 Transformation of

(pVG4) FB251
FB255 hisB855 recA56 Transformation of

(pVG5) FB251
FB256 A(hisGDCBHAFIE) Transformation of FB1

750 gnd rhaA
(pVG2)

N1200 HfrKL16 thr ilv J. L. Rosner
i recA56 Spcr I

a Genetic symbols are as given by Bachmann and
Low (3).
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HindlIl into a X vector and isolating His' trans-
ductants in an auxotrophic hisB strain. Figure
1A shows the restriction pattern of the phage
DNA with HindIII. The cloned fragment migrat-
ed as a 4,500-bp band slightly above the band
corresponding to the right arm of the phage
DNA which is normally associated with the
23,000-bp fragment comprising the left arm (Fig.
1A, lane 3) and dissociated upon heating (Fig.
1A, lane 4). Since the cloned fragment contained
an asymmetric BgIII restriction site (see below),
we determined the orientation of the cloned
fragment by digesting the phage DNA with
BgIII. Figure 1B shows the structure of the
recombinant phage with the pertinent restriction
sites. The phage was originally found by trans-
duction tests to complement mutations in the
hisB, hisH, and hisA genes (11). We extended

A 19 N

0 0
00

such analyses and found that the phage can
complement not only hisB and hisA, but also
hisF and hisl mutants. It appears, therefore, that
the fragment comprises most or all of the distal
part of the operon. The presence of the most
distal gene, hisE, could not be determined for
lack of appropriate mutants in E. coli, although
an equivalent fragment of S. typhimurium DNA
does contain this gene (unpublished data).

Construction and restriction mapping of
recombinant plasmids. The phage DNA and vec-
tor plasmid pBR313 (10) DNA were restricted
with HindIII and ligated, and the mixture was
used to transform a hisB recA host in the pres-
ence of ampicillin. pBR313, rather than pBR322,
was chosen as the vector to facilitate subsequent
purification of the inserted DNA, thanks to the
different size of the molecules (Fig. 2, lanes 1
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FIG. 1. Restriction pattern and map of the A histidine transducing phage. (A) One percent agarose slab gel
electrophoresis of A his phage DNA digested with HindlIl. Lane 1, A Wild-type DNA used as marker. The size in
bp of the bands is indicated. Lane 2, A his DNA undigested. Lane 3, X his DNA digested with HindIII and not
heated. Lane 4, X his DNA digested with HindIII and heated for 5 min at 70°C before loading the sample on the
gel. It is now more evident that the 4,500-bp band comprises two fragments. The upper one is the cloned insert,
and the lower one corresponds to the right arm of the phage DNA. (B) Physical map of the A hisBpBHAFIE
phage. The A vector has EcoRJ fragment B deleted, between 0.444 and 0.543 map units (top line) of the genome
( I). The position of the restriction sites and the size of the fragments in bp are indicated for HindIII (top) and
BgIII (bottom). The position and gene order of the inserted Hindlll his fragment are shown. Coordinates of sites
and the size of A wild-type fragments are as given by Davis et al. (19).
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FIG. 2. Restriction pattern of his recombinant plasmid DNA and restriction map of the cloned Hindlll 4,500-

bp fragment. (A) One percent agarose slab gel of pVG2 and pVG3 DNA digested with HindIII or HpaI. Lanes 1,

2, and 3, his, pBR322, and pBR313 DNAs, respectively, digested with HindIII and used as markers. Lanes 4

and 5, pVG2 and pVG3 DNAs digested with HindIlI exhibit the same digestion pattern. Lanes 6 and 7, pVG3 and

pVG2 DNA digested with Hpal have a different restriction pattern due to the opposite orientation of the cloned

fragment within the vector. (B) Restriction map of the his operon distal part. The top line shows the sites of

restriction endonucleases which recognize 6-bp sequences. The position of the internal transcription site mapped

by nuclease is indicated (O) The other enzymes used are indicated on the left. The different fragments are

separated by vertical bars, and their size in bp is indicated on top.

through 3). The double selection (His' Amp')
allowed easy isolation of the desired recombi-

nant plasmids. Two classes of recombinant mol-

ecules, whose prototypes were named pVG2
and pVG3, were found. Upon isolation of the

DNA and analysis of the restriction products on

1% agarose slab gels, we found that they show

the same pattern when digested with HindIII
(Fig. 2, lanes 4 and 5). Digestion of the two

DNAs with Hpal, however, generated different-

sized fragments (Fig. 2, lanes 6 and 7), indicating
that the cloned piece was inserted and expressed
in the two possible orientations. An internal

1 ,000-bp HpaI fragment is not visible in this

picture. The DNA of the two plasmids was

digested with several other restriction endonu-

cleases, and SailI and BglHI sites were mapped in

the inserted fragment. No sites for Pstl, BamHl,
or SmnaI were present. Figure 3 shows a restric-

tion map of the two plasmids carrying the insert-

ed DNA in opposite orientations. A more de-

tailed restriction map of the cloned fragment was

determined. Plasmid pVG2 DNA was digested
with HindIlI, and the fragment was purified
from preparative horizontal agarose slab gels

(46). The fragment was terminally labeled with

T4 polynucleotide kinase and [y-_32PIATP (35)

and digested with Sail, and the two 5'-labeled

A

Haf*. U
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FIG. 3. Physical map of the recombinant histidine plasmids. The circular plasmid DNAs are schematically
linearized at the EcoRI site of vector pBR313 at map position 0 megadaltons (10). The filled bars represent
fragments cloned. The arrows represent the orientation of the tetracycline-resistant genes (TET), the origin of
replication (ORI), and the ampicillin-resistant gene (AMP). Plasmids pVG2 and pVG3 contain the 4,500-bp DNA
fragment carrying the hisBHAFIE distal genes inserted in the unique HindIII site of vector pBR313. They differ
in the orientation of the fragment (see the text). Cells containing these plasmids were tetracycline sensitive and
ampicillin resistant and expressed the his genes. Plasmid pVG4, also expressing the hisB function, contained the
2,000-bp HindIII-HpaI proximal fragment with respect to the pVG2 map. Plasmid pVG5 contained the SalI-
HindIll distal fragment with respect to the pVG2 map. Details of the construction are given in the text.

fragments, 1,600 and 2,900 bp long, were sepa-
rated and purified on acrylamide slab gels (35).
The restriction map was determined as de-
scribed above (Fig. 2B). The two plasmids,
pVG2 and pVG3, were used to transform several
his auxotrophic strains on minimal ampicillin
medium. Again, as for the original transducing
phage, prototrophic transformants were ob-
tained in an hisB, hisA, hisF, and hisI back-
ground, but not in an hisG background.

Orientation of genes. To establish the orienta-
tion of the his genes with respect to the restric-
tion map, we used recombinant plasmids pVG2
and pVG3, which carry the cloned fragment
inserted in opposite orientations, (Fig. 3). Plas-
mid pVG2 DNA was digested with HpaI and
religated, and the mixture was restricted with
BamHI to eliminate pVG2-type molecules. Simi-
larly, pVG3 DNA was digested with SalI and
religated, and the mixture was restricted with
BamHI to eliminate pVG3-type molecules. The
two DNAs were used to transform E. coli FB251
(hisB855 recA56) on LB ampicillin plates. Trans-
formants were screened for growth on minimal

ampicillin plates. pVG2, but not pVG3, deriva-
tives were found to grow on minimal plates. The
DNA from representative clones of both types
of transformants was isolated and characterized
by restriction mapping. The restriction maps of
these derivative plasmids (pVG4 and pVG5) are
shown in Fig. 3. Plasmid pVG4, which was able
to transform to prototrophy the hisB strain,
contained the part of the cloned fragment from
the HindIII to the first HpaI site, 2,000 bp long.
We therefore conclude that the hisB gene is
contained on this piece ofDNA and that the his
genes are ordered on the fragment in a clockwise
orientation, hisB through hisE, with respect to
the pVG2 restriction map, BglII being the more
proximal site.

Expression of the doned genes. The fact that
the E. coli late his genes are expressed in both
the A his transducing phage and the plasmids
bearing the fragment in opposite orientation
raises the possibility that the genes are tran-
scribed from an internal promoter. A low-level
constitutive promoter, proximal to the hisB
gene, has been, in fact, shown to exist in S.

I EMMmqi
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typhimurium (1, 21, 47). Alternatively, one has
to assume that the genes are expressed under a
phage promoter and plasmid promoters active in
the two orientations. The tetracycline promoter
lying just distal to the HindIII site (43) was
inactivated in our recombinant plasmids pVG2
and pVG3, since cells transformed by these
plasmids were tetracycline sensitive. To investi-
gate this point, we performed enzyme assays on
several strains harboring the phage and the
plasmids. The results are reported in Table 2.
The product of the hisC gene, not present in the
cloned fragment (14), was used to establish the
activity of the chromosomal genes expressed
under the primary hisGp promoter. One of the
activities of the hisB gene, histidinol phospha-
tase, was used to estimate the levels of expres-
sion of the cloned genes. The hisB strains used
as recipients still exhibited some phosphatase
activity, since the mutation affected the other
enzyme function, imidazole-glycerol phosphate
dehydratase, of this multifunctional gene prod-
uct. The cloned his distal genes were expressed
at a low level in the lysogenic strain harboring
the A his phage (strain FB169 in Table 2). The
levels of histidinol phosphatase rose severalfold
in the strains harboring a plasmid carrying the
fragment in either orientation (strains FB252 and
FB253 in Table 2). Moreover, the level of hisB
gene expression attained in these two strains
over the chromosomal hisC gene was very simi-
lar. Finally, the same high level of expression
was found in a strain with a complete deletion of
the his operon, harboring plasmid pVG2 (strain
FB256 in Table 2). These results again suggest
that the distal his genes are expressed from an
internal promoter.
Mapping of the transcription initiation site. To

obtain direct evidence for such a promoter, we
used the technique of mapping RNA-DNA hy-
brids with the single-strand-specific S1 nuclease
(7). The restriction map and gene order (see
above) allowed us to predict which DNA strand
is used as template and is complementary to the
his mRNA. The pVG2 DNA was digested with
BglII, labeled with T4 polynucleotide kinase and

[_y-32P]ATP at the 5' ends, and redigested with
HindlIl. The 650-bp HindIII-BglII fragment
(Fig. 2B) should have the complementary strand
labeled at the 5' position and can be used to map
any internal transcription site. Since we were
interested in studying the in vivo expression of
his mRNA, we developed a method of RNA
purification derived from a widely used tech-
nique to isolate large mRNA from eucaryotic
cells (26), which is described above. Total RNA
isolated from several strains was hybridized to
the labeled probe, digested with S1 nuclease,
and analyzed on denaturing acrylamide slab gels
(Fig. 4). In wild-type strains, most of the mRNA
was transcribed from the primary hisGp promot-
er, as shown by the complete protection of the
650-bp DNA probe (Fig. 4, lanes 5 through 7),
although some RNA molecules were initiated at
a secondary transcription site located 300 bp
from the HindIII site. This internal site was the
major one used in hisB strains harboring the
plasmid (Fig. 4, lanes 2 through 4) and the only
one used in a complete his deletion strain carry-
ing the same plasmid (Fig. 4, lanes 8 through 10).
These results establish the existence and loca-
tion of an internal promoter, hisBp, in the E. coli
his operon.

DISCUSSION
In previous work, we have reported the clon-

ing and expression of the proximal part of the
histidine operon of E. coli K-12 (13, 14) and the
sequence determination and in vivo and in vitro
transcription of the regulatory region (20, 23,
44). Since our aim is to analyze in more detail
the overall structure of this biosynthetic operon,
we report in this paper the cloning of the distal
region of the operon. The length of the proximal
part of the operon, comprising the entire regula-
tory region, the first two structural genes
(hisGD), and the first 600 bp of the third struc-
tural gene (hisC), was found to be approximately
3,300 bp and to be contained in an HindIII
fragment of 5,300 bp (14). If the two HindIIl
fragments, the 5,300-bp fragment and the one
cloned here 4,500 bp long, represent contiguous

TABLE 2. Levels of histidine biosynthetic enzymes in E. coli K-12 strains
Enzyme levela

Strain GenotypeEnyelv'
C enzyme B enzyme C/B ratio'

FB8 Wild-type E. coli K-12, UTH1038 1.0 3.5 3.5
FB169 hisB463 (A c1857 S7 [hisBpBHAFIE]) 3.0 6.0 2.0
FB251 hisB855 recA56 1.2 2.9 2.4
FB252 hisB855 recA56 (pVG2) 1.3 13.2 10.1
FB253 hisB855 recA56 (pVG3) 1.7 15.3 9.0
FB256 A(hisGDCBHAFIE) gnd rhaA (pVG2) <0.1 14.7

a Enzyme-specific activities are expressed as described by Martin et al. (34).
b B enzyme levels are normalized to the C enzyme levels, arbitrarily set equal to 1.0.
c -, None.
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FIG. 4.S. mapping of the interal transcription
initiation site. Autoradiogram of a 5% denaturing

acrylamide slab gel. Lane 1, "P-labeled pBR322 DNA
digested with Hinfl and used as a marker of molecular

weight. The size in bp of the fragments from the top is

1,633, (517 and 506), 3%6, 344, 298, (221 and 220), and

154. Lanes 2, 3, and 4: 5, 15, and 40 g.g of RNA

extracted from strain FB252 (hisB855 recAS6 [pVG2])
were hybridized to the labeled DNA probe, as de-

scribed in the text. Two DNA-RNA-protected hybrids
were present; the slower one comigrated with the

labeled 650-bp probe (lane 14), the faster migrated as a

350-bp band. Lanes 5, 6, and 7, the same amounts of

RNA extracted from strain FB251 (hisB8SS recA56)
were processed as described above. Also, in this case,

the slower- and faster-migrating hybrids were present,

although the faster one was present in much lesser

amounts. Lanes 8, 9, and 10, RNA extracted from

strain FB256 (Ahis-750 [pVG2]) and processed as

above shows only the faster-migrating hybrid. Lanes

11, 12, and 13, RNA extracted from the complete his

deletion strain FBi did not hybridize to the DNA

probe. Lane 14, DNA probe 5'-labeled at the Bglll site

and cleaved with HindlIl. Two bands, corresponding
to the 3,850- and 650-bp fragments, were present. For

reasons that are unclear, the 650-bp fragment migrated
as a double band. The same gel was autoradiographed
for different times: lanes 1 and 5 through 7 were

autoradiographed for 90 h; lanes 2 through 4 and 8

through 14 were autoradiographed for 30 h.

segments of the bacterial chromosome, the over-

all length of the his operon should not exceed

8,000 bp. Previous estimates of the operon

length, based on measurements of the molecular

weights of the gene products and on transduc-

tion frequencies (12), were larger (10,000 bp) and

need to be reevaluated. Particularly puzzling is
the estimated length of the hisB primary gene
product (molecular weight, 97,000, or about 900
amino acids [42], that is, 2,700 bp). If this were
the case, the remaining five genes, hisHAFIE,
should be contained in approximately 2,000 bp
of genetic material. Availability of the clones
will help resolve these questions.
Another aspect of the his operon organization

which has been analyzed in this paper is whether
the distal genes are also expressed from an
internal transcription initiation site. We have
clearly shown that this site exists and maps
approximately 300 bp from the proximal end of
the fragment. A similar site had previously been
identified in S. typhimurium by complementa-
tion analysis in E. coli-S. typhimurium diploid
hybrid strains (1) and by enzyme assays of
strains carrying deletions of the primary hisGp
promoter (21). This internal promoter was found
to be subjected to metabolic regulation but not
to histidine-specific regulation (47). In E. coli its
presence was inferred from the discoordinate
activity of the proximal and distal gene products
in rho-deficient strains (31). At variance with
previous reports (21), this promoter seems to
function even in the presence of an efficient
hisGp promoter. In fact, an active hisBp promot-
er could be demonstrated even when the RNA
was extracted from cells grown in minimal medi-
um, a condition in which the primary hisGp
promoter is functioning. An internal low-effi-
ciency constitutive promoter has also been
found in the trp operon of S. typhimurium (6)
and E. coli (37) by deletion analysis and enzyme
assays and mapped at the end of the structural
gene trpD (27, 39). The fact that internal promot-
ers are found in several operons and in different
species (39) raises the possibility that they might
serve a physiological, although as-yet-unde-
fined, role and not just be promoter-like struc-
tures (27). One possibility is that distal genes in
the operons have a dual function in the cell and
that the internal promoters would allow the
synthesis of these gene products even in the
absence of a functional primary promoter. For
instance, the hisH and hisF gene products have
been implicated in the mechanism of cell divi-
sion (38). In this report, we provide direct evi-
dence that an internal promoter exists and that
mRNA molecules are initiated at this site. We
would then expect to find in the cell not just one
single his-specific polycistronic mRNA mole-
cule, but at least two and possibly three (1).
Interestingly, in the initial report of a polycis-
tronic mRNA molecule corresponding to the his
operon of S. typhimurium, Martin (33) found
two peaks, one at 16 and one at 34S. We are
currently investigating this and other aspects of
his operon expression and organization.

J. BACTERIOL.

1
T7!rwr-

!.,.: .....



EXPRESSION OF CLONED his OPERON DISTAL GENES 699

ACKNOWLEDGMENTS

We thank F. Blasi, R. Di Lauro, and V. E. Avvedimento for
kind interest and criticism throughout this work and F. Blasi,
R. G. Martin, M. M. Rechler, J. L. Rosner, and L. Rothman-
Denes for careful reading of the manuscript. C.B.B. is very
grateful to Helen Jenerick for skillful secretarial assistance.

LITERATURE CITED

1. Atkins, J. F., and J. C. Loper. 1970. Transcription initia-
tion in the histidine operon of S. typhimurium. Proc. Natl.
Acad. Sci. U.S.A. 65:925-932.

2. Av{tabile, A., S. Carlomagno-Cerillo, R. Favre, and F.
Blasi. 1972. Isolation of transducing bacteriophages for
the histidine and isoleucine-valine operons in Escherichia
coli K-12. J. Bacteriol. 112:40-47.

3. Bachmann, B. J., and K. B. Low. 1980. Linkage map of
Escherichia coli K-12, edition 6. Microbiol. Rev. 44:1-56.

4. Barnes, W. M. 1978. DNA sequence from the histidine
operon control region: seven histidine codons in a row.
Proc. Natl. Acad. Sci. U.S.A. 75:4281-4285.

5. Barnes, W. M. 1981. Cloning and restriction map of the
first part of the histidine operon of Salmonella typhimur-
ium. J. Bacteriol. 147:124-134.

6. Bauerle, R. H., and P. Margolin. 1967. Evidence for two
sites for initiation of gene expression in the tryptophan
operon of Salmonella typhimurium. J. Mol. Biol. 38:423-
436.

7. Berk, A. J., and P. A. Sharp. 1977. Sizing and mapping of
early adenovirus mRNAs by gel electrophoresis of S1
endonuclease-digested hybrids. Cell 12:721-732.

8. Bickle, T. A., V. Pirrotta, and R. Imber. 1977. A simple
general procedure for purifying restriction endonucleases.
Nucleic Acids Res. 4:2561-2572.

9. Blasi, F., and C. B. BrunL. 1981. Regulation of the
histidine operon: translation controlled transcription ter-
mination. A mechanism common to several biosynthetic
operons, p. 1-45. In B. L. Horecker and E. R. Stadtman
(ed.), Current topics in cellular regulation, vol. 19. Aca-
demic Press, Inc., New York.

10. Boilvar, R., R. L. Rodriguez, M. C. Betlach, and H. W.
Boyer. 1977. Construction and characterization of new

cloning vehicles. I. Ampicillin resistance derivatives of
the plasmid pMB9. Gene 2:75-93.

11. Borck, K., S. J. D. Beggs, W. J. Brammar, A. S. Hopkins,
and N. E. Murray. 1976. The construction in vitro of
transducing derivatives of phage X. Mol. Gen. Genet.
146:199-207.

12. Brenner, M., and B. N. Ames. 1971. The histidine operon
and its regulation, p. 349-387. In H. S. Vogel (ed.),
Metabolic pathways, vol. 5. Academic Press, Inc., New
York.

13. Bruni, C. B., R. Di Lauro, P. P. Di Nocera, M. S.
Carlomagno, R. Frunzio, A. M. Mustl, and F. Blasi. 1978.
Cloning of the regulation region of the histidine operon of
Escherichia coli K-12 in plasmid pBR313, p. 143-150. In
H. W. Boyer and S. Nicosia (ed.), Genetic engineering.
Elsevier/North-Holland Biomedical Press, Amsterdam.

14. Bruni, C. B., A. M. Mustf, R. Frunzio, and F. Blasi. 1980.
Structural and physiological studies of the Escherichia
coli histidine operon inserted into plasmid vectors. J.
Bacteriol. 142:32-42.

15. Carmichael, G. G., and G. K. McMaster. 1980. The
analysis of nucleic acids in gels using glyoxal and acridine
orange. Methods Enzymol. 65:380-391.

16. Chessin, H., and W. C. Summers. 1970. Initiation by RNA
polymerase in UV or X-ray damaged T7 DNA. Biochem.
Biophys. Res. Commun. 38:40-45.

17. Cleweil, D. B. 1972. Nature of ColEl plasmid replication
in Escherichia coli in the presence of chloramphenicol. J.
Bacteriol. 110:667-676.

18. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics, p. 116-125. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

19. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced

bacterial genetics, p. 231-249. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

20. Dl Nocera, P. P., F. Blasi, R. Di Lauro, R. Frunzio, and
C. B. Bruni. 1978. Nucleotide sequence of the attenuator
region of the histidine operon of Escherichia coli K-12.
Proc. Natl. Acad. Sci. U.S.A. 75:4276-4280.

21. Ely, B., and Z. Ciesda. 1974. Internal promoter P2 of the
histidine operon of Salmonella typhimurium. J. Bacteriol.
120:980-986.

22. Favaloro, J., R. Treisman, and R. Kamen. 1980. Tran-
scription maps of polyoma virus-specific RNA: analysis
by two-dimensional nuclease S1 gel mapping. Methods
Enzymol. 65:718-749.

23. Frunzlo, R., C. B. Brunl, and F. Blasi. 1981. In vivo and in
vitro detection of the leader RNA of the histidine operon
of Escherichia coli K-12. Proc. Natl. Acad. Sci. U.S.A.
78:2767-2771.

24. Garrick-Silversmith, L., and P. E. Hartman. 1970. Histi-
dine requiring mutants of Escherichia coli K-12. Genetics
66:231-244.

25. Goldschmidt, E. P., M. S. Cater, T. S. Matney, M. A.
Butler, and A. Greene. 1970. Genetic analysis of the
histidine operon in Escherichia coli K-12. Genetics
66:219-229.

26. Gordon, J. F., R. G. Deeley, A. T. H. Burns, B. M.
Paterson, J. L. Christmann, and R. F. Goldberger. 1977.
Primary activation of the vitellogenin gene in the rooster.
J. Biol. Chem. 252:8310-8319.

27. Jackson, E. M., and C. Yanofsky. 1972. Internal promoter
of the tryptophan operon of Escherichia coli is located in a
structural gene. J. Mol. Biol. 69:307-313.

28. Johnston, H. M., and J. R. Roth. 1981. Genetic analysis of
the histidine operon control region of Salmonella typhi-
murium. J. Mol. Biol. 145:713-734.

29. Johnston, H. M., and J. R. Roth. 1981. DNA sequence
changes of mutations altering attenuation control of the
histidine operon of Salmonella typhimurium. J. Mol. Biol.
145:735-756.

30. Kasai, T. 1974. Regulation of the expression of the histi-
dine operon in Salmonella typhimurium. Nature (London)
249:523-527.

31. Lawther, R. P., and G. W. Hatfield. 1978. Effects of
altered rho gene product on the expression of the Esche-
richia coli histidine operon. J. Bacteriol. 136:1201-1204.

32. Lowry, 0. J., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

33. Martin, R. G. 1963. The one operon-one messenger
theory of transcription. Cold Spring Harbor Symp. Quant.
Biol. 28:357-361.

34. Martin, R. G., M. A. Berberich, B. N. Ames, W. W. Davis,
R. F. Goldberger, and J. D. Yourno. 1971. Enzymes and
intermediates of histidine biosynthesis of Salmonella
typhimurium. Methods Enzymol. 17B:3-44.

35. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-
labeled DNA with base-specific chemical cleavages.
Methods Enzymol. 65:499-560.

36. MIller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

37. Morse, D. E., and C. Yanofsky. 1968. The internal low
efficiency promoter of the tryptophan operon of Esche-
richia coli. J. Mol. Biol. 38:447-451.

38. Murray, M. L., and P. E. Hartman. 1972. Overproduction
of hisH and hisF gene products leads to inhibition of cell
division in Salmonella. Can. J. Microbiol. 18:671-681.

39. Platt, T. 1978. Regulation of gene expression in the
tryptophan operon of Escherichia coli, p. 263-302. In
J. H. Miller and W. S. Reznikoff (ed.), Molecular aspects
of operon control. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

40. Rechler, M. M., C. B. Bruni, R. G. Martin, and W. Terry.
1972. An intercistronic region in the histidine operon of
Salmonella typhimurium. J. Mol. Biol. 69:427-452.

41. Smith, H. O., and M. L. Bfrnstiel. 1976. A simple method

VOL. 151, 1982



700 GRISOLIA, CARLOMAGNO, AND BRUNI

for DNA restriction site mapping. Nucleic Acids Res.
3:2387-2398.

42. Staples, M. A., and L. L. Houston. 1979. Proteolytic
degradation of imidazoleglycerol phosphate dehydratase-
histidinol phosphatase from Salmonella typhimurium and
the isolation of resistant bifunctional core enzyme. J. Biol.
Chem. 254:1395-1401.

43. Sutdliffe, J. G. 1978. Complete nucleotide sequence of the
Escherichia coli plasmid pBR322. Cold Spring Harbor
Symp. Quant. Biol. 43:77-90.

44. Verde, P., R. Frunzio, P. P. Di Nocera, F. Blasi, and C. B.
Bruni. 1981. Identification, nucleotide sequence, and
expression of the regulatory region of the histidine operon

ofEscherichia coli K-12. Nucleic Acids Res. 9:2075-2086.
45. Vogel, H. J., and D. M. Bonner. 1956. Acetyl ornithase of

Escherichia coli: partial purification and some properties.
J. Biol. Chem. 218:97-106.

46. Vogelstein, B., and D. Gillesple. 1979. Preparative and
analytical purification of DNA from agarose. Proc. Natl.
Acad. Sci. U.S.A. 76:615-619.

47. Wlnkler, M. E., D. J. Roth, and P. E. Hartman. 1978.
Promoter- and attenuator-related metabolic regulation of
the Salmonella typhimurium histidine operon. J. Bacte-
riol. 133:830-843.

48. Yanofsky, C. 1981. Attenuation in the control of expres-
sion of bacterial operons. Nature (London) 289:751-758.

J. BACTERIOL.


