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Use of Gene Cloning to Determine Polarity of an Operon:
Genes carAB of Escherichia coli
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A gene-cloning approach was used to determine the transcription polarity of
the carbamoylphosphate operon (carAB) of Escherichia coli. In agreement with
the accompanying paper (J. Bacteriol. 143:914-920, 1980), our results lead to the
conclusion that carA is the proximal gene of the carAB operon.

The control region of the carAB operon,
which encodes carbamoylphosphate synthase
(EC 2.7.2.9), is of peculiar interest because it
interacts with at least two regulatory macromol-
ecules to produce the pattern of gene expression
known as cumulative repression (6, 10, 11, 13).
The accompanying paper (5) discloses the polar-
ity of transcription of the carAB cluster but at
the same time shows how difficult the interpre-
tation of polar effects may be. In the present
paper, the conclusions of Gigot et al. (5) are
supported by the results of a totally different
approach; plasmids carrying only the carA gene
are shown to carry the control element of the
cluster since the extrachromosomal carA copies
are stilL repressible by arginine and uracil. A
preliminary account of this work has appeared
previously (4).

MATERIALS AND METHODS
Bacterial and phage strains. The bacterial and

bacteriophage strains used in this work are listed in
Table 1. Genetic symbols are from Bachmann et al.
(1).
Phage assays and phage propagation. The pro-

cedures used for the propagation and assay of phages
have been described previously (6, 8).

Heteroduplex formation and electron micros-
copy. The preparation ofphages and the heteroduplex
procedure have been described in detail (6, 8). Length
measurements are expressed in kilobases (kb).
DNA restriction, cloning, and plasmid con-

struction. All of the technical details and references
concerning restriction endonuclease digestion, DNA
fragment isolation, cloning, transformation, and con-
struction and isolation of plasmids have been de-
scribed by Crabeel et al. (3).
Growth of cells. The cells used for the enzyme

assays were grown as described in the accompanying
paper (5).
Enzyme determinations. Carbamoylphosphate

synthase (EC 2.7.2.9), aspartate carbamoyltransferase
(EC 2.1.3.2.), and ornithine carbamoyltransferase (EC

2.1.3.3) were assayed as described previously (6, 9, 12).
The carA gene product (i.e., the small subunit of
carbamoylphosphate synthase) was assayed by the in
vitro complementation procedure described in the ac-
companying paper (5).

Chemicals. Restriction endonucleases were pur-
chased from Miles Laboratories, Kankakee, Ill. All of
the reagents for the enzyme assays were from Sigma
Chemical Co., St Louis, Mo.

RESULTS AND DISCUSSION

Phage vectors and heteroduplex map-
ping ofthe car locus. The previously described
A dcar37-9 transducing phage (6) (Fig. 1) carries
a chromosomal segment of 5.1 kb, which is
hardly larger than the 4.75 kb necessary to en-
code the two subunits of carbamoylphosphate
synthase (17).
Phage A dcar53 was also isolated from A 199

by the method of Schrenk and Weisberg (15).
Heteroduplex molecules between A dcar37-9 and
A dcar53 DNAs (Fig. 1) revealed that the two
phages underwent the same type of substitution;
the car region is carried in the same orientation
on both phages, but some extra material is pres-
ent on A dcar53 between car and the att site. A
dcar37-9 and A dcar53 thus originated from pro-
phages inserted at different sites but underwent
seemingly identical excision events.
The carB8 deletion encompasses all of the 56

known carB markers but does not alter the
expression of carA (9). It could be localized on
heteroduplex molecules between A dcar37-9 and
a A dcar53B8 derivative obtained by preparing
a carB8-A carB8 homogenate from strain Jef8
lysogenized with phage A dcar53. The deletion
is 2.6 kb long and represents approximately 75%
of the carB gene. The data are summarized in
Fig. 2.
The almost symmetrical location of carB8

within the chromosomal segment carried by A
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TABLE 1. List of strains

Organism Genotype/phenotype reference
Bacteria
P4XB2 Hfr P4X metB argR This laboratory

(A)+
Jef8 A+ Hfr metB thr carB8 9

(A)+
Jef8 Ak Hfr metB thr carB8, 9

cured of A
Mil78 Hfr metB thr carA178 9

(A)+
C600-4 F- hsdR hsdM+ thi This laboratory

pro carA1 78 recA
Phages
A 199 cI857 susS7 sus xis6 R. Weisberg

b515 b519
A nin5 N7 N53 c1857 nin5 2
A dcar37-9 A dcarAB 8
A dcar53 A dcarAB This work
A dcar53B8 A dcar53 carrying the This laboratory

carB8 deletion
Plasmid pMB9 ColEl Tc P. Wensink

a LA

Xcar37-9 M'5210 269 31,434.0'Acar37-9 n _-77-4 388

9,ninS Ig12<265 31.2 L
C229 247 '

xcar53 4 2

7199 21.5 '---'141.521.5 30.4%
car53 ,217 321 3W,385

).nin5 43L 6n5190N-L.9 26.6 351 c 436
228 24aB

e% car53 214..64 315

,xcar37-9 21r.1 26.5

2carB8
,AcarM3B8 2 1411
Ncar 37-9 21.5 - 2666387

22.7 25.3
FIG. 1. Schematic diagrams of the heteroduplexes

studied. Coordinates are in kilobases. Bacterial se-
quences are shown as wavy lines. Dashed lines join
points which are physically connected in the hetero-
duplexes.

dcar37-9 does not allow us to conclude, on this
basis alone, on which side of the deletion the
carA gene is situated. The orientation of carAB
on the phage can in fact be deduced from a
purely topographical analysis accompanying the
construction of a carA plasmid vector (see be-
low).
Construction ofplasmid vectors. By using

the appropriate restriction enzyme cuts, it was
possible to isolate carA and determine whether
the cloned gene retained the normal regulation
pattern of the whole operon.
A comparison of EcoRI digests of A dcar37-9

and A 199 revealed that segments D and C (15)
were replaced by two segments (x and y) with
lengths of 5.8 and 3.8 kb, respectively. Digestions
of A dcar53 still gave a 5.8-kb fragment, but a
new one 8.8 kb long replaced the shorter piece.
Consequently, (i) the extra chromosomal DNA
present on X dcar53 does not bear an EcoRI site
and (ii) the order of the fragments on A dcar37-
9 DNA is A'-y-x-E-F (Fig. 3). Besides, the cut
separating y from x is in the space covered by
the carB8 deletion. This is demonstrated by the
EcoRI restriction pattern ofA dcar53B8; the 8.8-
and 3.8-kb fragments are replaced by a unique
piece 13 kb long (i.e., 8.8 + 5.8 - 2.6, the length
of the carB8 deletion). Thus, either x or y should
carry the entire carA gene.
The colicinogenic factor pMB9 carries a gene

conferring tetracycline resistance to its host cell.
Besides, it bears only one EcoRI-specific site
and is thus particularly suitable for cloning ex-
periments. pMB9 and A dcar37-9 DNAs were
digested with EcoRI, mixed, and ligated (see
above). This DNA was used to transform Mi178,
a carA mutant synthesizing an active carB sub-
unit at a normal rate (5). Tetracycline-resistant
colonies were selected on rich medium; about

B(3.59) A(1.16)

L car3B8:
:12 2.6 13

5.0 5.1 ,
XAdcar37-9

)Xdcar53
FIG. 2. Physical map of the car region. The upper

line indicates the orientation of car genes. The num-
bers are the lengths of the genes, as estimated from
the molecular weights of the carA (42,000) and carB
(130,000) proteins (17). The other lines show, respec-
tively, the positions of deletion carB8 and of the
chromosomal fragments carried by X dcarAB 37-9
and A dcarAB53. All distances are in kilobases.

l199 A 207

'Acar37-9 A 207

AcarS3 A 207

12car53 BS A 207

m m C 5.3 D 7.2 IE 5.6IF3.3

carB A Cl
37-9y 37-9x5j8 E S6 F3.
38

9W1
- jj3b 5-BIE 56IF323

-I 5388a 130 E 164F 3.21
,v-

FIG. 3. Physical map of the A dcarphages used in
this study. EcoRI cuts are indicated by arrows.
Lengths are in kilobases.
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2% of the resistant clones did not require argi-
nine or uracil for growth and could thus carry a
pMB9-carA composite plasmid. Two of them
(PGW1 and PGW2) were analyzed further.
Structure of plasmid vectors. To identify

which of the x and y car fragments is joined to
pMB9 DNA in the two plasmids, their DNAs
were digested with EcoRI, and the fragments
were examined on agarose slab gels.
Two bands were obtained from the PGW1

digest. One migrated to the same position as
pure EcoRI-digested pMB9 DNA (5.6 kb long).
The other was indistinguishable from the band
given by fragment x. That it indeed contained
fragment x was confirmed by the fact that PGW1
made its host cell immune to phage A; Fig. 3
shows that fragment x was expected to carry the
repressor gene. The analysis of PGW1 thus es-
tablished that on A dcar37-9 the genes are ar-
ranged in the order A-J-att-BAcar-C-R.
The structure of PGW1 was examined further

by electron microscopy. The length of the plas-
mid was 11.2 + 0.2 kb, thus agreeing with the
sum of the two fragments observed on gels; thus,
only one copy of each fragment is included in
the plasmid. Heteroduplex molecules between
PGW1 and A dcar37-9 (data not shown) also
provided evidence that part of the car region is
present on PGW1.
A similar analysis of the structure of PGW2

was conducted. It demonstrated that this plas-
mid is composed of one pMB9 equivalent, two
car x fragments, and a 3.2-kb contaminant of
chromosomal origin (Fig. 4). However, the ori-
entation of the carA gene with respect to the
pMB9 sequence (and thus to the plasmid pro-
motors) is different in the two vectors. There-
fore, host cells carrying either of the two plas-
mids were used to study carA expression.
The orientation of the A c gene and of carA in

PGW1 was determined by restriction mapping,
using HindIII, which is known to cut pMB9

DNA at a well-defined site, close to or in the
promotor of the tet gene (14) (Fig. 4).
Expression of the carA gene on PGW1

and PGW2. recA carriers of PGW1 and PGW2
were investigated for carA expression in unsup-
plemented miniimal medium and in the presence
of both arginine and uracil (Table 2). The spe-
cific activity of the carA gene product was as-
sayed by complementation with an extract of
strain Mi178 (carA178). The specific activity of
native carbamoylphosphate synthase was esti-
mated as well; this value is of course limited by

I pGW2
R14ti

I

Rl

Rl

FIG. 4. Structures ofplasmids PGWI and PGW2.
, Plasmid DNA; -----, lambda DNA; -, carAB

DNA; undetermined chromosomal frag-
ment (in PGW2).

TABLE 2. Expression of the carA gene in PGWI and PGW2plasmid carriers

Enzyme sp actb
Strain Additions to minimal me- Carbamoyl- Orithine Aspartate

diuma phosphate carA gene
synthase prodUCtd carbamoyl- carbamoyl-

(complete)' transferase transferase

C600-4 (PGW1) None 1.10 17.95 52.0 5.4
Arginine + uracil 0.41 7.44 5.6 1.9

C600-4 (PGW2) None 0.69 5.75 21.7 4.2
Arginine + uracil 0.06 0.73 3.3 0.7

a All media contained 25 stg of tetracycline per ml.
b Enzyme specific activities are expressed as units (micromoles of product formed per hour) per milligram of

protein.
eGlutamine-dependent activity of carbamoylphosphate synthase.
d The small subunit was assayed by in vitro complementation with cell extracts of mutant carAI 78.
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the expression of the unique resident chromo-
somal carB gene. In unsupplemented miniimal
medium, carriers of PGW1 and PGW2 plasmids
synthesized about 16- and 8-fold excesses of
carA product, respectively. The consistently
higher carA specific activity in the PGW1-har-
boring strain was paralleled by a higher level of
complete carbamoylphosphate synthase (two to
three times as much as in PGW2 carriers). This
suggests that in the cells harboring PGW1 the
number of car genes is already high enough to
limit the efficiency of repression of all car genes
present, including the one on the chromosome.
This interpretation is supported by the fact that
arginine and uracil, at the concentrations used,
fully repressed the synthesis of both carA and
complete carbamoylphosphate synthase in
PGW2 carriers, whereas in the PGW1 host the
repression was only partial. The higher levels of
ornithine and aspartate carbamoyltransferases
in PGW1, whether arginine and uracil are added
or not, are consistent with this interpretation.
The average number of plasmids present in

the cells has been determined in minimal me-
dium and in condition of repression by the
method of Womble et al. (18). The estimates
obtained (PGW1, about 25; PGW2, about 7)
were not influenced by arginine and uracil, in-
dicating that the observed variations of carA
specific activity reflect a true repression phe-
nomenon.

It is worth mentioning, in support of the pres-
ent demonstration, that in vitro transcription of
gene carA on both PGW1 and PGW2 molecules
is repressible to the same extent by partially
purified arginine repressor in the presence of
arginine (7).
The reason why PGW2 carriers produce lower

levels of carA product is not clear. PGW2 is
about twice as large as PGW1, and the number
of plasmids per cell is, not unexpectedly, lower
in PGW2 than in PGW1 carriers. In addition,
the unknown 3.2-kb-long chromosome fragment
of PGW2 might interfere with the expression of
one of the two exemplars of the car region
carried by this plasmid.
The present data show that carA is the prox-

imal gene of the carAB operon and therefore
confirm the conclusions of the accompanying
paper by Gigot et al. (5). It is clear that this
cloning approach to the determination of tran-
scription polarity could be applied to other gene
clusters as well.
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