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We fused segments of the Escherichia coli his regulatory region to galK in single-copy and multicopy vectors.
These fusions demonstrated that (i) derepression of his by histidine starvation is due exclusively to attenuation;
(ii) the his promoter is metabolically regulated; and (iii) both regulatory systems operate when the his
regulatory region is present on a multicopy plasmid. Thus, there is no evidence for titration of his regulatory
elements. Deletions of the his anti-attenuator region, carried on multicopy plasmids, cause low-level galK
expression. This expression is not stimulated by histidine starvation, but is growth rate dependent. We replaced
the his attenuator with the efficient lambda terminator, to. In the context of the his regulatory region, however,
Xt0 only partially terminates transcription.

The expression of the his operon of Escherichia coli is
regulated by histidine-specific attenuation at a rho-
independent transcription termination site preceding the first
structural gene (5, 12). RNA polymerase initiating from the
hisGp promoter may terminate at this site, producing a
181-nucleotide leader RNA (9, 25), or may proceed beyond
the attenuator into the his structural genes. The nucleotide
sequence of the his leader RNA allows two alternative
secondary structures. One structure contains at the 3' end a
hairpin, followed by a run of uridylate residues; this is the
attenuator configuration and the site of transcription termi-
nation. When the competing structure forms, termination is
prevented, and his is transcribed. The secondary structure of
the leader RNA is dictated by the translation rate of a
sequence rich in histidine codons, present at the 5' end of the
leader RNA, where ribosomes may pause or stall when the
concentration of histidyl tRNA becomes limiting (5, 12).
We studied his regulation by cloning DNA fragments

containing the promoter region or attenuator region or both
into plasmid pKO1 (18) and assaying the transcriptional
properties of these fragments in vivo and in vitro. The
responses of the clones to histidine-specific and growth
rate-dependent signals were analyzed in both multiple and
single copies. The system was further exploited to generate
substitutions and deletions within the leader RNA region to
dissect the phenotype of his leader RNA deletions and to
demonstrate that sequence context can affect the efficiency
of transcription termination.

MATERIALS AND METHODS
Media, growth conditions, and enzyme assays. LB medium

and M59 minimal medium (16) supplemented with 0.5%
glucose were used routinely. Solid media contained 1.5%
agar. When necessary, L-proline (1 mM), thiamine (10 ,ug/ml),
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ampicillin (50 ,ug/ml), or tetracycline (10 ,ug/ml) was added.
Histidine limitation was obtained by adding 3-amino-1,2,4-
triazole (4) to logarithmically growing cells in the presence of
0.4 mM adenine. Galactokinase assays were carried out by
using cells grown to an A650 of 0.5 and a previously described
procedure (18).

Materials. 14C-labeled D-galactose (60 mCi/mmol), [a-
32P]CTP (400 Ci/mmol), and [14C]UTP (400 Ci/mmol) were
obtained from Amersham Corp., Arlington Heights, Ill.
Restriction endonucleases and T4 DNA ligase were obtained
from New England Biolabs, Waltham, Mass. T4 polynucle-
otide kinase and alkaline phosphatase from calf intestine
were purchased from Boehringer Mannheim Biochemicals,
Indianapolis, Ind. E. coli RNA polymerase was obtained
from Miles Laboratories, Inc., Elkhart, Ind. Mung bean
nuclease was obtained from P-L Biochemicals, Inc., Mil-
waukee, Wis.
E. coli strains, plasmids, and phages. E. coli K-12 strains

N100 (galK2 recA13 pro sup thi), N113 (N100 lysogenic for
A imm434), and S165 A(galETK) were used. Multicopy plas-
mids pKO1, pKO4, and pKG1800 have been described
previously (18). Plasmids pAR1 and pAR3 were constructed
by cloning different AluI fragments of the his regulatory
region from plasmid pCB3 (5) into the single SmaI site of
pKO1 (Fig. 1 and 2). pAR6 was constructed by cloning the
HindIII-BglII fragment of pAR1 (containing the hisGp pro-
moter) into HindIll- and BamHI-cut pKO4, a derivative of
pKO1 containing single HindIII and BamHI sites. Plasmid
pARX was obtained in two steps (Fig. 2B). First, a 190-base
pair Sau3A fragment of bacteriophage X containing the Xt.
terminator (22, 23) was inserted into the single BglII site of
pARL. A HindIll-HincII fragment from a recombinant con-
taining the Vt. terminator in the correct orientation (pAR7)
was isolated. This fragment, containing the hisGp promoter
followed by the Vt. terminator, was inserted into pKO1,
which had been cut with Hindlll and SmaI. All of these
constructions except pARX were verified by restriction
analysis; in pARX the insertion was sequenced.
Phage X derivatives of plasmids pARl and pAR6 were

obtained by a modification of a technique described previ-
ously (18). Strain N100 carrying pAR1 and pAR6 plasmid
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FIG. 1. Genetic and restriction map of the E. coli his regulatory region. The top line shows the his promoter (hisGp), the his attenuator
(hisGa), and the beginning of the first his structural gene (hisG). The second line indicates the transcription pattern of this region. Rightward
transcription initiating at hisGp may or may not terminate at hisGa (dotted line). A leftward transcript ("A RNA") of unknown function is
also shown. The three open bars at the bottom represent the his DNA restriction fragments used in this work; the names of the pKO1 derivates
containing these fragments are indicated. NT, Nucleotides.

DNA was infected with cI857 gal-8, and recombinant
phages were selected at 32°C by plating the lysate on strain
S165, using tryptone tetrazolium-galactose agar plates. The
majority of the plaques appeared red on the galactose
indicator plates, but 0.2% had a clear phenotype. The latter
were produced by phage that had lost galET but retained
galK and the recombinant his regions from pARi or pAR6.
They had the following structure: (A b-galK-his-attL). In the
absence of galactose these phage gave cocarde-shaped
plaques. A DNA restriction enzyme analysis of the purified
phage confirmed their recombinant structure. Single-copy
lysogens of pARi and pAR6 in strain S165 were obtained by
infection and were maintained at 32°C.

In vitro transcription. Supercoiled plasmid DNA was
transcribed in vitro as described previously (9). RNA poly-
merase (100 to 200 ,ug/ml), DNA (20 to 30 ,ug/ml), KCl (100
mM), heparin (100 ,ug/ml), and nucleotide triphosphates (at
concentrations of 0.2 mM, except 32P-labeled CTP and UTP,
which were used at concentrations of 0.04 mM) were incu-
bated for 30 min in 20 mM Tris (pH 7.9) at 37°C. The mixture
was extracted with phenol and analyzed by electrophoresis
on 6% polyacrylamide gels in 7 M urea.

Determination of plasmid copy number. We used a dot blot
hybridization technique in which different amounts of bac-
terial cultures were spotted onto nitrocellulose paper (A. B.
Chepelinsky and M. Rosenberg, submitted for publication).
The filter was treated as described previously for the colony
hybridization procedure (16) and was hybridized to an
excess of 32P-labeled pBR322 (1 jxg). Appropriate DNA
standards were used. The filter was exposed to X-ray films,
and the intensities of the spots were quantitated by densi-
tometric scanning.
DNA sequencing. The technique ofMaxam and Gilbert (17)

was used for DNA sequencing.
In vitro deletions. Short deletions at the BglII site of pAR1

(see below) were obtained by digesting BglII-linearized
plasmid DNA with mung bean nuclease. A 20-,ug portion of
linearized plasmid DNA was incubated with 135 U of mung
bean nuclease at 30°C for 30 min in a 400-,ul reaction mixture
containing 0.03 M sodium acetate buffer (pH 5.6), 0.250 M

NaCl, 1 mM ZnCl, and 5% glycerol. The mixture was then
extracted with phenol, precipitated with ethanol, incubated
with T4 DNA ligase (16), and digested with BglII. The final
mixture was used to transform strain N100. Transformations
were carried out as previously described (6). Selection and
analysis of his leader deletions are described below.

RESULTS
Fusion of the his regulatory region to the galK gene:

histidine-specific regulation. Different fragments of the E. coli
K-12 his operon regulatory region were cloned in plasmid
pKO1, a vector system specifically devised to study tran-
scription regulatory signals (18). Plasmid pKO1 is a deriva-
tive of pBR322 carrying the E. coli galK gene without its
cognate promoter. When a promoter is inserted upstream
from galK, pKO1 can complement a GalK- host.

Figure 1 shows a restriction map of a 700-base pair region
encompassing (from right to left) the 5' end of the hisG gene,
the hisGa attenuator, and the hisGp promoter (9, 25). The
different fragments relevant to the present study are also
indicated in Fig. 1. The details of plasmid construction are
described above; plasmid structures are shown in Fig. 2.
Plasmids pAR1 and pAR3 carry the entire his regulatory
region, including the promoter and attenuator; pAR3 con-
tains an additional 138 base pairs located at the 5' end of the
hisGp promoter (Fig. 1 and 2A). Plasmid pAR6 is identical to
pAR1 except for deletion of the hisGa attenuator. This
multicopy plasmid system allowed us to answer the follow-
ing questions: (i) What is the minimum his region required
for regulation? (ii) Are his attenuation and promoter regula-
tion separable? (iii) Is his regulation maintained when the his
regulatory elements are present in high copy number?
We tested the response of each of the plasmids described

above to the intracellular histidine concentration. Histidine
limitation is known to cause derepression of the his operon
(4). Table 1 shows that pAR1 showed eightfold induction
when histidine limitation was induced by treatment with 20
mM aminotriazole for 8 h. This value agrees well with
measurements of his enzyme levels (4). Lower specific
activity was obtained when we used a lower concentration of
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FIG. 2. Construction of plasmids. (A) Plasmids pARl and pAR3 carrying hisGp and hisGa were constructed by inserting the appropriate
AluI fragment (see Fig. 1) into SmaI-linearized pKOl. (B) Derivatives of pARl: pAR6 (deleted for hisGa), pAR7 (an insertion of Xt.), and
pARX (a substitution of Xto for hisGa). The initiator triplet AUG of the leader peptide is at position 32; the terminator triplet is at position
80.

aminotriazole (4 mM) and a shorter exposure to the inhibitor
(2 h). A similar derepression ratio was obtained with plasmid
pAR3, which contains an additional 259 base pairs of his
region DNA 5' to the his leader RNA start (Table 1). A
galEp-galK fusion (pKG1800) showed no response to histi-
dine limitation. From these results it appears that the frag-
ment cloned in pAR1 carries the necessary his control
elements and that his regulation may be as faithful in high
copy number as it is in a single his operon copy.

Deletion of the his attenuator (pAR6) resulted in a three-
fold increase in galactokinase levels under repressed condi-
tions (Table 1). In contrast to plasmids pAR1 and pAR3, no
increase was observed under histidine-limiting conditions
(Table 1). The galactokinase levels of pAR6 were signifi-
cantly lower than those of derepressed pARL. This differ-
ence can be accounted for by the lower copy number of
pAR6. Correction for copy number brought the ga-
lactokinase levels ofpAR6 to the levels of derepressed pAR1
(Table 1). We conclude that histidine regulates the his
operon entirely by an attenuation mechanism.
To confirm the conclusions described above, we trans-

ferred the pARi and pAR6 recombinant his fragments onto a
AgalK phage, lysogenized an E. coli galK strain, and mea-
sured the effect of histidine limitation on the expression of
the now single copies of hisGp-galK operon fusions. A

15-fold increase in galactokinase activity was observed when
XAR1 lysogens were subjected to histidine limitation by
adding aminotriazole to the medium (Table 2). The dere-
pressed levels of galactokinase were about 40-fold lower
than the levels in multicopy plasmid pAR1 under derepres-
sing conditions (Table 1), in accord with the copy numbers of
these pBR322-based plasmids. The expression of galac-
tokinase from XAR6 was identical under repressed and
derepressed conditions and was comparable to that of dere-
pressed XAR1.
Growth rate-dependent (metabolic) regulation at the his

promoter. In addition to histidine-specific regulation, the his
operon is also subject to metabolic growth rate-dependent
regulation, which is mediated by ppGpp (24, 26). The level of
histidine enzymes decreases when cells are grown in rich
media. We analyzed the responses of plasmids pAR1, pAR3,
and pAR6 to variations in the growth rate by growing cells in
different media and assaying their galactokinase levels. In all
of the strains tested, the highest levels of galK expression
were obtained with slowly growing cells (minimal medium)
whether the plasmids contained the hisGa attenuator or not
(Table 3). As expected, no evidence of growth rate regula-
tion was observed when galK was driven by the galEp
promoter (pKG1800). Growth rate regulation was also ob-
served with the single-copy fusions (data not shown). These
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TABLE 1. Histidine-specific regulation of galactokinase levels in
E. coli galK strains carrying recombinant his-galK fusion plasmids

Galactokinase Relative plas- Corrected ga-
Sequence levela mid copy no. lactokinase

Plasmid cloned before level'
galK R D R D R D

assay assay assay assay assay assay

pAR1 hisGp hisGa 200 1,606 1.0 1.0 200 1,606
pAR6 hisGp 561 476 0.22 0.25 2,550 1,904
pKG1800 galEp 416 307 1.0 0.9 416 338
pAR3 hisGp hisGa 232 1,713 1.1 1.04 210 1,700

a See reference 18. R and D assays were performed with cells grown in
minimal medium and with cells grown in the presence of 20 mM aminotriazole
for 8 h, respectively.

b Galactokinase level divided by the relative plasmid copy number.

results agree with previous observations which showed that
metabolic regulation is attenuator independent and hence is
likely to result from control of promoter activity (24, 26).
The 14-fold difference which we observed with the plasmid
system is close to the 10-fold difference reported by other
workers for the chromosomal operon. These results show
that metabolic regulation is still maintained when the his
promoter region is present in high copy number.

In vitro generation of leader RNA deletion mutants. The
pKOl system may be used to select mutations in the
regulatory elements cloned upstream from galK (20). Plas-
mid pAR1 contains a unique BgII site within the his regu-
latory region, which is located within the loop of the C-D
hairpin structure (Fig. 3, nucleotide 115). This site lies in a
critical position between the C-D loop and the descending
D-stem region. The D stem is thought to participate in the
alternative D-E antiterminator structure which prevents the
formation of the E-F attenuator (5, 12). In Salmonella, small
deletions in the C-D stem-loop produce a His- phenotype;
the decreased probability of forming an efficient D-E
antiterminator stem-loop leads to a leader RNA structure
that is frozen in the attenuator configuration (12). However,
our multicopy system might permit a finer assessment of the
degree of attenuation in these mutants. Therefore, we gen-
erated deletions of the corresponding region of the E. coli his
leader, digesting BglII-linearized pAR1 DNA with mung
bean nuclease, religating, transforming strain N100 (galK-),
and selecting ampicillin-resistant colonies on MacConkey-
galactose indicator plates. The pKO1 system detects strains
with plasmids that express galK (red) colonies among Gal-
(white) coloties. In our experiment 95% of the transformants
displayed a Gal' phenotype, and 5% displayed a Gal-
phenotype. Colonies of both types were isolated for analy-
sis. Deletion mutants (pAR8) were identified by isolating
DNAs from several Ampr transformants, digesting these
DNAs with BglII and HaeIII, and determining the size of the
deletion by polyacrylamide gel electrophoresis. Plasmids

TABLE 2. Galactokinase levels in single-copy A hisGp-galK
lysogens

Galactokinase levela
Phage Promoter Attenuator R D

assay assay

XAR1 hisGp hisGa 2.4 39.5
XAR6 hisGp None 30.2 32.1

aSee Table 1, footnote a.

TABLE 3. Growth rate-dependent regulation of the his promoter
on multicopy plasmids

Galactokinase levela

Plasmid M56 M56 medium + LB
Casaminomedium Caids mediumAcids

pAR1 270 147 80
pAR6 1,909 1,003 137
pAR3 290 NTb 79

a See Table 1, footnote a. Galactokinase levels wre normalized to the
plasmid copy number of pAR1.

b NT, Not tested.

pAR8-R1, pAR8-R2, and pAR8-W3 were shown to have lost
the BglII site and, by subsequent DNA sequence analysis, to
carry deletions of 4 (hisL115-118), 8 (hisLlll-118), and 20
(hisLl03-122) nucleotides, respectively. The structures of
these three mutants are shown in Fig. 3, and their pheno-
types are summnarized in Table 4. We found that the expres-
sion of galactokinase was inversely related to the extent of
the deletion, but that each mutant yielded detectable
galactokinase activity. The largest deletion mutant, pAR8-
W3, which was Gal- on MacConkey-galactose indicator
plates, still showed -20% of pAR1 galactokinase activity
(Table 4). In contrast to the behavior of wild-type pAR1,
plasmids pAR8-R1, pAR8-R2, and pAR8-W3 were not dere-
pressed by aminotriazole.

Although the three mutants could not be derepressed, they
were subject to metabolic regulation. All showed substan-
tially more galK expression in M56 medium than in LB
medium (Table 4).

Substitution of a A terminator for the hisGa attenuator. The
regulation of transcription termination at the hisGa attenua-
tor depends upon histidine-controlled competition between
alternative RNA duplexes. Partial deletion of the
antiterminating structure increases attenuation (12). Analo-
gously, replacement of the attenuator with a terminator
without homology to the his leader should have the same
effect (viz., little readthrough transcription should be ob-
served). We tested this prediction by substituting the to
terminator of bacteriophage X for the hisGa attenuator,
taking advantage of the BgllI site that separates the hisGp
promoter from the hisGa attenuator in pARi (Fig. 2B) (see
above). The resulting plasmid, pARX (Fig. 2B), carries galK
downstream from a regulatory region composed of the hisGp
promoter, the his leader region up to the BglII site, and the
Xto terminator. The sequence of this portion of the plasmid,
along with a possible RNA secondary structure, is shown in
Fig. 4.
Two kinds of experiments were performed to test the

effect of the Ato terminator on transcription initiated at
hisGp. First, galactokinase activity was measured in sttain
N100(pARX) and compared with the galactokinase activities
of control strains carrying pAR1, pAR6, pAR7, or pAR52
(Table 5). Plasmid pAR52, which contains the galEp pro-
moter upstream from Xto and galK, did not synthesize
galactokinase. This is consistent with previous in vitro
demonstrations that the Xto terminator is highly efficient both
in its original genetic location (10) and in hybrid construc-
tions when it is inserted between the galEp (20) or lacZp
(McKenney, manuscript in preparation) promoters and
galK. In contrast, plasmid pARX displayed high ga-
lactokinase levels that were equivalent to 40% of the level of
pAR6 (carrying hisGp and galK without an intervening
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FIG. 3. Nucleotide sequence of three deletions around the BglII site (AGAUGU) of the E. coli his leader RNA. Sequences are arranged
in a secondary structure leading to attenuation (top) or anti-attenuation (bottom), as visualized by Johnston and Roth (12) for the S.

typhimurium his leader RNA.

attenuator). The expression of galK in strain N100(pARX)
was independent of histidine regulation, since it was not
augmented with aminotriazole treatment. Finally, the failure
of hisGp-initiated transcription to terminate at Xto was not
epistatic to hisGa; pAR7, which carries the sequence hisGp,
Xto, hisGa, and galK, does not synthesize galactokinase.
Our data show that the efficiency of the Xto terminator is

context influenced; it can be nearly 100% effective in several
different locations, but is only weakly active when it is
cloned into the his leader region.
A second set of experiments excluded the possibility that

galK expression in pARX was due to a new promoter
created fortuitously between Xto and galK during the con-

struction of the plasmid. DNAs from plasmids pAR1, pARX,
and pAR7 (with structures hisGp-hisGa-galK, hisGp-Ato-
galK, and hisGp-Xt0-hisGa-galK, respectively [Fig. 2B])
were transcribed in vitro. After incubation of supercoiled
DNA with purified RNA polymerase in the presence of
[32P]UTP, the RNA products were isolated and analyzed by
polyacrylamide gel electrophoresis. Figure 5 shows the
results of this experiment. Control plasmid pAR1 (Fig. 5,
lanes A) produced the expected 181-nucleotide his leader
RNA (9). In plasmids pARX and pAR7, transcription initi-

ating at hisGp and terminating at Xt. yielded a 190-nucleotide
RNA (Fig. 4). Transcripts of pARX that read through Xto
would not have been detected under our experimental con-
ditions. However, plasmid pAR7, which has two transcrip-
tion terminators in tandem, showed two discrete bands (Fig.
5, lanes B). The 190-nucleotide band represents transcription
terminating at Xto, whereas the 370-nucleotide band indicates
transcripts reading through Xto and terminating at hisGa. For
either template, the intensity of the 190-nucleotide band
reveals that Xt0 is only 11 to 16% efficient (Table 6) in the his
leader context, a value consistent with in vivo measure-
ments. Thus, the expression of galK in pARX can be
accounted for by readthrough of Xto, rather than by a new

promoter created during plasmid construction.

DISCUSSION
In this study we analyzed the regulation of the E. coli his

operon by using several his-galK operon fusions. Our results
support the mechanisms of his control that were proposed on
the basis of his enzyme assays. However, the behavior of
some of our constructions is not readily explained by exist-
ing models.
The his operons of E. coli and Salmonella typhimurium
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TABLE 4. Properties of deletion mutants of the his leader RNA
region

Galactokinase levelc
Phenotype

on M56
Plasmida Deletionb MacConkey- LB M56 medium

galactose medium medium + 4 mM
agar plates aminotri-

azole

pAR1 None GalK+ 74 241 718
(red)

pAR8-R1 Nucleotides GalK+ 85 190 205
115-118 (red)

pAR8-R2 Nucleotides GalK+ 58 120 130
111-118 (red)

pAR8-W3 Nucleotides GalK- 15 47 44
103-122 (white)

a Plasmids were used to transform E. coli K-12 galK strain N100, which
forms white colonies on MacConkey-galactose agar plates.

b Deletions of the his leader RNA region. Nucleotides in this region are
numbered by starting with the transcription initiation site of the his operon as
nucleotide 1 (9, 12).

c See Table 1, footnote b. Derepression experiments were performed with 4
mM aminotriazole for 4 h. Under these conditions derepression levels lower
than those shown in Table 1 (20 aminotriazole mM for 8 h) were obtained.

respond to the levels of charged histidyl tRNA, which in turn
reflect the concentration of intracellular histidine (15). This
regulation occurs by attenuation of transcription at hisGa, a
stem-loop structure between the his promoter (hisGp) and
hisG (5, 7, 8, 12, 13). When his tRNA levels are high, 95% of
the transcripts initiating at hisGp terminate at hisGa, forming
a 181-nucleotide leader RNA. If his tRNA is limiting, slow
translation of his codons in the his leader leads to transcrip-
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FIG. 4. Nucleotide sequence and putative secondary structure of

the hybrid his-Xt, RNA. The underlined pentanucleotide AGAUC
represents the BgIII-Sau3a his-Xt, junction. A, B, and C indicate the
his leader RNA sequence shown in Fig. 3.

104-

FIG. 5. In vitro transcription of supercoiled plasmid templates
pAR1 (lanes A), pAR7 (lanes B), and pARX (lanes C). The two lanes
for each plasmid represent duplicate transcription experiments. The
conditions used are described in the text. A HaeIII digest of fX174
was used as a marker to estimate the size of the 370-nucleotide band.
The size of the 181-nucleotide band was determined by nucleotide
sequence (9), as was the size of the 104-nucleotide band (14). The
size of the 190-nucleotide band was estimated by comparing its
migration with that of the 104-, 181-, and 370-nucleotide bands.

tion readthrough into the his structural genes. The presence
of ribosomes on the his leader RNA is thought to favor the
formation of an RNA structure that competes with hisGa.
The his operon is also metabolically regulated; hisGp is

stimulated by ppGpp and is thus more active in cells growing
slowly in minimal medium. This control is independent of
the attenuator mechanism (2, 4, 26).

Cloned fragments of the his regulatory region. A 375-base
pair E. coli his fragment, composed of hisGp, the his leader,
and hisGa, appears to contain all of the cis elements required
for his regulation. An operon fusion of this fragment to galK
is 10-fold derepressed by aminotriazole, an inhibitor of
histidine biosynthesis. The same derepression ratio is ob-

A B C

370-
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TABLE 5. Effect of the Xt, terminator on galK expression from the galEp and hisGp promoters

Phenotype on Galactokinase level'
Plasmid Promoter Terminator MacConkey- M56 medium + M56 M56 medium +

galactose plates Casamino Acids medium aminotriazole

pKG100 galEp None Red 400 390 500
pAR52 galEp Ato White 15 NDb ND
pARl hisGp hisGa Red 104 241 718
pARX hisGp Xito Red ND 868 785
pAR7 hisGp Xto hisGA White ND . ND ND
pAR6 hisGp None Red ND 2,119 2,224

a Values were normalized to the plasmid copy number of pAR1. Derepression was performed with 4 mM aminotriazole for 4 h (see Table 4, footnote c).
b ND, Not detectable.

served whether the fusion is present on a multicopy plasmid
(pAR1) or in a single-copy X prophage. This argues against
the existence of a lirniting his regulatory function, either
positive or negative, which might be titrated by pARL.
The induced level of galactokinase expressed by pAR1 is

close to that of pAR6, which lacks hisGa. Therefore, the
suppression of the attenuator during histidine limitation must
be almost complete. As expected, galK expression in pAR6
is independent of histidine concentration. Plasmids pAR6
and pARI are growth rate regulated; galactokinase levels are
highest in minimal medium, intermediate in Casamino Acids
enriched minimal medium, and lowest in LB broth.
The presence of hisGp in pAR6 leads to a reduction in

plasmid copy number; this is not the case in pAR1, where
hisGa blocks readthrough into pBR322 sequences. The
efficiency of hisGp is high, about fourfold higher than the
efficiency of the galEp promoter (Table 1). That very active
promoters cloned into pBR322 inhibit its replication has
been reported previously (1).

Deletions of the D-E anti-attenuator. Derepression of the
his operon depends on the formation of the anti-attenuator
D-E structure (Fig. 4). We have generated E. coli hisL
deletions of nucleotides 115 through 118, 111 through 118,
and 103 through 122 which affect the C-D or D-E structures.
These are similar to the S. typhimurium hisL deletions of
nucleotides 109 through 119, 110 through 118, 116 through
120, and 116 through 124 isolated by Johnston and Roth (11,
12). The S. typhimurium mutants displayed a His-,
aminotriazole-sensitive phenotype (i.e., very low and
nonducible expression of his enzymes). Our deletions, when
present on a multicopy plasmid, show a more complex
phenotype. In agreement with the single-copy analysis, galK
expression in deletion plasmids pAR8-R1, pAR8-R2, and
pAR8-W3 is not increased by aminotriazole. However, the
basal level of galK expression ranges from 20% of wild-type

levels for the largest deletion up to 80% for the smallest.
Additionally, all of the deletions completely eliminate the
ability of ribosomes to influence the equilibrium between the
attenuator and anti-attenuator structures. The his leader
RNA resembles in its secondary structure histidyl tRNA and
may interact with histidyl RNA synthetase or hisG product
(3). Our deletions include the anticodon-like sequences of
the leader transcript. Therefore, it is possible that interac-
tions between these sequences and other factors are required
for full his attenuation. Of course, the precise role of the
deleted nucleotides is unknown; isolation of appropriate
point mutations will be required to extend this study.

Whether, the S. typhimurium C-D deletion mutations
would display a low-level constitutive phenotype if they
were cloned onto a multicopy plasmid is not yet known.

Substitution of the Xto terminator for hisGa. In its own
context or cloned downstream from the galp and lacp
promoters, the Xt. terminator is more than 95% efficient in
vivo (Table 5) (20). In contrast, when placed in the his leader
sequence at the hisGa site, it is only about 15% efficient in
vitro or 60% efficient in vivo. The efficiency of cloned Xt. is
not affected by histidine concentration.
The position effect on the activity of Xt. might be due to

several causes. Although a sequence search of the his leader
RNA did not reveal homologies with Xt0, competing second-
ary structures cannot be entirely ruled out a priori. It is
known that the efficiency of terminators can be affected by
nearby translation (2, 21). Although the activity of Xto was
not affected by aminotriazole, it might nevertheless be
reduced by translation of the his leader. We have not yet
tested this hypothesis. Finally, Xt,, is in part dependent on
transcription termination factor rho (10). The ability of rho to
promote termination is influenced strongly by the length and
sequence of the RNA upstream to the terminator. In partic-
ular, terminators distal to regions of potential secondary

TABLE 6. Efficiency of transcription termination of the hisGp-initiated transcripts at the Xt, terminator
Efficiency of transcription termination'

Plasmid 104-Nucleotide 181-Nucleotide his 190-Nucleotide his 370-Nucleotide his % Termination % Termination at
RNA leader RNA Xt. hybrid leader Xf,, hisGa hybrid at Xt0 hisGaRNA leader RNA

pAR1 100 240 100
pAR7 100 70 360 16b 84b
pAkX 100 35 NMC

a The data were normalized by dividing the amount of [32P]UMP incorporated in individual bands by the amount of [32P]UMP in the 104-nucleotide RNA (14).
b Termination was calculated by assuming that the sum of the radioactivity in the 190- and 370-nucleotide bands equaled the total amount of the hisGp-initiated

transcript, as it is for the 181-nucleotide band with the pAR1 DNA template (9).
c NM, Not measurable. The percentage of termination at Xt. could not be determined in the absence of a downstream terminator.
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structure are poorly acted upon by rho (19). The highly
structured his leader could block the access of rho to Xto.
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