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Mutants of Pseudomonas aeruginosa were isolated that were acetamide-neg-
ative in growth phenotype at 41°C and constitutive for amidase synthesis at 28°C.
Two mutants were derived from the magno-constitutive amidase mutant PAC111
(C11), and a third from a mutant that had enhanced inducibility by formamide,
PAC153 (F6). The three temperature-sensitive mutants produced amidases with
the same thermal stabilities as the wild-type enzyme. Cultures growing exponen-
tially at 28°C, synthesizing amidase constitutively, ceased amidase synthesis
almost immediately on transfer to 41°C. Cultures growing at 41°C were trans-
ferred to 28°C and had a lag of about 0.5 of a generation before amidase synthesis
became detectable. Pulse-heating for 10 min at 45°C of a culture growing
exponentially at 28°C resulted in a lag of about 0.5 of a generation before amidase
synthesis recommenced after returning to 28°C. Acetamide-negative mutants that
were unable to synthesize amidase at any growth temperature were isolated from
an inducible strain producing the mutant B amidase PAC398 (IB10). Two mutants
were examined that gave revertants producing B amidase but with novel regula-
tory phenotypes. It is suggested that amidase synthesis is regulated by positive

control exerted by gene amiR.

Pseudomonas aeruginosa utilizes acetamide
and propionamide for growth. These two amides
induce the synthesis of an amidase that hydro-
lyzes a limited range of short-chain aliphatic
amides, and the inducer specificity is quite dis-
tinct from the substrate specificity of the enzyme
(17). Among the aliphatic amides, formamide is
a poor inducer, and although it can be hydro-
lyzed by the enzyme, it provides only a nitrogen
source since one-carbon compounds are not as-
similated by this species. Constitutive mutants
can be isolated by selection on minimal agar
plates with formamide as the nitrogen source
and succinate as the carbon source, since on this
medium constitutive mutants have a growth ad-
vantage over the wild-type strain. Other mutants
isolated from succinate-formamide medium in-
clude some altered in inducer specificity so that
they are more readily induced by formamide
than the wild-type parent. The four-carbon
amide, butyramide, is not an inducer and acts as
an anti-inducer, or amide analog repressor, of
amidase synthesis, competing with nonsub-
strate-inducing amides, such as N-acetylacetam-
ide (7, 8). Butyramide also prevents amidase
synthesis in certain constitutive strains, and
these have, as do the wild type, a butyramide-
negative phenotype. Other constitutive mutants
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are resistant to butyramide repression and syn-
thesize sufficient wild-type A amidase to allow
rather slow growth on butyramide, which is hy-
drolyzed at about 2% of the acetamide rate (10).
Brammar et al. (8) showed that constitutivity
and formamide inducibility were cotransduced
with the acetamide-positive character at fre-
quencies greater than 90%. No linkage was found
with any of the genes for acetate metabolism.
Later, Betz et al. (2) examined a number of
strains which carried mutations in the amidase
structural gene resulting in enzymes with altered
substrate specificities. The altered enzyme mu-
tations were also cotransduced at high frequen-
cies with mutations conferring constitutivity.
These findings indicated that the amidase reg-
ulator and structural genes (amiR, amiE) were
closely linked and were not associated with
genes concerned with the further metabolism of
acetate. It was not possible to determine at this
time whether amidase synthesis was under pos-
itive or negative regulation.

The first experiments indicating negative con-
trol of the lac operon relied on demonstrating
transdominance of the inducible I* over the
constitutive I~ allele (19). Evidence for positive
control of the L-arabinose operon is more com-
plex, but an essential part was the dominance of
the constitutive allele araC* over the pleiotrop-
ically negative araC~ (12). No stable diploids

379



380 FARIN AND CLARKE

are available for the P. aeruginosa amidase
system, and since only one structural gene is
involved, it is not possible to identify pleiotrop-
ically negative mutants. We have obtained mu-
tants which appear to have temperature-sensi-
tive mutations in the amidase regulator gene
and present here evidence that suggests that
amidase synthesis is under positive regulation.
Bloom et al. (6) concluded from several lines of
evidence that L-serine deaminase was under pos-
itive control. Among their findings were the
observations that certain mutants with a nega-
tive phenotype, presumed to be due to mutations
in the regulator gene, gave rise to a mixture of
inducible and constitutive revertants. We have
obtained similar findings with some acetamide-
negative mutants.

MATERIALS AND METHODS

Bacterial strains. Table 1 lists the bacterial strains
used in this investigation with the relevant phenotypes
and genotypes. Series numbers are given to amidase
mutants to indicate the main characteristics of each
class of mutant and their method of isolation, and
these designations will be used in this paper for ease
of reference. Mutants are lyophilized as soon as pos-
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sible after isolation and stock cultures are maintained
on nutrient agar stabs and subcultured as required for
use.

Media and growth conditions. Amide minimal
media have been described previously (8, 9). Media
used in experiments on kinetics of amidase synthesis
are described with the relevant experiments. For over-
night growth, cultures were grown in 5 ml of medium
in screw-cap bottles, capacity 25 ml. For experiments
with exponential cultures, conical flasks were used
containing media up to 20% of the flask volume. Cul-
tures were incubated with shaking on a mechanical
shaker.

Cell-free extracts. Bacteria were harvested by
centrifugation and resuspended in appropriate buffer.
The cells were disrupted with an automatic French
pressure cell (American Instruments Ltd.) at pressures
between 16,000 and 20,000 lb/inch?

Amidase assays. The enzymes were assayed by
the acyltransferase reaction with acetamide or butyr-
amide as substrates, adjusting the sample volume and
the incubation time according to the specific activity
(8). The micromethod used to distinguish the B ami-
dase from the wild-type A amidase in transductants
and revertants was that devised by Betz (2) and de-
pended on the ratio of activities toward butyramide
and acetamide. A amidase has a butyramide/acetamide
ratio of <1%, and B amidase has a ratio of 9 to 10%.

TABLE 1. Strains of P. aeruginosa used

Strain no.  Series no. rsne:::::: Parent Amidase phenotype Amidase genotype Reference
PAC1 wild Inducible, A amidase amiR* amiE* 17
type
PACI101 C1 S/F PAC1 Constitutive, A amidase, amiR1 amiE"* 8
butyramide resistant
PACI111 C11 S/F PAC1 Constitutive, A amidase, amiR11 amiE* 8
butyramide sensitive
PAC153 Fé6 S/F PAC1 Formamide inducible, A amiR43 amiE* 8
amidase
PAC142° L10 S/L PAC1 Constitutive, A amidase, amiR33 amiE* 21
butyramide resistant,
catabolite repression
resistant
PAC351 B6 B C11 Constitutive, B amidase amiR11 amiE16 9
PAC377 PhB3 S/Ph B6 Constitutive, Ph amidase = amiR11 amiE16,67 2
PAC398 IB10 AM PhB3 X  Inducible, B amidase amiR* amiE16 2
Am7
PAC307 Am7 Neg AM PAC1 Acetamide negative amiR* amiE7 2,8
PAC308 Am8 Neg AM PAC1 Acetamide negative amiR* amiE8 2,8
PAC322¢ CAm2 Neg AM Cl11 Acetamide negative amiR* amiE18 2,8
PAC437 RTS1 P/Fl Cl11 Ami* 28°C, Ami~ 41°C amiR11,124 amiE* This paper
PAC438 RTS21 P/Fl C11 Ami* 28°C, Ami~ 41°C amiR11,125 amiE* This paper
PAC474 RF17 P/Fl Fé6 Ami* 28°C, Ami~ 41°C amiR43,221 amiE* This paper
PAC623 FIB29 P/Fl IB10 Acetamide negative amiR223 amiE16 This paper
PAC624 FIB32 P/Fl IB10 Acetamide negative amiR224 amiE16 This paper

“ Selection media used were: S/F, 1% succinate-0.1% formamide; S/L, 1% succinate-0.1% lactamide; B, 0.2%
butyramide; S/Ph, 1% succinate-0.1% phenylacetamide; P/Fl, 0.4% pyruvate-0.1% ammonium sulfate-0.4%
fluoroacetamide; Neg AM, 0.1% acetamide containing 0.002% succinate to select for minute shadowy colonies;

AM, 0.1% acetamide.

» PAC142 also carried an unlinked mutation conferring resistance to catabolite repression by succinate.
“ PAC322 was selected from a constitutive strain but regained the inducible regulatory phenotype as well as

the mutation in amiE.
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Specific activities. The bacterial dry weight was
calculated from the absorption at 670 nm, and an
optical density of 1.0 was taken as equivalent to 0.56
mg of dry weight or 1.4 X 10° viable bacteria per ml.
The specific activity is defined as micromoles of acyl-
hydroxamate produced per minute per milligram of
dry weight bacteria.

Mutagenesis. N-methyl-N'-nitro-N-nitrosoguani-
dine, to give a concentration of 100 ug/ml, was added
to a 6-h culture from nutrient broth resuspended in
0.1 M citrate buffer, pH 6.0, incubated for 45 min at
37°C without shaking, and the culture was then cen-
trifuged, resuspended in dilution buffer, and plated
immediately on the appropriate selection medium. For
some selections, the mutagenized culture was grown
overnight in nutrient broth before plating on selective
media, and this procedure was always followed for
negative selection methods. Ethyl methane sulfonate
(EMS) was added as 10 drops to 5 ml of an overnight
culture in nutrient broth. The culture was shaken
vigorously for about 1 min, then left at room temper-
ature without shaking for 30 min. The mutagenized
culture was centrifuged, resuspended in dilution
buffer, and plated on selective media either immedi-
ately or after overnight subculture in nutrient broth.

For the revertant studies, an overnight culture in
nutrient broth was resuspended in dilution buffer and
spread on the appropriate plate. A disk of filter paper
(soaked in a solution of a mutagen) was placed in the
center of the plate; N-methyl- N -nitro-N-nitrosoguan-
idine, EMS, or 2-aminopurine was used as mutagen.
In some experiments a crystal of N-methyl-N'-nitro-
N-nitrosoguanidine was used instead of the paper disk.

Transduction. The methods were as described by
Betz et al. (3), using bacteriophage F116 (15). For
some experiments with slow-growing transductants
the plates were incubated in plastic bags for up to 11
days at the appropriate temperatures.

Electrophoresis. Starch-gel electrophoresis was
carried out as described by Brown et al. (9).

Reagents. Acetamide and butyramide were ob-
tained from British Drug Houses Ltd., and recrystal-
lized twice from ethanol. Formamide was obtained
from British Drug Houses Ltd., and kept cool and in
the dark to minimize spontaneous hydrolysis. Lactam-
ide was synthesized by P. D. Laverack. Fluoroacetam-
ide was obtained from Ralph Emmanuel Ltd. Hydrox-
ylamine hydrochloride was obtained from Koch-Light
Ltd., and recrystallized twice from ethanol. All other
reagents were Analar grade or the best available com-
mercial grade.

RESULTS

Some lac operon mutants are constitutive at
higher growth temperatures (>37°C) and induc-
ible at lower temperatures. The temperature-
sensitive regulatory phenotype results from mu-
tations in the lacl gene that lead to the produc-
tion of a thermolabile lac repressor (20). We
examined several hundred constitutive mutants
of P. aeruginosa that had been isolated from
succinate-formamide, or butyramide, medium at
37°C to see if any were inducible at lower growth

POSITIVE REGULATION OF AMIDASE 381

temperatures, and none was found. This nega-
tive finding led us to consider the classes of
temperature-dependent regulatory mutants that
might be expected if amidase synthesis were
under positive regulation. We considered that if
the amiR product were required for transcrip-
tion of the amiE gene, then mutations in the
amiR gene could lead to an amidase-negative
phenotype and some of these might be amidase
positive at lower growth temperatures.

Isolation of temperature-sensitive regu-
latory mutants. About 200 acetamide-negative
mutants had been isolated previously by selec-
tion on pyruvate-fluoroacetamide medium at
37°C (11). When these were reisolated and
tested for growth on acetamide, it was observed
that some were leaky and grew on the bench at
room temperature (20 to 25°C). These were
examined to see whether or not the defect could
be ascribed to mutations in the amidase struc-
tural gene amiE. Amidase is relatively ther-
mostable and is unaffected by heating to 60°C
for 15 min. This treatment is used routinely as
a step in the purification of the wild-type enzyme
9).

Among the mutants derived from the consti-
tutive strain C11 (PAC111) were two that were
acetamide negative at 37°C but grew at a rea-
sonable rate on acetamide plates at 30°C. Cul-
tures of these strains, RTS1 and RTS21, grew at
the same rate as the parent strain, C11, in lactate
minimal medium at 37°C, but whereas C11 pro-
duced amidase in this medium at both 30 and
37°C, the RTS strains produced amidase at 30°C
only. No differences could be detected in the
substrate specificites or the electrophoretic mo-
bilities of the enzymes. Extracts were prepared
from cultures grown at 30°C, and the thermal
stability of the amidases produced by these two
strains was compared with the wild-type A ami-
dase produced by C11. Figure 1 shows that the
amidase from the two mutants was as stable as
the wild-type enzyme to heating at 58°C. It
should be mentioned here that several of the
altered enzyme mutants produce amidases that
are very thermolabile and yet allow growth at
37°C, so that if the growth defect had been in
the enzyme, it should have been apparent (3).
The thermal stability of the amidases produced
by the mutants was confirmed by heating the
cell extracts at about 67°C. At this temperature
there is a progressive loss of activity from the
wild-type enzyme, and the extracts from strain
RTS1 and RTS21 showed similar effects (Fig.
1A). It was concluded that the inability of the
two mutants to grow on acetamide plates at
37°C and to synthesize amidase in lactate me-
dium at this temperature could not be due to
mutations in the amidase structural gene.



382 FARIN AND CLARKE

$8-0 — 58-5°C

>e

66-4 —66-8°C

3 3

A A Il A A

ss-0-58-5°C ,
, -

A —e

% activity remaining
-
g 8 8

»
[-]
—

66:5-66-9°C

1 1 1
2 4 6 8 10
TIME (min)

Fi1c. 1. Effect of heating on the amidase activities
of cell-free extracts of mutants of P. aeruginosa. (A)
Constitutive strain C11 (A), temperature-sensitive
mutants RTS1 (M) and RTS21 (®). (B) Formamide-
inducible mutant F6 (A) and temperature-sensitive
mutant RF17 (@).
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The two temperature-sensitive regulatory mu-
tants that had been found among the acetamide-
negative strains were both derived from a con-
stitutive strain, and it was thought worth at-
tempting to isolate similar mutants from an in-
ducible strain. The wild-type PAC1 was used to
select about 100 acetamide-negative mutants
from fluoroacetamide plates at 41°C. Most of
these were also negative at 30°C, but about 20
grew quite well on acetamide at 30°C but poorly
or not at all at 41°C. However none of these
strains produced significant levels of amidase in
lactate medium, even when lactamide had been
added as inducer, and were not investigated
further.

We had previously isolated strain F6 which
has altered inducer specificity (8). This strain
produces wild-type amidase but grows rapidly
on formamide-succinate plates because it is
readily induced by formamide. Eighteen spon-
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taneous mutants were isolated from pyruvate-
fluoroacetamide plates at 37°C. Several of these
grew on acetamide plates at 25 but not at 37°C
and were found to be constitutive for amidase
synthesis, producing higher enzyme levels at 30
than at 37°C. Strain RF17 showed the greatest
difference in specific activities at the two tem-
peratures and was investigated in the same way
as RTS1 and RTS21. Figure 1B shows that the
amidases produced by strains F6 and RF17 re-
sponded in the same way to heating, and these
results were similar to those obtained previously
with RTS1 and RTS21. It was interesting that
all the temperature-sensitive mutants derived
from the inducible strain F6 were constitutive;
the implications of this finding will be considered
later.

Another constitutive strain, C1, had been used
previously to select acetamide-negative mutants,
and of 48 of these mutants examined, 1 strain
RTS61 grew on acetamide plates at 30 but not
at 41°C. This strain had no amidase activity
when grown at 41°C in lactate medium, but the
specific activity of cultures grown at 30°C was
too low for further studies to be worthwhile.

Rates of amidase synthesis at different
temperatures. The previous experiments indi-
cated that the temperature-sensitive lesions of
the mutants were more likely to be due to defects
in amidase synthesis than to defects in the en-
zyme protein. The differential rates of amidase
synthesis by C11 and RTS1 and RTS21 were
measured over a range of temperatures from 20
to 40°C. It can be seen from Fig. 2 that whereas
there was no difference in the differential rate of
amidase synthesis by C11 at these temperatures,
the differential rates for RTS1 and RTS21 de-
clined as the temperature increased above about
25°C. The mean generation times for the three
strains are the same and increase from 160 to
180 min at 27°C to 50 to 60 min at 41°C when
cultures are grown in lactate medium.

Temperature-shift experiments. It was
predicted that cultures of strains RTS1 and
RTS21 would lose the ability to synthesize ami-
dase if they were transferred to higher growth
temperatures. Figure 3A shows a shift-up exper-
iment in which RTS21 was grown in lactate
minimal medium. The parent strain C11 is sen-
sitive to butyramide repression and to catabolite
repression by succinate. Both these effects are
thought to operate directly, or indirectly, at the
level of transcription (10, 21, 22). A culture of
RTS21 was grown at 28°C, and at the time
indicated, one portion was transferred to 43°C;
butyramide or succinate (10 mM) was added to
each of two other portions, while one was re-
tained as the control. Figure 3A shows that
amidase synthesis fell off rapidly after the cul-
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F16. 2. Differential rates of amidase synthesis at
different growth temperatures in minimal salt me-
dium with lactate (1%) as carbon source. Constitutive
strain C11 (W), temperature-sensitive mutants RTS1
(A) and RTS21 (@).

ture had been transferred to the higher temper-
ature, and the kinetics of synthesis following
temperature shift were similar to the effects of
butyramide and succinate on this strain. Similar
results were obtained with RTS1 which ex-
hibited the same sensitivities to temperature
shift and butyramide and succinate repression
(Fig. 3B). RF17 was tested in a comparable
experiment and again showed a rapid drop in
the rate of amidase synthesis when the culture
was transferred from 26 to 43°C. This mutant
had been derived from an inducible strain, and
at the time of temperature shift, one portion was
tested for the effect of an inducing amide. Lac-
tamide did not increase the rate of enzyme syn-
thesis so that RF17 had acquired a mutation
conferring constitutivity as well as temperature
sensitivity (Fig. 3C).

Experiments in which the temperature-sensi-
tive mutants were transferred from the nonper-
missive to the permissive temperatures for ami-
dase synthesis are shown in Fig. 4. It can be seen
that for mutants RTS1 and RTS21 there was a
lag of about 0.5 of a generation at 28°C before
an appreciable rate of amidase synthesis was
reached. The lag was less for RF17, and the
differential rate of amidase synthesis by this
strain at later stages of growth at 43°C was also
higher, as expected from the results with over-
night cultures.

A further series of experiments was carried
out in which cultures were grown at about 28°C
and subjected to a period of heat shock by
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incubating at 45°C for 10 min. It can be seen
that with strain RT'S21 on return to 28°C there
was a lag before the rate of enzyme synthesis
recovered to the original level (Fig. 5). P. aerugi-
nosa is unable to grow in minimal medium at
45°C so that growth ceases during the heat-
shock period, but the cultures recover rapidly
when they are returned to the permissive growth
temperature.

The constitutive nature of the temperature-
sensitive lesion of strain RF17 suggested that
some of the constitutive mutants isolated in
earlier investigations might exhibit some differ-
ences in thermal stabilities. All the constitutive
mutants had been isolated at 37°C so that they
would not be expected to be thermolabile at this
temperature, but it was thought that differences
might be detectable after heat shock at higher
temperatures. The constitutive strains examined
that had been isolated from formamide-succi-
nate medium were C11, parent of RTS1 and
RTS21, C1, a butyramide-resistant mutant, and
C24, constitutive but repressed by some amides,
including N-acetylacetamide. Strain L10 was
isolated from succinate-lactamide medium and
is a constitutive, butyramide-resistant strain
that has also an unlinked mutation conferring
resistance to catabolite repression by succinate
(Table 1). Figure 6 shows that when these strains
were transferred from 30 to 42.5°C there were
differences between them. The rates of amidase
synthesis of C1 and L10 did not change appre-
ciably, but both C11 and C24 had a brief but
significant check. This is a very different from
the mutants RTS1 and RTS2L in which the
shift-up experiment resulted in almost complete
cessation of amidase synthesis (Fig. 3). Strain
C11 appeared to be more temperature sensitive
than the others so it was grown at 28°C and
subjected to heat shock for 10 min at 37 and
45°C. As predicted, there was no effect on ami-
dase synthesis of pulse-heating at 37°C, but the
culture heated at 45°C had an appreciable lag
before it recovered the original rate of amidase
synthesis (Fig. 7). These results indicated that
selection for constitutive mutants could lead to
the isolation of strains producing regulator pro-
teins with different thermal stabilities.

Genetic analysis of temperature-sensi-
tive mutants. It was predicted that the tem-
perature-sensitive mutations of strains RTS1,
RTS21, and RF17 would be cotransduced with
the amiE gene at the usual frequency for amiR
mutations. In the standard transduction, using
bacteriophage F116, the donor phenotype is re-
covered at a frequency of 2,000 to 3,000/10°
recipient bacteria, and amidase regulatory mu-
tations are cotransduced with the structural
gene at frequencies of about 90%. Betz et al. (2)
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F16. 3. Effect of a temperature shift from 28 to 43°C on rates of amidase synthesis by three temperature-
sensitive mutants compared with the addition of succinate as catabolite repressor, butyramide as amide
analog repressor, or lactamide as inducer. At time indicated by arrow the culture was divided into four parts.
One part was transferred to 43°C (W); one part was retained as control (®); and succinate (10 mM) was
added to a third part (A or ). Butyramide (50 mM) (O) was added to the fourth portion of cultures of RTS21
(A) and RTS1 (B), and lactamide (10 mM) (O) was added to the culture of RF17 (C).

found that transductants could be recovered as Lysates of bacteriophage F116 were prepared
the result of recombination within the amiE  on strains RTS1 and RT'S21 and used to trans-
gene at frequencies ranging from 1 to 100/10° duce the amidase-negative strain Am8 (amiE8).
recipient bacteria. After 5 days at 30°C colonies appeared on acet-
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F1G. 4. Effect of transferring three temperature-
sensitive mutants growing at 43°C to the permissive
temperature for amidase synthesis, 28°C. At the times
indicated by the arrow each culture was split into
two parts, one of which was transferred to 28°C (O)
and the other retained at 43°C (@). (A) mutant RTS]1,
(B) mutant RTS21, and (C) mutant RF17.

amide plates. These “early” transductants were
counted, and the plates were left at room tem-
perature (20 to 25°C) for up to 11 days, by which
time more colonies had appeared. The numbers
of “early” and “late” transductants obtained in
these crosses are shown in Table 2. Some of the
early and late transductants were purified by
reisolation of single colonies and tested for reg-

POSITIVE REGULATION OF AMIDASE 385

ulatory phenotype by growing overnight in lac-
tate medium with and without lactamide. The
early transductants were all constitutive at both
30 and 41°C, and it was concluded that they had
arisen by recombination within the amiR-amiE
gene region. The late transductants were tested
by patching on pyruvate plates and assaying the
resultant growth for amidase production by the
qualitative semimicromethod (2). Most of the
late transductants were constitutive at 30°C and
amidase negative at 41°C, indicating that the
temperature-sensitive defect had been cotrans-
duced with the amidase structural gene at a
frequency of 95%. The recovery of late transduc-
tants in these crosses was around 2,000/10° re-
cipient bacteria, which is in the range expected
for recovery of the donor phenotype. Recombi-
nants could also be recovered in such a cross by
selecting on lactamide plates at 41°C. Lactamide
is a very poor substrate, and background growth
is eliminated. Strain RTS1 was the donor and
Am7 (amiR* amiE?7) the recipient in a cross in
which 300 recombinant transductants were se-
lected on acetamide plates at 30°C and 250 on
lactamide plates at 41°C (M. Day, personal com-
munication). The transductants recovered at
41°C from the lactamide plates were all similar
in phenotype to the early acetamide transduc-
tants and were constitutive at both 30 and 41°C.
The reciprocal crosses with RTS1 and RTS21 as
recipients could not be carried out on acetamide
plates because of the background growth of
these strains on prolonged incubation both at 37
and 41°C, and no further experiments were done
using lactamide medium.

Mutant RF17 could not be used as a recipient
in transduction because it had a high reversion
rate, but it was quite suitable for propagation of
bacteriophage F116 and was used as donor in
crosses with several different amidase-negative
mutants. The relative positions of mutations
amiE8,18,7 had been established previously (2),
and the strains carrying these mutations were
used in transductions with RF17 as donor. When
selection was carried out on acetamide plates
at 25°C, the number recovered was around
2,000/10° recipient bacteria, as expected for the
transfer of donor phenotype. When the trans-
duction was carried out at 37°C, the transduc-
tional frequency was 100 to 300/10° recipient
bacteria, as expected for recombination within
the amidase genes. The transductants from the
cross at 37°C were analyzed for regulatory phe-
notype after purification from any background
growth. In these crosses there was no visible
background growth on acetamide plates at 37°C.
Transductants were grown at 37°C in lactate
medium with and without lactamide as inducer.
Table 3 shows that most of the recombinants in
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F1G. 5. Effect of pulse-heating on rate of amidase synthesis of temperature-sensitive mutant RTS21. The
culture was grown at 28°C, and at the time indicated by the arrow was divided into two parts, one portion of
which was heated at 45.5°C for 10 min, returned to 28°C, and allowed to grow (O); the other portion was kept
at 28°C without shaking during this period (®). The differential rates of amidase synthesis are shown in (A)

and the time course of the experiment in (B).

the three crosses were wild-type inducible; none
were formamide inducible, and some were con-
stitutive. The relative numbers of constitutive
transductants recovered, together with the ab-
sence of any formamide-inducible transductants,
suggests that the order of the mutations in RF17
is amiR43,221 amiE (Fig. 8).

The recovery of a thermostable constitutive
recombinant in the crosses between RF17 and
the amidase-negative mutants suggested that
the second mutation, amiR221, determined con-
stitutivity and not thermolability. This indicates
that the thermolabile phenotype resulted from
the presence of both amiR43, formamide induc-
ibility, and amiR221, constitutivity, in the same
molecule.

Acetamide-negative strains with regula-
tor gene mutations. If the amiR gene product
is required for transcription of the amiE gene,
then it can be predicted that some of the mu-
tants isolated as acetamide negative will have
defects in the regulatory gene rather than in the
amidase structural gene (1). Englesberg and col-
leagues (12) had obtained a number of araC-
mutants which were pleiotropically negative for
the L-arabinose enzymes, and Bloom et al. (6)
identified dsdR mutants that were negative for

serine deaminase synthesis. Since only one
structural gene appeared to be concerned in the
amidase system, we designed experiments on the
lines of those of Bloom et al. (6). In such an
analysis it is important to be certain that the
mutations examined are not in the structural
gene for the enzyme, and to ensure this it is
necessary to label the structural gene in such a
way that it can be identified in revertants. We
were able to do this by using a mutant with a
mutation in the amiE gene that determines the
B amidase which can be easily distinguished
from the A amidase by its altered substrate
specificity (9). Strain IB10 had been obtained as
a recombinant in a cross between the phenyl-
acetamide-utilizing mutant PhB3 and the ami-
dase-negative mutant Am8. IB10 is amiR* and
is induced by acetamide but carries amiE16 and
produces the B-type amidase. It is unable to
grow on butyramide because butyramide cannot
induce, but the cultures grown on acetamide can
be assayed for substrate specificity by the ami-
dase microtest (2).

A series of mutants was isolated from strain
IB10 on pyruvate-fluoroacetamide plates at
37°C. Some arose spontaneously, and others
were obtained by mutagenesis with EMS or 2-
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aminopurine. Of 41 FIB mutants isolated in this
way, 16 were purified and tested for growth
phenotype. All were acetamide negative, and 8
gave no revertants either spontaneously or in
response to EMS mutagenesis. The strains that
gave rise to revertants were examined in more
detail, and the revertant colonies were reisolated
and tested for regulatory phenotype. Table 4
shows that three classes of FIB mutants could
be distinguished. The first class, exemplified by
FIB1 and FIB14, gave only revertants with the
wild-type-inducible phenotype. It was concluded
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Sacteria (mg dry wt./ml)

Fi1G. 6. Effect on rates of amidase synthesis of
transferring four amidase-positive constitutive
strains from 30°C, control cultures (@) to 43°C (O).
Amidase synthesis continues, but differences in the
effect of the shift-up in temperature can be seen be-
tween (A) C11, (B) L10, (C) C1, and (D) C24.
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that the mutations to give the acetamide-nega-
tive phenotype had been in the amiE gene. The
second class, including FIB2, FIB15, and FIB28,
gave only constitutive mutants. It was thought
that these might have arisen from acetamide-
negative mutants with amiR mutations, but
these were not studied in detail. The third class
included mutants FIB29, FIB30, and FIB32. The
revertants obtained from these strains com-
prised a mixture of regulatory phenotypes and
were thought to be comparable to those ob-
tained for p-serine deaminase (6).

Fifty-one revertants selected from acetamide
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FiG6. 7. Effect of pulse-heating at 45°C on amidase
synthesis by the constitutive strain C11. The culture
was grown at 28°C, and at the time indicated by the
arrow was divided into two portions, one of which
was heated at 45°C for 10 min, returned to 28°C, and
allowed to grow (O). The other portion was kept at
28°C without shaking during this period (@).
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TABLE 2. Transduction between strains RTS1 (PAC437) and RTS21 (PAC438) and the amidase-negative
strain Am8 (PAC308)

Recipient strain Am8 transductants

Early (<5 days) Late (<11 days)
Donor ly- No. constitutive No. constitutive % Ther-
sate at: % Ther- at: mosen-
No. of . mostable No. of . No. e
No./10° : ! No./10° re- ¢ . sitive
S colonies recombi- S colonies with no
recipients tested nant phe- cipients tested activit donor
30°C  41°C p 30°C  41°C Y pheno-
notype
type
RTS1 110 30 30 30 100 2,140 74 72 2 2 95
RTS21 110 18 18 18 100 2,350 85 83 2 2 95
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TABLE 3. Transduction between strain RF17
(PAC474) and acetamide-negative strains Am7
(PAC307), AM8 (PAC308), and CAm2 (PAC322)

Donor lysate RF17 (no. of transductants/10° recip-
ient bacteria)

Recipi- Total at: No. of

- o No. No.
ent 87°C No. lact-  form-
strains trans . . .
duc- consti- gmlde gmude
25°C  37°C tants tutive induc- induc-
tested ible ible
Am?7 2,800 316 44 8 36 0
Am8 1,960 78 35 6 29 0
CAm2 1,250 123 37 8 29 0
amiR ami WT-1 FI C
AT LN 4+ RF17
2 4 2
—+ + +—+ Am7
7
LA 4+ RF17
2 2 4
N " +—Am7
rv \d T

F1G. 8. Number of crossovers required to produce
recombinants in the transductional cross between
RF17 as donor and Am?7 as recipient. Recombinants
predicted are wild-type inducible (WT-I), formamide
inducible (F-I), and constitutive (C).

plates from strain FIB29 were reisolated and
tested for enzyme specificity and regulatory phe-
notype. All of the revertants produced amidases
which gave a ratio of activity towards acetamide
and butyramide that is characteristic of the B-
type enzyme. This finding made it improbable
that the acetamide-negative mutation had been
due to a mutation in the amiFE gene, although it
did not rule out this possibility. Extracts of seven
of the FIB29 revertants were analyzed by starch-
gel electrophoresis and gave the characteristic
mobility of the B enzyme. Twenty-four of the
FIB revertants were tested in more detail and
were grown overnight in 1% lactate medium.
Lactamide (20 mM) was added to another set of
tubes to check whether any of the revertants
were inducible. Table 5 gives the numbers and
the percentage of the revertants falling into each
class. Measurement of specific activities after
overnight growth gives an indication of regula-
tory phenotype, and an arbitrary value of 3.0
was chosen to discriminate between “high” and
“low” constitutive strains. A similar experiment
was carried out with revertants from FIB32 and
of 80 revertants examined, all but one gave a
butyramide/acetamide ratio of 8 to 10%, indi-
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cating the presence of B enzyme. The propor-
tions of inducibles, and high and low constitu-
tives, were somewhat different, but it must be
emphasized that these simple experiments can
give only rough comparisons. The revertants
were also examined for their sensitivities to ca-
tabolite repression by succinate and repression
by butyramide. There were also differences in
the ways in which the revertants responded in
these media. Table 6 gives a few examples of the
values obtained. FIB29.5 was a low constitutive
which appeared insensitive to both butyramide
and succinate repression. FIB29.6 was inducible
and repressed by succinate, and FIB 29.35 was
a low constitutive repressed by both butyramide

TABLE 4. Growth of acetamide-positive revertants
of FIB mutants on amide selective media

N Growth phenotypes of revert-
0. of a A .
Series revert.  2nts" no. growing on amide
Mutagen media
no. ants

tested  AM S/F B S/B S/L
FIB1 EMS 5 5 0 0 0 (5°
FIB14 EMS 11 11 0 0 0 (11)
FIB2 EMS 15 15 15 15 15 15
FIB15 EMS 7 7 7 7 7 7
FIB28 EMS 5 5 5 5 5 5
FIB29  Sp¢ 51 51 38 38 38 38
FIB30 EMS 11 11 10 10 10 (10)
FIB32 Sp 20 20 9 9 9 NT

®The FIB mutants derived from strain IB10 were
tested for reversion on acetamide. Some of the revert-
ant colonies were patched on succinate plates and
replicated onto the amide selective media. Media were
as given in Table 1, with the addition of 1% succi-
nate-0.1% butyramide (S/B). Plates were incubated
36 h at 37°C.

® Numbers in parentheses indicate that only trace
growth occurred on this medium; NT, not tested.

“ Sp, Spontaneous.

TABLE 5. Regulatory phenotypes of acetamide-
positive revertants isolated from mutants FIB29
(PAC623) and FIB32 (PAC624)

FIB29 re- FIB32 re-

Determination vertants vertants

No. % No. %
Inducible® 5 21 6 8
High constitutives® 9 38 52 65
Low constitutives® 10 41 22 27

¢ All activities were measured by the amidase trans-
ferase assay with acetamide as substrate for cultures
grown overnight in minimal medium with lactate
(1%) as carbon source in the presence and absence of
lactamide (20 mM) to induce amidase synthesis. High
constitutives had specific activities of >3.0 U/mg of
bacteria.
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TABLE 6. Amidase activities of acetamide-positive
revertants of strain FIB29 (PAC623) grown
overnight in lactate and succinate media

Amidase activities (U/mg of dry wt bacteria®)

. 1% Succinate
No. of FIB29 1% Lactate medium medium
revertants
. . Butyr-
N°ti‘;‘)"’ld" Ifzct)“mm;{“)e amide No addition
(16 mM)
5 0.40 0.37 0.36 0.43
6 0.68 2.62 0.49 147
35 1.40 1.75 0.72 0.63
33 4.1 3.0 2.2 35
37 43 36 1.6 16.4

¢ All activities were measured by the amidase trans-
ferase assay with acetamide as substrate.

® Lactamide (20 mM) was added to all inducible
cultures grown in succinate medium.

and succinate. FIB29.33 was a high constitutive
repressed by butyramide and partially repressed
by succinate, whereas FIB29.37 was repressed
by butyramide, and its activity was greatly en-
hanced by growth in succinate. This finding was
unexpected since mutations in the amiR gene
were not expected to alter catabolite repression,
but three other FIB29 revertants showed a sim-
ilar response to succinate as did some of the
FIB32 revertants. However, the succinate acti-
vation effect observed after overnight growth of
revertant FIB29.37 in succinate medium was not
reflected in any enhancement of the rate of
amidase synthesis when succinate was added to
cultures growing exponentially in lactate me-
dium.

Revertants were also isolated from the mutant
RF17, and of nine isolates from acetamide plates
at 37°C, four were constitutive and the rest
inducible. These studies on the regulatory char-
acteristics of revertants isolated from three
strains thought to have mutations in the amiR
gene are similar to those with D-serine deami-
nase (6) and provide additional evidence for
positive regulation of amidase synthesis.

DISCUSSION

The selection methods that proved successful
in isolating mutants producing amidases with
altered substrate specificities indicated that the
classes of structural gene mutants isolated de-
pended on the previous mutations in the parent
strain and the selection media. No altered en-
zyme mutants were obtained directly from the
wild-type strain, and in some instances it proved
easier to isolate mutants producing enzymes
with novel activities from strains that already
had at least one structural gene mutation (2, 3).
The classes of regulatory mutants that have

POSITIVE REGULATION OF AMIDASE 389

been isolated were also dependent on the selec-
tion medium and the parent strain. Constitutive
mutants are readily isolated from succinate-
formamide medium and at a lower frequency
from butyramide medium. This is partly a tech-
nical difference since the background growth on
succinate-formamide plates is greater, thus giv-
ing a higher apparent frequency. However, there
is a real difference as well, since constitutive
mutants growing on butyramide must be high
constitutives and resistant to butyramide repres-
sion, whereas mutants isolated from succinate-
formamide medium include high and low con-
stitutives, butyramide-sensitive and butyram-
ide-resistant constitutives, as well as formamide-
inducible mutants. Since constitutive amidase
mutants can be isolated in large numbers, it was
significant that none have been found to be
inducible at lower growth temperatures even
when a deliberate attempt was made to isolate
them. It is easy to isolate large numbers of
acetamide-negative mutants from pyruvate-
fluoroacetamide medium, many of which are
leaky and may have mutations in the structural
gene. A detailed examination of leaky mutants
identified RTS1 and RTS21, isolated from the
constitutive strain C11, and RF17, isolated from
the formamide-inducible strain F6. All three mu-
tants produced amidases that were as thermo-
stable as that of the wild type, and the transduc-
tional crosses showed that the temperature-sen-
sitive mutations could be located in the amiR
gene. The recovery of a temperature-sensitive
constitutive recombinant in the cross between
RF17 and Am7 showed that a single mutation
in amiR could give this phenotype as well as the
two mutations of RTS1 and RTS21. If the amiR
product is required for transcription, then the
mutants with the phenotype of RTS1, and the
other two strains, must produce a protein with
activity over a well-defined temperature band.
For the mutant to be recognized it must grow
reasonably well on acetamide plates at 20 to
25°C and poorly or not at all at 37 to 41°C. For
detailed studies to be made it is essential for a
reasonable amount of amidase to be synthesized
at the permissive temperature. This was not the
case for the mutants derived from PAC1 or from
the constitutive strain C1 so that it is not known
whether these strains could give rise to temper-
ature-sensitive regulator mutants using this se-
lection procedure.

Temperature-sensitive mutants of the
lacI(T)) class, growing at a temperature at which
they were inducible, became constitutive when
they were transferred to a higher growth tem-
perature; heating for a short time at 45°C re-
sulted in constitutive B-galactosidase synthesis
for about 0.5 generation after they were returned
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to the lower temperature. The steady state spe-
cific activity of the lacI(Tl) mutants increased
progressively with increased growth tempera-
ture, and the inactivation of the repressor was
irreversible (20). These findings were consistent
with the interpretation that the lacI(Tl) mu-
tants produced thermolabile repressors. The
other class of mutants lac(Tss) were tempera-
ture sensitive for the assembly of the repressor
from its subunits, and pulse-heating had no im-
mediate effect on B-galactosidase synthesis in
these strains. It was necessary to grow the
lacI(Tss) mutants at elevated temperatures to
obtain the constitutive phenotype. The imme-
diate response of the amidase mutants, RTS1,
RTS21, and R17, to a shift-up in temperature
and the time taken to recover from the inacti-
vation of amidase synthesis after pulse-heating
at 45°C indicate that the temperature-sensitive
lesion in these mutants is probably due to a
thermolabile activator protein rather than to
any defect in synthesis or assembly. Two classes
of temperature-sensitive araC mutants were de-
scribed (16). The first class, araC(Ts), was in-
ducible at 28°C and Ara™ at 42°C, and the
second class, araC°(Ts), was constitutive at
28°C and Ara™ at 42°C and thus resemble the
amidase mutants, RTS1, RTS21, and RF17 in
phenotype.

The second line of evidence for the positive
regulation of amidase synthesis is based on the
properties of the revertants from certain aceta-
mide-negative strains. The presence of the
amiE16 mutation in the starting strain IB10
made the identification of the amidase produced
by the revertants unequivocal. The mixture of
regulatory classes, including inducible strains
and high and low constitutives, was similar to
that obtained from revertants of the D-serine
deaminase dsdC strains (6). The mutation pro-
ducing these revertants need not have been in
the regulator gene itself. Some of the dsdC re-
vertants were completely insensitive to catabo-
lite repression, and partial diploid tests showed
that they were cis dominant and therefore in the
dsdO region. We obtained a large number of
revertants from both FIB29 and FIB32 which
were altered in their response to catabolite
repression and some showed a considerable en-
hancement of amidase synthesis by succinate.
Previously we had isolated promoter mutants
that were resistant to catabolite repression and
insensitive to the stimulation of amidase synthe-
sis by cyclic AMP shown by the parent strain
(22). It is possible that the catabolite repression-
resistant mutants isolated from FIB29 and
FIB32 were amidase promoter mutants, but this
is not the only possible interpretation. The b-
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serine deaminase system is sensitive to catabo-
lite repression and this can be partially reversed
by addition of the inducer D-serine, suggesting
that the cyclic-AMP binding protein can be re-
placed to some extent by the dsdC product to
which D-serine has been bound (4-6, 18). If this
were so, then mutations in the promoter region
might restore the ability to make D-serine de-
aminase in a mutant with a defective dsdC prod-
uct and at the same time result in resistance to
catabolite repression. The only evidence we have
so far to implicate a similar system for amidase
is that (i) catabolite repression can be partially
relieved by the addition of inducer (7), (ii) cyclic
AMP stimulates amidase synthesis in inducible
and constitutive sirains (21), and (iii) catabolite
repression-resistant mutants have been isolated
with properties consistent with being promoter
mutants (22).

On the other hand, for the L-arabinose operon
some catabolite repression-resistant mutants
have been isolated which have mutations in the
araC gene (14). Transcription of the ara genes
appears to require a complex comprising the
active form of the araC gene, cyclic-AMP bound
to the receptor protein, together with RNA po-
lymerase. If amidase transcription follows a sim-
ilar pattern, then it would be reasonable to sup-
pose that mutations in amiR could result in
resistance to catabolite repression. The L-arabi-
nose operon has a mixed type of regulation with
the araC product acting as a classical repressor
and binding at the operator site, but able to bind
the inducer L-arabinose and become converted
to the activator form required for transcription.
At present we see no reason to postulate a dual
control for amidase synthesis and suggest that
the amiR product acts solely as a positive regu-
lator protein. There have been few reports on
the mechanism of regulation of gene expression
in Pseudomonas species, although there is a
wealth of information on inducer specificities
and regulatory units. Positive regulation has
been suggested for the catB, catC genes of P.
putida, determining two coordinately regulated
enzymes of the aromatic ortho-cleavage path-
way (24). The TOL plasmids of P. putida carry
genes for the enzymes of the meta-cleavage
pathway and the group of enzymes required for
the initial 'steps for the catabolism of toluene
and m- and p-xylene. Some of these activities
can be lost, and the patterns of substrate utili-
zation and inducer specificity suggest that these
genes may be under positive control (25, 26).

We suggest that the properties of most of the
mutants altered in the regulation of amidase
synthesis can be related to changes in the regu-
lator protein specified by the amiR gene that
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TABLE 7. Types of mutation in regulatory gene
amiR for P. aeruginosa amidase

Series no. Phenotype G::;Q';o‘ Reference
PAC1 Wild type amiR* 17
C-series: C11, Constitutive, bu- amiR* 8

C24 tyramide sensi-

tive
CB-series and Constitutive, bu- amiR* (b) 10
some C-se- tyramide resist-

ries ant
F-geries Formamide in- amiR (f) 8

ducible
FIB-series: Regulatory, acet- amiR~  This paper

FIB29, amide negative

FIB32
TS-series: Constitutive at amiR‘(Ts) This paper

RTS1, 30°C, aceta-

RTS21, mide negative

RF17 at 37°C

exerts positive control on the expression of the
amidase structural gene. Table 7 sets out the
main types of mutations in the amiR gene using
a notation based on that applied to araC muta-
tions (12, 13, 16). The amiR* protein has an
amide binding site that accepts both inducing
amides and the amide analog repressing amides,
such as butyramide and cyanoacetamide. Mu-
tations such as amiR(f) alter the amide binding
site in such a way that formamide is more effi-
cient as an inducer. The mutations resulting in
constitutive strains may allow amidase synthesis
in the absence of an inducing amide without
conferring resistance to amide analog repression.
These are denoted amiR°, whereas those that
have also acquired an appreciable resistance to
repression by amides such as butyramide are
denoted amiR°(b). Both amiR° and amiR‘(b)
classes can be isolated from succinate-formam-
ide medium, and amiR°(b) mutants can also be
isolated from butyramide medium. We have now
added to thse amiR°(Ts), as evinced by the
mutants RTS1, RTS21, and RF17 which pro-
duce temperature-sensitive but constitutive reg-
ulator proteins, and amiR", as evinced by FIB29
and FIB32 with no activity.
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