
JOURNAL OF BACTERIOLOGY, July 1982, p. 62-67 Vol. 151, No. 1
0021-9193/82/070062-06$02.00/0

Promoter Mapping and Selection of Operator Mutants by
Using Insertion of Bacteriophage Mu in the argECBH

Divergent Operon of Escherichia coli K-12
GUIDO BENY, ANNE BOYEN, DANIEL CHARLIER, WILLY LISSENS, ANDRt FELLER, AND

NICOLAS GLANSDORFF*
Research Institute of the CERIA and Laboratorium voor Microbiologie, Vrije Universiteit Brussel, B-1070

Brussels, Belgium

Received 30 December 1981/Accepted 18 March 1982

The analysis of a large number of Arg mutants obtained by inserting phage Mu
in the argECBH cluster of genes confirmed the "facing" arrangement proposed
earlier for the promoters of argE (argEp) and argCBH (argCBHp) and clarified
remaining ambiguities regarding the localization of argEp. Casadaban and Co-
hen's Mu d lac phages (M. Casadaban and S. N. Cohen, Proc. Natl. Acad. Sci.
U.S.A. 76:4530-4533, 1979) were used to construct strains where either an intact
or a truncated lacZ gene was fused to argC or argB. Several operator-constitutive
mutations could be selected for in such strains; the mutations affected both arms
of the cluster, thereby defining one common operator region for both directions of
transcription.

The occurrence of divergent operons tran-
scribed from promoters facing each other over
an internal operator region was disclosed some
years ago by the study of deletions affecting the
argECBH divergent gene cluster in Escherichia
coli (12). Other mutations specifically identified
an operator region (2, 3, 7, 12, 16) or displayed a
dual effect; certain nucleotide substitutions in
the sequence which codes both for the leader of
the argE message and for the promoter of
argCBH (argCBHp) were found to increase the
rate of translation of the argE message and to
adversely affect argCBHp (2, 9; J. Piette, A.
Boyen, R. Cunin, D. Charlier, M. Crabul, F.
Van Vliet, N. Glansdorff, C. Squires, and C. L.
Squires, manuscript in preparation). However,
no point mutation specifically altering the pro-
moter for argE (argEp) could be isolated up to
now. The location of argEp was left undefined in
a 0.3-kilobase-long segment containing the prox-
imal part of argC, between the ends of two
deletions: sup400 (Fig. 1.; 12), which does not
affect argE, and sup-102, which abolishes
expression of that gene without hampering tran-
scription of argH. A more refined mapping was
needed to interprete DNA sequence data.
The lack of specific techniques for isolating

argEp "up" or "down" mutants prompted us to
investigate the effects of insertion of bacterio-
phage Mu in the proximal part of the argCBH
operon in order to localize the argE promoter. In
addition to the thermoinducible Mu cts62 strain,
we used the defective Mu d lac ampicillin-
resistant (Apr) derivatives constructed by Casa-

daban and Cohen (reference 6 and unpublished
data); this approach enabled us to obtain fusion
between argC- or argB-encoded proteins and P-
galactosidase with a view to sequencing the
amino-proximal ends of those enzymes. More-
over, fusion strains were used to investigate
whether operator mutations obtained by select-
ing for constitutive, argC-dependent P-galacto-
sidase synthesis would provide evidence for a
specific argCBH repressor-binding site.

MATERIALS AND METHODS

Media. Minimal medium 132 and complex media
869, 856, and 855 have been described (14). When
needed, supplements to minimal medium were as
follows: ampicillin, 25 ,ug/ml; L-arginine hydrochlo-
ride, 100 ,ug/ml; N-a-L-acetylarginine, 25 ug/fml; L-
methionine, 50 pug/ml; thiamine hydrochloride, 1 Fjgt
ml; lactose and glucose, 0.2% (wt/vol).

Strains. Table 1 lists the bacterial and phage strains
used.

Phage manipulations. (i) Lambda derivatives. The
standard transduction technique has been described
(17). For the plate recombination and complementa-
tion tests, recipient cells were first streaked in patches
of about 1.5 cm2 on minimal medium with the necessary
supplement. After 24 h of growth at 32°C, they were
replicated onto minimal plates (without arginine) seed-
ed with equivalent quantities (about 2.109) of the
transducing phages and of the parental helper phage A
199 in soft agar. The lysates were obtained by ther-
moinduction of the appropriate MN42 A- lysogen as
previously described (17). The plates were incubated
for 48 h at 32°C.

(li) Mu cts62. To prepare Mu cts lysogens, a fresh
lysate of phage Mu was spotted onto 108 cells of strain
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FIG. 1. Deletion mapping of thermosensitive mu-
tants of the argCBH locus recovered after lysogeniza-
tion of strain P4X with thermoinducible bacteriophage
Mu cts62.

P4X poured in soft agar (855) on a plate of medium 856
supplemented with CaC12 (5 mM) and MgSO4 (10
mM). Independent cultures were inoculated from dif-
ferent places within the area of the spots after 15 h of
incubation at 32°C. Lysogens containing a Mu phage
inserted at an arg locus were identified by replica
plating after two successive penicillin enrichments
(15).

(iii) Mu cts d (Ap' lac) and Mu cts d II301 (Apr c).
Lysates of these phages (and of the Mu cts helper)
were prepared from strains MallO3 and Mal315, re-
spectively, and used to prepare ampicillin-resistant
lysogens of strain MC4100 as previously described (6).
Lysogenic cells were then either submitted to two
successive D-cycloserine enrichments (using 50 ,ug of
D-cycloserine per ml for 90 min) to obtain Arg mutants
or plated directly on minimal plates supplemented with
lactose, thiamine, acetylarginine, and ampicillin (see
text).

Reversion tests of Mu cti hnsertions. The reversion
test was adapted from Bukhari (4) as follows. From a

particular Mu lysogen, 50 temperature-resistent deriv-
atives were isolated after incubating 2 x 10' cells on
plates of medium 856 for 2 h at 43°C. The 50 colonies

were purified once and pooled in groups of 10. The
pools were grown up to stationary phase in supple-
mented minimal medium, and samples of about 1010
cells of each culture were screened for the presence of
revertants on minimal medium.
Enzyme assays. N-a-L-acetylornithinase (EC

H | 3.5.1.16), arginosuccinase (EC 4.3.2.1), and ornithine
carbamoyltransferase (EC 2.1.3.2) were assayed as
described previously (12). 1-Galactosidase was as-
sayed according to Miller (18).

98

RESULTS
Rationale. Any argEp down mutant would be

recognized as a slow utilizer of N-a-acetylargi-
nine, a relatively low-affinity substrate for
acetylomithinase, the argE-encoded enzyme
(1). The deacylation of acetylarginine rather
than acetylornithine offers the advantage of by-
passing the whole pathway. The polar effect that
a Mu phage exerts on the distally located genes
would be recognized by slow growth on orni-
thine (12).

Screening for insertions at the argECBH locus
was readily achieved by replica plating (see
Materials and Methods) on lawns of A d arg
transducing phages carrying either the whole
argECBH cluster or a particular deletion
(argECI, sup-102, sup400, or argBHIOO; Fig. 1).
Mu insertions in argH would be complemented
by A sup-102 or sup400; insertions in argE would
be complemented by A sup400 and argBH1OO;
insertions in argB, in argC, or in the control
region would not be complemented by any of
those phages but would recombine with them to
various extents. This plate test proved to be a
good screening tool; for example, recombination
between mutant argECI and sup400 (carrying
two deletions ending about 0.2 kilobases apart)
gave about 50 colonies on a 1.5-cm2 patch.

TABLE 1. Strains used

Strain Genotype Source or
reference

Bacteria
MC4100 F- araD139 A(lacIPOZYA)U169 rpsL thi 5
Mal103 F- Mu cts dl (Apr lac) Mu cts A(proB lacIPOZYA)XIII rpsL 6
Mal315 F- Mu cts d 11301 (Apr lac) mal(Xr)::Mu cts araDl39 A(araAIOC M. Casadaban

leu)7697 (proAB, lacIPOZYA)XIII rpsL
P4X A- Hfr metB relA, cured of A 17
P4XB2 A- As P4XB2 X, argR 12
MN42 A- Hfr metB A(ppc-argECBH) relA, cured of X 17

Phage
Mu cts62 Thermoinducible Mu-1 phage A. Toussaint
X13 d ppc argECBH bfe 17
X13 sup-102 d ppc sup-102 bfe 17
X13 sup-400 d ppc sup-400 bfe 17
X13 argECI d ppc argECI bfe 17
X13 argBHiOO d ppc argBH100 bfe 2
363 Pl-like transducing phage 14
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FIG. 2. Detail of Fig. 1: mutations mapping in the
overlap between the argECI and sup-102 deletions.
Only mutant AA-N shows impaired utilization of
acetylarginine, hence the assignment of argEp to the
left-hand side of the overlap. bp, Base pairs.

Promoter mapping using Mu cts62. From a
total of 60 independent cultures of Hfr strain
P4X exposed to phage Mu cts62, about 300 Arg
mutants were recovered which lysed on expo-
sure to 43°C. They could be (i) genuine inser-
tions at an arg locus, (ii) rearrangements (such
as deletions; 13) due to phage Mu interaction
with an arg locus, or (iii) spontaneous Arg
mutants lysogenized by phage Mu. The latter
should be rare since, in our hands, two succes-
sive applications of the penicillin enrichment
procedure did not bring the proportion of spon-
taneous Arg mutants in a wild-type population to
more than 1%. Categories (i) and (ii) should
constitute the majority, insertions being expect-
ed to outnumber other rearrangements (4).
A group of 200 mutants found to be affected at

the argCBH locus by their ability to be comple-
mented by transducing phage A 13 and by their
slow growth in the presence of ornithine were
mapped more precisely by the plate test de-
scribed above. The data (Fig. 1) suggested no
conspicuous clustering of target sites when con-
sidering the respective lengths of the regions
involved. The mutants mapping in the segment
defined by the left-hand extremities of deletions
sup-102 and sup400 (AA-N, 151, 23, 216, 217,
234, 235, 274, and 278) were analyzed further
with the argC enzyme-3-galactosidase protein
fusion strain described in the next section. All
except strains 23 and 216, which were probably
short deletions, appeared to be genuine Mu
insertions as indicated by the occurrence of
Arg+ revertants in cultures or thermoresistant
derivatives (4) and by concomitant loss of ther-
mosensitivity and acquisition of the Arg+ phe-

notype during transduction by phage 363. All but
one (AA-N) grew normally on acetylarginine as
the source of arginine. The mutation of strain
AA-N was localized with four other mutations
(including the argC enzyme-j-galactosidase
protein fusion strain) in the overlap between the
argECI and the sup-102 deletions (Fig. 2). The
results of the plate test were confirmed by
standard transduction techniques (17), in condi-
tions where 1,000 recombinants were obtained
in the 0.2-kilobase-long argECJ-sup400 inter-
val.
Enzyme assays performed on mutants AA-N

and 151 and on their argR derivatives (Table 2)
confirmed that the slow utilization of omithine
was due to the polar effect that the Mu prophage
exerts on argH. The data also confirmed that
mutant AA-N had a very low specific activity
for acetylornithinase. However, this was not the
case for mutant 151, which also harbored a Mu
prophage in the argECl-sup-102 overlap. argE
expression was less severely affected by muta-
tion AA-N than by the sup-102 deletion, sug-
gesting that the insertion had left argEp partially
intact. In addition, strain AA-N showed the
characteristic, unique among the 165 mutants
investigated, of reverting spontaneously, albeit
at a low frequency (about 10-8), to slow-growing
Arg+ revertants. This feature suggested that the
insertion could be confined to a control region
distinct from the structural argC gene, so that
most of the revertants would consist of impre-
cise excision of Mu or of rearrangements allow-
ing some expression of the adjacent argE and
argC genes. By contrast, one would expect the
reversion pattern of a Mu insertion within a
structural gene to be much more restricted.

TABLE 2. Enzyme specific activities in mutants
harboring Mu insertions in the argECI-suplO2

overlap
Sp act (>mol/h per mg of protein)

Ornithine
Straina Acetylor- Arginosuc- carbamoyl-nithinase cinase transferase

(argE) (argH) (argF
argl)

AA N 0.4 0.05
AA-N argRb 1.6 0.2 1,144
151 2.2 0.05
151 argR 30 0.1 1,615
P4XB2 argR 40 3.1 1,170
P4X sup-102 argR 0.2 5.0

a All cultures were grown in minimal medium sup-
plemented with arginine.

b argR derivatives were obtained by transducing
(14) the insertion into a P4XB2 (argR) derivative
carrying the ppc argECBH deletion no. 42 (12), select-
ing for Ppc+ recombinants, and checking for the
presence of Mu as in the original mutant (see text).
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TABLE 3. Specific activities of acetylornithinase
and arginosuccinase in thermoresistant derivatives of

strain N325 (Mu insertion in argC)
Sp act (Rmol/h per mg of protein

Straina Acetylomithin- Arginosuccin-
ase ase

T5 0.04 0.1
T5 argRb 0.47 0.55
117 0.03 0.12
T7 argR 0.24 0.70
N325C 4.0 0.02

a Cultures were grown in minimal medium supple-
mented with arginine.

b argR (derepressed) derivatives; see Table 2.
c A culture of N325 derepressed by using acetylar-

ginine (25 Fg/ml) as the source of arginine gave 59 and
0.02 U for acetylornithinase and arginosuccinase, re-
spectively.

Many thermoresistant derivatives of a Mu cts
lysogen are deletions eliminating all or part of
the phage DNA as well as adjacent regions (13).
Strain N325, with a Mu cts inserted in argC, was
used to generate deletions entering the control
region. Derivatives resisting exposure to 43°C
were selected on complex medium 856. Among
about 2,000 of these, replica plating disclosed
many colonies growing better than the parental
strain in the presence of ornithine, an indication
that the polar effect of Mu was at least partially
released and thus that argCBHp was left intact.
Among these, two grew very slowly in the
presence of acetylarginine, suggesting that
argEp was affected.
As expected from the above analysis of inser-

tion mutants, the recombination test proved
these two strains (T5 and T7) to harbor deletions
reaching into the argECI-sup-102 overlap. This
was confirmed physically by heteroduplex anal-
ysis after transfer of one of these mutations (T5)
on a A 13 transducing phage (data not shown).
Enzyme assays (Table 3) showed that argE
expression was low, albeit still repressible in
both mutants, whereas the polar effect on argH
was considerably reduced. Therefore, the dele-
tions would appear to have damaged argEp but
left argCBHp largely intact. The residual polar
effect observed on argH could have been due to
remnants of an imprecisely excised prophage, to
a translational frameshift or to an alteration of
the argC ribosome-binding site.

Inserting the lactose operon into arg genes:
selection of regulatory mutants. The defective
Mu cts d (Apr lac) phage constructed by Casada-
ban and Cohen (6; Fig. 3, line 1) makes it possi-
ble to insert the gene for ,B-galactosidase, devoid
of a functional promoter, into any gene (x in Fig.
3), the malfunctioning of which can be alleviated
by some growth condition. If the phage is prop-
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erly oriented (Fig. 3), transcription proceeds
unimpeded from the promoter of gene x (P.) into
lac. Such an insertion mutant in the argC or
argB gene of a Lac- strain would become Lac'
if the arginine regulon was derepressed, for
example, if acetylarginine was used as the
source of arginine at a low concentration (25 jig/
ml) (8). Regulatory mutants could then be select-
ed as Lac' colonies in the presence of arginine.
Phage Mu cts d II301 (M. Casadaban, unpub-
lished data; Fig. 3, line 2) contains a truncated
lacZ gene that may become functional down-
stream from the translational start of an actively
transcribed gene; a "fused" protein is obtained,
composed of a fragment of the NH2-proximal
sequence of gene x linked by Mu-encoded amino
acids to the truncated P-galactosidase. The phe-
notype of such fusion strains and their potential-
ities as sources of regulatory mutants would be
the same as in the foregoing case. In addition,
they might considerably facilitate the determina-
tion of the NH2-proximal amino acid sequence
of the gene product becoming fused to 3-galacto-
sidase.

(i) Operon fusion strains. Ampicillin-resistant
Arg mutants were obtained after two successive
D-cycloserine enrichments performed at 29°C
with a population of Lac- 4100 cells; they were
screened for their Lac phenotype in the pres-
ence of arginine and acetylarginine, respective-
ly. Among a sample of 40 strains found to be
Lac' in the presence of acetylarginine and Lac-
in the presence of arginine, almost all possible
types of insertion into arg genes were represent-
ed (except in argE), including several ones in
argC or argB, as indicated by growth and plate
recombination tests. One of the latter (no. 20)
was assayed and found to synthesize 20 times as
much P-galactosidase when acetylarginine (25
,ug/ml) was the source of arginine rather than
this amino acid itself (383 versus 20 U/h per mg
of protein).

trp lac Z
Px

lacZ

Apr
(1)

APr
(2)

FIG. 3. Simplified scheme for the structure of fu-
sion strains. (1) Operon fusion: a lacZ gene devoid of
promoter becomes expressed from P, over a Mu
fragment devoid of transcriptional stop signals (6). (2)
Protein fusion: a truncated lacZ gene (the first seven
codons are lacking) becomes expressed from Px over a
116-base-pair Mu fragment without translational stop
signals (Casadaban, unpublished data). Ap, ampicillin
resistance gene; Trp, part of the trp operon. Filled
boxes indicate Mu DNA.
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Spontaneous mutants of strain 20 able to use
lactose in minimal medium supplemented with
arginine (100 ,ug/ml) were obtained at a frequen-
cy of about 5 x 10-7. In a first batch of nine
mutants, all displaying high specific activities of
P-galactosidase in the presence of arginine, two
were affected in the arginine repressor as judged
from their elevated level of omithine carbamoyl-
transferase (encoded by the unlinked argF and
argI genes), and one was an operator-constitu-
tive mutant (see below). The rest probably har-
bored transpositions of the Mu d lac prophage,
since the genetic linkage between the Lac'
phenotype and the arg region was disrupted
(Arg+ transductants remained Lac').
The putative operator-constitutive mutation

was recovered by transducing to Arg+ the P4X
argECi strain with a 363 phage lysate grown on
the operator-constitutive mutant. The resulting
transductant displayed a marked reduction of
repressibility for both argE and argH (Table 4),
thus for both arms of the divergent cluster. A
second batch of mutants was screened out by
the same procedure. Nine strains were found to
harbor argR mutations, and nine others con-
tained Mu d lac transpositions. Transduction
into P4X argECI and enzyme assays (see above)
proved the seven remaining strains to consist of
four operator mutants very similar to the one
above (data not shown) and three strains in
which constitutive P-galactosidase synthesis
was due to a mutation on the Mu d lac prophage
itself.

(ii) Protein fusion strains. Strains which syn-
thesize a p-galactosidase fused to the NH2-
proximal part of the argC or argB products were
isolated directly by plating a population of cells
of strain 4100 lysogenized with phage Mu cts d
11301 on minimal medium supplemented with
lactose, acetylarginine, and ampicillin at 29°C.
About 1 cell in 102 grew on this medium, and
among 3,000 cells, 2 Arg mutants were identified
by replica plating on Lac plates devoid of argi-
nine. By the above-mentioned plate recombina-
tion test, one strain was found to be an argC-
lacZ fusion very early in the argC gene, within
the argECI-sup-102 overlap (see Fig. 1 and
previous section). The other did not recombine
with the sup400 deletion; therefore, it was prob-
ably an argB-lacZ fusion. Like the above arg-
lacZ operon fusion (no. 20), both strains synthe-
sized 20 times more ,B-galactosidase when
acetylarginine (25 ,ug/ml) was used instead of
arginine.

DISCUSSION
The properties of mutants harboring Mu pro-

phages inserted near the argE-argC junction
were found to be in full agreement with our
previous conclusions (2, 12) that the promoter of

TABLE 4. Acetylornithinase and arginosuccinase in
an operator-constitutive mutant derived from operon

fusion strain 20

Supple- Sp act (1Lmol/h per mg of
Strain ment to protein)

minimal Acetyl- Argino-
medium ornithinase succinase

P4XB2 argR None 84 8.5
Operator-consti- None 82 5.7

tutive mutant Arginine 38 3.3

P4X (wild type) None 23 1.3
Arginine 8 0.2

argE (argEp) faces the promoter of argCBH.
Moreover, the data localized argEp in the over-
lap between the argECI and sup-102 deletions,
thus a relatively small segment of 100 to 150
nucleotides (17). The properties of two deletion
mutants (T5 and T7) obtained as thermoresistant
derivatives of a Mu insertion in argC and which
extend into this region support these conclu-
sions. Since no other local alteration of argEp
could be obtained up to now, these results will
be very useful for the interpretation of the
recently determined DNA sequence of the argE-
argC region (9, 19; Piette et al., manuscript in
preparation). The fact that the sup-102 deletion
affects the expression of argE more severely
than the AA-N, T5, and 17 mutations suggests
that argEp might be contained entirely in the
argECI-sup-102 overlap.

Inserting Casadaban and Cohen's (6) Mu d lac
amp phages into argECBH to recover arg-lacZ
fusions or strains producing a hybrid 3-galacto-
sidase protein under arginine control proved
considerably easier and more straightforward
than the older, multistep Casadaban procedure
for constructing fusions (5) already applied to
argA (11) and argE by T. Eckhardt (unpublished
data). When used to isolate regulatory mutants,
the one-step fusion strains gave rise to a large
proportion of Mu d lac transpositions. This was
no surprise, since Mu d lac amp can still trans-
pose. Spontaneous regulatory mutants of both
the argR and argECBH operator-constitutive
type could, however, be recovered even from a
limited sample; at least one of the operator-
constitutive mutations proved to be a single-
base-pair deletion and not a rearrangement
(Piette et al., manuscript in preparation). It is
conceivable that the relative frequencies of regu-
latory mutants and transpositions could be al-
tered by mutagenesis or by making the inserted
Mu unable to transpose. The method is present-
ly being applied to fusions between lac and car
or pyr genes (unpublished data from our labora-
tory) in order to unravel the still elusive mecha-
nism which regulates pyrimidine biosynthesis
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and, in concert with arginine repression, con-
trols the synthesis of carbamoylphosphate syn-
thetase.
The above-described operator mutants were

all found to be derepressed for argE, even
though selection had been focused on argC-
dependent P-galactosidase synthesis. Taking
previous data into account, it now appears that
this dual effect on both arms of the argECBH
operon is typical of most operator mutants af-
fecting this cluster of genes, whether they have
been obtained by selection for argE (2, 3, 7) or
for argCBH (16; this paper). We had, however,
reported cis-dominant, argE-specific dere-
pressed mutants as well (2, 7). On the basis of
sequence data (Piette et al., manuscript in prepa-
ration), it appears that the relevant mutations
might open up new promoters in the vicinity of
the control region, though their affecting a spe-
cific argE operator has not been excluded.
Therefore, at present only one operator region
has been defined in the argECBH cluster; the
actual number of repressor binding sites could
be larger, however (Piette et al., manuscript in
preparation).

Regarding the mechanism responsible for con-
trol of enzyme synthesis in the arginine path-
way, it is of interest that in the very proximal
argC-lac protein fusion strain mentioned above,
,-galactosidase synthesis is extensively modu-
lated by the intracellular arginine level. This
shows that the argC product is not an essential
regulatory element for its own production, as
was already suggested by in vitro evidence (10).
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