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The regulatory region of the cya gene from Escherichia coli
has been characterized by nucleotide sequence analysis and
genetic approaches. Two promoters, P1 and P2, organized in
that order with respect to the beginning of the cya open
reading frame, were identified. Using cya-lac operon and pro-
tein fusions, it was possible to show that both promoters are
active in vivo. P1 activity seemed sensitive to catabolite
repression whereas activity of the stronger promoter, P2, did
not respond to inhibition by glucose. No effect of cAMP or
its receptor, catabolite activator protein (CAP), could be
found although the DNA sequence reveals a consensus CAP
site downstream of P2. The 548 nucleotides situated at the 3’
end of the sequence carry an open reading frame which can
tentatively be assigned to the beginning of adenylate cyclase.
Among noteworthy features of the corresponding sequence
are an UUG codon as the putative start site of cyclase, and a
long hydrophobic stretch of amino acids resembling leader
peptides in secreted or membrane proteins.
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Introduction

It has been known for several years that cholera toxin, as
well as other toxins secreted by Enterobacteriaceae, permeate
host cells and activate intracellular adenylate cyclase thereby
creating a pathological situation. However, little attention
had been paid to the possibility that soluble adenylate cyclases
secreted by a number of pathogens could play a role in
virulence until the recent work by Leppla (1982) on Bacillus
anthracis and by Greenlee et al. (1982) on Bordetella pertussis
revealed that bacterial adenylate cyclase is a main component
of the bacterial toxins (Leppla, 1982; Confer and Eaton,
1982). It has been known for some time (Hewlett and Wolf,
1976) that B. pertussis secretes an adenylate cyclase, and a
most remarkable feature of the enzyme has been discovered
by Greenlee et al. (1982), namely that this bacterial cyclase is
activated by an eukaryotic protein, calmodulin. These studies
have suggested that the eukaryotic and prokaryotic enzymes
might bear some resemblance to each other, and have given
some impetus to understanding the regulation of bacterial
adenylate cyclase activity and expression. Isolation of a
regulatory mutant of Escherichia coli adenylate cyclase
(Guidi-Rontani et al., 1981) and study of the cya gene has
suggested that the enzyme is comprised of two domains,
catalytic and regulatory, which suggests an analogy with the
cyclase of eukaryotic origin (Roy ez al., 1983). Study of the
physical organization of the cya locus has revealed that trans-
cription of the cyclase gene might display complex features.
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Indeed we could distinguish between two DNA regions which
allowed transcription of the cya gene from different pro-
moters (Roy and Danchin, 1982). To gain insight into the
complex control, we analysed the DNA sequence of the cya
promoter region (1200 bp) and constructed several cya-lac
operon and protein fusions at known sites with respect to the
putative promoters.

Here we describe the nucleotide sequence of the cya control
region and present physiological data relevant to the expres-
sion of the genes. This allows us to propose localizations for
the transcriptional as well as translational starts of cyclase
mRNAs and protein. Amongst the various possible
regulatory effectors of cyclase synthesis, neither cAMP nor
its receptor, catabolite activator protein (CAP), seem to exert
significant action. Glucose, however, appears to induce a
negative control on cya transcription. The existence of two
promoters and the structure of the putative start of the pro-
tein are discussed in the context of cyclase function.

Results
Nucleotide sequence of the cya gene control region

Figure 1 shows the sequencing strategy together with rele-
vant restriction enzyme site, used to obtain the nucleotide se-
quence of the cya regulatory region. Figure 2 displays the
DNA sequence encompassing the transcription and transla-
tion initiation regions of the cya gene. The corresponding
1200-bp fragment has been sequenced on both strands, and
all restriction sites used for labelling have been checked by
overlapping. Some of the noteworthy features of the se-
quence are given below.

(i) A long open reading frame (550 bp, Figures 2 and 3,
register A1) which we identify as the beginning of the cyclase
protein. An open reading frame of 300 bp in the region
upstream of cya was found on the complementary strand. We
tentatively identify it as the beginning of a polypeptide of
40 kd (P40) translated from a transcript diverging from the
cyclase transcript (Roy and Danchin, 1982) (Figure 3, register
B3).

(ii) Using the screening test of Stormo et al. (1982) for
putative initiator codons, no AUG could be found in this
open reading frame. The only possible initiator codon,
preceded by the sequence AA--AGG--GAU, complementary
to the 3’ end of 16S rRNA (Shine and Dalgarno, 1974) is
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Fig. 1. Sequencing strategy for the cya gene regulatory region. The arrows
indicate the sites used for 5' labelling as well as the direction and extent of
the sequences (only the sites used for labelling are shown).
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Fig. 2. .Nucleotide sequence (1200 bp) of the cya gene control region. The amin
nucleotide sequence (see text). Promoter consensus bases are underlined with d

boxed and the Shine and Dalgarno consensus bases overlined.
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Fig. 3. Open-reading frames on each DNA strand. Vertical bars represent
termination codons in all three registers labelled 1, 2, 3. 0 corresponds to
the EcoRlI site.

UUG. In addition to a good Shine and Dalgarno sequence,
the putative start codon is preceded by a pyrimidine residue,
known to promote more efficient formation of the initiation
complex (Ganoza et al., 1982).

(iii) Immediately following the putative UUG start site we
can see a long stretch of hydrophobic amino acids which
resembles the leader peptide of several secreted or membrane
proteins in E. coli (Hall and Silhavy, 1981).

(iv) At least two promoter-like sequences can be localized
upstream of the open reading frame. The first one, P1, is
located in the restriction fragment EcoRI-BamHI (3-5)
(Figure 1), it possesses a — 10 sequence (position 361) quite
similar to the consensus Pribnow box, and around position
337 the sequence -TGA-A is not far from the consensus — 35
TTGACA sequence (Figure 2). The second promoter, P2,
located next to the site Bcll (8), exhibits standard — 10 and
— 35 sequences (position 486 and 463, respectively) (Figure 2)
close to the consensus sequences G-TATAATG and
TTGACA defined by Rosenberg and Court (1981). Trans-
cription from this promoter would start at nucleotide G (498).
Preliminary evidence using mRNA extraction and reverse
transcriptase is consistent with this assignment. P2 is located
160 bp upstream from the translation start and this region is
rich in palindromic sequence.

(v) A consensus CAP site (Queen and Rosenberg, 1981) is
localized just before the UUG initiation codon (at position
604 —619) exactly as is the lac operator site (Schmitz and
Galas, 1979). Whether or not this CAP site is' functional is
discussed below.

Construction of cya-lac gene fusions

We have previously localized functionally two putative
promoters for cya gene transcription (Roy and Danchin,
1982). It was therefore of interest to study their expression in-
dependently. Accordingly, we constructed operon and pro-
tein fusions placing the lactose operon under the control of
either P1, P2 or both promoters, or placing the 3-galactosid-
ase gene under the cyclase translation start control. In strains
harboring operon fusions, one can conveniently study trans-
criptional regulation exerted at cya promoter(s) by measuring
synthesis of 3-galactosidase [in fact.a hybrid trpA-lacZ gene
product in our constructions, (see Figure 4) showing normal -
galactosidase activity]. cya-lacZ protein fusions encode a
hybrid protein in which the amino terminus of the 3-
galactosidase has been replaced by an amino-terminal portion
of adenylate cyclase. Such hybrid proteins retained 3-
galactosidase activity and, in one case (plasmid pDIA 1861,
see below), cyclase activity. Expression of hybrid proteins
reflects the superimposition of transcriptional regulation ex-
erted at cya promoters and additional regulations that might
be exerted at the level of cya translation initiation.

Figure 4 displays the organization of plasmids carrying the

Nucleotide sequence of E. coli adenylate cyclase control region
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Fig. 4. Maps of the plasmids carrying cya-lac operon fusions. The double
heavy line represents the trp-lac gene fusion, the single heavy line pMC871,
the open line pBR322 and the thin line E. coli DNA. Gene products are in-
dicated under the corresponding DNA segments The symbols are as given
in Figure 1.
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Fig. 5. Maps of the plasmids carrying cya-lac protein fusions. The heavy
line represents the /lac operon, the open line pBR322 and the thin line E.
coli DNA. Gene products are indicated under the corresponding DNA
segments. Symbols are as in Figure 1.

operon fusions that have been built in this study: (i) pDIA
1872 is an operon fusion that puts the lacZYA operon, from
plasmid pMC871 constructed by Casadaban et al. (1980),
under the control of the upstream cya promoter P1; (ii) pDIA
1873 allows expression of the /ac operon through cya pro-
moters P1 and P2; (iii) pDIA 1876 keeps only the second cya
promoter P2 upstream of the lacZYA operon.

Plasmids carrying cya-lacZ protein fusions were of three
different types. They are represented in Figure 5: (i) pDIA
1861 fuses the active N-terminal domain of the cyclase to the
8th amino acid of the Q-galactosidase, from plasmid
pMC1403 constructed by Casadaban er al. (1980). This
plasmid exhibits both cyclase and B-galactosidase activities
[strain TP 2006 (cyaA lacA) carrying pDIA 1861 is Mal*
Lac*]; (ii) pDIA 1864 retains only the cya translation start
site and the first 88 amino acids of cyclase which are fused to
the 8th amino acid of 8-galactosidase. In this case, transcrip-
tion is controlled only by the second cya promoter, P2. In
strain TP 2006 (cyaA lacA) this plasmid expressed a Mal ~
Lac™* phenotype; (iii) pDIA 1865 has an identical translation
frame to pDIA 1864 but transcription is under the control of
the two cya promoters P1 and P2.

All fusions were constructed in vitro, using appropriate
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Fig. 6. Autoradiogram of SDS-polyacrylamide gel electrophoresis of pro-
teins labelled in ‘maxicells’ system. a: pMC1403; b: pDIA 1861; c: pDIA
1861; d: pDIA 1872; e: pDIA 1873; f: pDIA 100. Radioactive bands are:
a, B-lactamase (27 000) and precursor (31 000); b and ¢; 3-lactamase and
precursor, hybrid cyclase (3-galactosidase (170 000); d, 3-lactamase and
precursor, (-galactosidase (125 000); e, (-lactamase and precursor, D-
galactoside permease (?) (45 000), B-galactosidase; f. -lactamase and
precursor, adenylate cyclase (95 000). Note that in lane e, the radioactive 3-
galactosidase band is very faint although it is extremely heavy in
Coomassie blue staining (~2% of the total protein content of the cell).
This is probably due to alteration of gene expression in irradiated CSR 603
cells.

restriction sites, then screened by complementation of a lacA
strain. The nature of each fusion was controlled by restriction
endonuclease digestion. The gene products specified by the
fusions were identified in the ‘maxicells’ system (Figure 6). In
the case of plasmid pDIA 1873, in addition to the 3-lactamase
and the B-galactosidase band on the autoradiogram, we could
see a band migrating at 42 kd. We interpret this band as 8D-
galactoside permease, encoded by the lacY gene. Since the
band is not visible in other lacZYA constructions, this sug-
gests that pDIA 1873 is overproducing the lacZYA products,
as compared with other plasmids. A confirmation of this in-
terpretation comes from the observation (not shown) that
staining the gel with Coomassie blue reveals a very intense
band at the position of 3-galactosidase in plasmid pDIA 1873
whereas the corresponding band is much weaker in other con-
structions.
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Table I. Expression of $-galactosidase under control of cya promoter(s) in
crpA or/and cyaA backgrounds

Strain Plasmid Rate of 3-galactosidase synthesis
(units/mg)?
—cAMP + cAMP (1 mM)
TP 2100 pDIA 1872 (P1) 2590 + 220 2320 + 260
(crpt cya*)  pDIA 1876 (P2) 10 480 + 1570 10270 = 210
pDIA 1873 (P1P2) 14 740 + 1830 12620 =+ 520
TP 2006 pDIA 1872 (P1) 2600 + 400 3340 + 300
(crp* cyad)  pDIA 1876 (P2) 3900 + 190 18 100 = 900
pDIA 1873 (P1P2) 5220 + 800 17 300 + 1400
TP 2139 pDIA 1872 (P1) 2320 + 750 2600 + 180
(crpA cya*)  pDIA 1876 (P2) 4520 =+ 700 4100 + 260
pDIA 1873 (P1P2) 10 060 + 2830 11 430 = 2210
pDIA 1861 1650 + 310 2120 + 480
TP 2339 pDIA 1872 (P1) 2720 = 140 2970 + 80
(crpA cyad)  pDIA 1876 (P2) 4370 + 140 4870 + 810
pDIA 1873 (P1P2) 6200 + 480 6220 + 150
pDIA 1861 970 + 40 850 + 230

Measurements of 3-galactosidase activity were performed on exponentially
growing cultures and the carbon source was glucose. The plasmid copy
number was measured as reflected by the amount of 8-lactamase activity, it
did not vary significantly except in the case of plasmid pDIA 1873 in strain
TP 2006 (see Table II). Each figure represents the mean of several indepen-
dent experiments. The large standard deviation in the highest activities
reflects an important scatter due to instability of the plasmid in the cor-
responding background and growth conditions.

2Units of enzyme per mg (dry weight of bacteria).

Physiology of cya-lac fusions

The next step was to investigate the physiology of the fu-
sions, especially the role of cAMP, its receptor CAP and car-
bon sources. To thoroughly evaluate a possible control
mediated by the cAMP-CAP complex, the study was per-
formed in isogenic /acA backgrounds, differing at genes cya
orcrp: cyat crpt, cyal crpt, cyat crpA, cyaA crpA, using
different growth media, with or without cAMP. The results
obtained are represented in Table I.

(i) B-Galactosidase synthesis is 5-fold lower when expressed
from P1 (pDIA 1872) as compared with P2 (pDIA 1876).
When both promoters are present (pDIA 1873) the rate of -
galactosidase synthesis is the sum of the rates of synthesis
coming from each individual promoter. This result holds true
in each background tested and it cannot be ascribed to a
variation in plasmid copy number (checked by measuring 3-
lactamase synthesis in each case).

(i) cAMP synthesis is strongly enhanced in a crp~
background. This has been ascribed to a repressor activity of
the cAMP-CRP complex on adenylate cyclase synthesis
(Bostford and Drexler, 1978). In our constructions, this
phenomenon would have resulted in an inhibitory action of
CcAMP on the rate of 3-galactosidase synthesis expressed from
the cya promoters. However, we observe a stimulatory action
of cAMP in the cyaA crp+ background. This effect is related
to the nature of the carbon source on which the strains are
growing [see below (v)].

(iii) Synthesis of B-galactosidase is unaffected by the
absence of CAP either in operon or in protein fusions. It
must be noted that plasmid pDIA 1861 carrying a cya-lac pro-
tein fusion exhibiting bicephalic activities (adenylate cyclase
and B-galactosidase) is extremely unstable in a crpt
background, presumably because it can synthesize high levels
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Table II. Effect of carbon source on differential rates of 3-galactosidase synthesis expressed from cya promoters

TP 2006 cAMP Rate of (3-galactosidase synthesis? Rate of §-lactamase synthesis? (AZ/AB)GIe |, (AAp/AB)Glp
cyadcrp*laca (1 mM) AZ/AB AAp/AB (AZ/AB)Glp ~ (AAp/AB/Glc
Glycerol Glucose Glycerol Glucose
pDIA 1872 - 3120 = 700 2600 + 400 8600 13 300 0.54
+ 3840 + 1200 3340 + 300 8500 10 700 0.7
pDIA 1873 - 23 400 = 5300 5220 + 800 8700 1600 1.22
+ 27 000 = 3200 17 300 = 1400 13 800 3300 2.7

B-Galactosidase and B-lactamase rates of synthesis are measured in exponentially growing cultures. Note that 8-lactamase activity, reflecting the plasmid copy
number, fluctuates within a large range of values, especially when cells are grown on glucose. For this reason, we have shown the standardized ratio of 8-
galactosidase expression for cells grown on glucose (Glc) with respect to cells grown on glycerol (Glp) (third column). The values obtained in the case of
pDIA 1873 in the presence of CAMP are only estimates, because of the toxic effect of the plasmid.

2Units of enzyme per mg (dry weight) of bacteria.

of cAMP incompatible with the presence of an active CAP
(E. coli is sensitive to an excess of CAMP). This precludes the
study of B-galactosidase synthesis from plasmid pDIA 1861 in
the presence of a functional CAP.

(iv) In the cya-lac protein fusion (pDIA 1861) carrying the
complete control region (P1 and P2), (B-galactosidase syn-
thesis is 6-fold lower than in the cognate operon fusion (pDIA
1873). This suggests that translation efficiency is lower when
the cya start is in use.

(v) To study the influence of carbon source, S-
galactosidase was determined when the strains were grown in
minimal medium supplemented with glucose or glycerol in a
cyaA background permitting growth on glycerol (Glp™).
Since cAMP addition and the nature of carbon source might
affect the plasmid content of the cell, the plasmid copy
number was determined indirectly by monitoring 8-lactamase
as an internal standard (this is not possible with plasmid
pDIA 1876 which does not harbour the gene for 3-lactamase
synthesis). As can be seen in Table II, the mean plasmid copy
number per cell seems to be extremely sensitive to the carbon
source when the plasmid carries the P2 promoter (pDIA
1873). That this must be due to a toxic effect of a high expres-
sion of the lacZYA operon (at least when bacteria are grown
on glucose) is reflected by the fact that a large number of cells
lose plasmid pDIA 1873 during their growth (data not
shown), but do not lose plasmid pDIA 1872 in which the lac
operon is expressed at a much lower level. Therefore, making
the correction required by the variation in mean plasmid con-
tent of the cells allows us to propose the following tentative
conclusions. Expression from promoter P1 seems to be sen-
sitive to the carbon source. It is lowered by a factor of two
when bacteria are grown on glucose as compared with
glycerol, and this inhibitory effect is, at least in part, relieved
by cAMP. On the other hand, no glucose effect is seen when
B-galactosidase is expressed from P1 and P2 in tandem,
whereas CAMP seems to exert a general stimlatory effect on
the overall /ac expression (one should note, however, that the
corresponding level of /ac expression is so high that this latter
result must be considered with some caution).

The observation that cAMP appers to relieve the glucose-
mediated repression of [(-galactosidase synthesis expressed
from P1 seems interesting. In this respect, synthesis of
adenylate cyclase appears to be controlled, at least in part, in
the same way as other systems sensitive to catabolite repres-
sion (i.e., inhibition mediated by glucose in the absence of
cAMP relieved by addition of exogeneous cAMP, see
Ullmann and Danchin, 1983). These results summarizing

several experiments must however be considered with some
caution because the plasmids are extremely unstable in
minimal medium, but the variation they show is certainly
significant qualitatively if not quantitatively.

Discussion

cAMP synthesis in E. coli has been shown to be negatively
regulated by the cAMP receptor, CAP (Bostford and Drex-
ler, 1978; Majerfeld et al., 1981). Although the most straight-
forward explanation for this regulation was that the cAMP-
CAP complex was acting as a repressor at the level of cya
transcription, some evidence suggested that the picture might
be more complex (Guidi-Rontani et al., 1981; Bankaitis and
Bassford, 1982). In the present work we show that, although
there exists a very good consensus CAP site (according to the
sequence proposed by Queen and Rosenberg, 1980), localized
downstream of the cya promoters (as is the lactose operator
in the /lac operon), neither CAP nor cAMP have a negative
action on cya gene expression. Since we use multicopy
plasmids, one could argue that the CAP site located on the
plasmid titrates the cAMP-CAP repressor complex.
However, the number of CAP molecules in the cell is high
[3000 molecules/cell (Guiso and Blazy, 1980)], this exceeds
the copy number of the plasmid by at least 50-fold. It is,
therefore, unlikely that a negative control mediated by CAP
could have been hidden by the multicopy plasmids. Further-
more, we do see an effect of CAMP, but this effect, mediated
by CAP (it disappears in crp~ strains, see Table I), is a
stimulation of cyclase transcription when bacteria are grown
on glucose. We have investigated the cAMP-CAP negative
control of cya expression under a variety of growth condi-
tions and found no such effect (Table I and unpublished
data), but we cannot exclude a negative action of the cAMP-
CAP complex under certain exceptional growth conditions
which the bactria might meet in their natural environment.
However, since CAP-dependent negative regulation of
cAMP synthesis has been observed under growth conditions
similar to those that we have used, it appears that CAP exerts
its action at the level of cyclase activity (Joseph et al., 1982).
We cannot, at present, say whether such CAP-mediated
regulation implies a direct action of the cAMP-CAP complex
on cyclase or whether the complex controls the synthesis of a
regulator of cyclase activity (such as the glucose:phosphoenol
pyruvate-dependent phosphotransferase enzyme IIICk,
Postma et al., 1981). The cAMP-positive effect on cyclase
synthesis when bacteria are grown on glucose is worth noting.
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In their study of cyclase expression, Bankaitis and Bassford
(1982) failed to observe any action of the carbon source on
cyclase synthesis, but they could only perform their investiga-
tionin a cya* background. Their results are indeed consistent
with ours: we do not see an effect of cCAMP on cells grown on
glucose in a cya* background (strain TP 2100, Table I),
whereas we do see such an effect in a cya~ background
(strain TP 2006, Table II). This strongly suggests that glucose
exerts — in the absence of CAMP — a repressing effect on
cyclase synthesis, and that this effect is at least in part relieved
by cCAMP (in the presence of a functional crp gene). In other
words, adenylate cyclase synthesis seems to be sensitive to
catabolite repression, mediated by an unknown factor, as
described in other instances, and relieved by cAMP (for
review, see Ullmann and Danchin, 1983). This is consistent
with our previous results (Guidi-Rontani er al., 1981) sug-
gesting that the decrease in cAMP synthesis is a consequence
rather than the cause of catabolite repression.

This glucose effect cannot yet be ascribed to specific
molecular features of the cya control region, but it may be
related to another noteworthy feature of cya expression,
namely that it depends on the action of two promoters. We
have localized the promoters using nucleotide sequence com-
parison with known sequences (Rosenberg and Court, 1979),
knowing by in vitro constructions that P1 is located upstream
of nucleotide 380 (Roy and Danchin, 1982, and this work)
and that P2 lies between positions 380 and 910. Under the
growth conditions investigated, both promoters seem to be
regulated in the same way (except for the glucose control
which seems to be specific for P1) and they appear to be ad-
ditive (P1 + P2 used alone equal P1P2 in tandem), P2 is
however five times stronger than P1. Their expression is
modulated by the growth medium (enhanced in synthetic
media as compared with rich medium; data not shown), and
P1 is sensitive to a catabolite-like repression-negative control.
The distance between the promoters could allow interaction
with unknown regulatory molecules. In addition, P1 is
located in an area where a strong divergent promoter is active
(Roy and Danchin, 1982), its activity could, therefore, be str-
ingently coupled to the activity of this divergent promoter.

Before discussing further the function of these promoters,
we emphasize that we ensured that the actual cya locus
organization was the one described here: indeed we isolated a
cosmid complementing cya from an E. coli cosmid library
and checked, by restriction enzyme analysis, that the map was
identical with the map found in pDIA 100 (not shown).
Several bacterial genes have been shown to be transcribed
from two promoters [e.g., galactose operon, Musso et al.,
(1977), rRNA genes, Nomura and Post (1979)] but the actual
function for such an organization is still a matter of conjec-
ture. Gene organization in E. coli is rather compact, but it
could be that certain control regions exhibit some redundan-
cy. We believe, however, that investigation of cyclase syn-
thesis upon growth in stressing environments (such as shifts
from anaerobiosis to aerobiosis, changes in pH, availability
of nutrients, etc.) might reveal differential expression of the
promoters. A more speculative view of such organization
would be that the existence of two promoters reflects the rem-
nants of an evolutionary gene transfer. The observation that
a prokaryotic cyclase mimics properties of an eukaryotic
cyclase (Greenlee er al., 1982) is consistent with this view:
bacterial cyclase could be phylogenetically related to the
eukaryotic enzyme as the E. coli cAMP receptor seems to ex-
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hibit sequence homologies with an eukaryotic cAMP receptor
(Weber et al., 1982).

Our study also enables us to propose that translation of the
cyclase protein starts at position 652: indeed we know the
reading frame of the gene, because fusions at position 909
with the BamHI site of pMC1403 (Casadaban et al., 1980)
yield a functional 3-galactosidase (plasmids pDIA 1864 and
pDIA 1865) and we obviously, also know that the start site is
upstream of position 909. We looked, therefore, for initiation
codons using the Stormo rule (Stormo et al., 1982) and found
no suitable candidate (the only AUG codons: 730, 796, 898
do not fit the rule, nor does GUG 708). We found, however,
that the UUG codon located at position 652 might behave as
a start codon. Indeed, if one changes the first U into an A the
new AUG codon fits the Stormo rule well, and this is consis-
tent with the fact that UUG (652) is preceded by a long se-
quence which is complementary to the 3’ end of 16S RNA
(eight bases out of 11) (Shine and Dalgarno, 1974). It is also
possible, from our study of protein fusion, to compare the
translation efficiency of the cya gene with that of the trpA
gene. Plasmid pDIA 1861 codes for a cya-lac protein fusion
which can be compared with the trpA-lac protein fusion car-
ried by plasmid pDIA 1873 (¢rpA-lac comes from pMC871,
Casadaban et al., 1980). The transcription control regions are
identical in pDIA 1861 and pDIA 1873 (Figures 4 and 5), but,
as shown in Table I, the amount of 3-galactosidase synthesiz-
ed in pDIA 1861 is six times lower than the amount synthesiz-
ed in pDIA 1873. Since both are hybrid 8-galactosidase they
probably exhibit similar turnover numbers for the hydrolysis
of the substrate (Welply et al., 1980). Accordingly, it seems
likely that translation initiation efficiency is lower in cya than
in trpA by a factor of six. This is consistent with our proposal
that a non-standard initiator codon is used in c¢ya. It is known
that UUG can be recognized as an initiation codon in the case
of NADH dehydrogenase (Poulis et al., 1981). In the absence
of other data concerning UUG as an initiation codon one
may wonder whether a coordinate control of translation initi-
tion may exist for certain proteins, based on UUG specific
recognition. NADH dehydrogenase is a membrane-bound
enzyme whereas there is only circumstantial evidence sug-
gesting a similar localization in the case of cyclase (Janadek et
al., 1980). An interesting feature of the cyclase protein is that
it begins with a long hydrophobic stretch of amino acids
preceded by a basic amino acid (positions 718 — 744; note that
the dipeptide Asp-Arg should probably be incorporated into
the hydrophobic sequence because it can form an internal
hydrogen bond, in such a case the stretch would be longer:
708 —744). Adenylate cyclase is secreted in B. pertussis
(Greenlee ef al., 1982) and B. anthracis (Leppla, 1982) and it
would be interesting to see whether the ‘leader peptide’-like
sequence (Hall and Silhavy, 1981) found in the case of the E.
coli enzyme could not have evolved towards, or from, a
secreted form of cyclase.

Finally, using the figures given in Table I, we can compute
that as many as 18 000 molecules of bicephalic cyclase-3-
galactosidase protein are synthesized when plasmid pDIA
1861 is present. Assuming 50 copies of plasmid per cell, this
suggests that as many as 400 molecules of cyclase are syn-
thesized per E. coli cell. This is somewhat surprising in view
of the low content of cCAMP in the cell (~ 5 uM, Joseph et al.,
1982) and suggests either that excretion of CAMP must play a
major role in the regulation of cAMP-dependent processes,
or that cyclase activity is subject to stringent regulation.



Materials and methods

Strains and growth conditions

The E. coli strains used throughout this work were isogenic to strain TP
2100 (F~ xyl ilvA argH1 lacAX74) (Roy and Danchin, 1982). They derived
from strain TP 2111 (aroB) constructed as described in Guidi-Rontani et al.
(1981) from TP 2100 and were TP 2139 (aroB* crpA39), TP 2339 (aroB*
crpA39 ilv* cyad). Strain TP 2006 (arg* glp* cyaA) was constructed by
transducing strain TP 2000 (Roy and Danchin, 1982) with a P1 phage lysate
grown on CAA 8306 (Guidi-Rontani er al., 1981), selecting for growth in the
absence of arginine and screening for growth on glycerol in the absence of
cAMP. CSR603 (F~, thr-1, leuB6, proA2, phr-1, recA, argE3, thi-1, uvrA6,
ara-14, lacY1, galK2, xyl-5, mtl-1, rpsL31, tsx33, N\~ , supE44) was used in the
‘maxicells’ system. Growth media were either LB-rich medium or synthetic
medium M63 supplemented with 0.4% glucose or glycerol, as the carbon
source, thiamine (10 xg/ml) and the required amino acids (100 ug/ml) (Miller,
1972).

Enzymatic assays

B-Galactosidase was assayed according to Pardee er al. (1959) and 1 unit
was defined as the amount of enzyme that converted 1 nmol substrate/min at
28°C. B-Lactamase-specific activity was measured as described by Chesnais er
al. (1981) and 1 unit of B-lactamase is defined as the amount of enzyme which
hydrolyses 1 nmol of ampicillin/min at 28°C. DNA digestion by restriction
endonucleases and ligation of DNA fragments were performed according to
the instructions of the suppliers. Analysis of restriction fragments was per-
formed by standard gel electrophoresis and ethidium bromide staining (Davis
et al., 1980).

Nucleotide sequence determination

Plasmid DNA was obtained as previously described (Roy and Danchin,
1982) and further purified by centrifugation on a sucrose gradient (5 —20%
w/v). The DNA thus freed of contaminating RNA material was then submit-
ted to hydrolysis by appropriate restriction enzymes and labelled in 5’ with
[y-*?P]ATP by T4 polynucleotide kinase using the exchange reaction describ-
ed by Berkner and Folk (1977). Nucleotide sequences were determined accor-
ding to the method of Maxam and Gilbert (1977).

Analysis of plasmid-coded translation products

Plasmid-coded proteins were labelled with [3**S]methionine (sp. act. ~ 1300
Ci/mmol) in the ‘maxicells’ system as described previously (Roy and Danchin,
1982).

Reagents and enzymes

DNA restriction enzymes, T4 DNA ligase, and T4 polynucleotide kinase
were purchased from Bethesda Research Laboratory (Bethesda, MD) or
Boehringer (Mannheim, FRG). Agarose type 11, ampicillin, kanamycin, o-
nitrophenyl-8-D-galactopyranoside were from Sigma, [**S]methionine and
[y-*?P]ATP from Amersham (Amersham, UK) and the other chemicals from
Merck (Darmstadt, FRG).
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