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CHAPTER 1

INTRODUCTION
l.I. ALLANTOIN AND ALLANTOIN METABOLISM
Allantoin is widely distributed in nature. This substance, a product of
purine metabolism, is excreted by mammals, amphibians, fishes, crustaceans,
ascidians and insects. Allantoin is also found in higher plants where it presum
ably plays an important role in the transport and storage of nitrogen (Reinbothe and Mothes, 1962).
Degradation of allantoin via the uricolytic pathway is performed by a
large group of organisms including algae, fungi, molds, yeasts and bacteria
(Vogels, 1963; Trijbels, 1967). The enzymes involved in allantoin degradation
are allantoinase (allantoin amidohydrolase, EC 3.5.2.5), allantoicase (allantoate amidinohydrolase, EC 3.5.3.4), allantoate amidohydrolase and ureidoglycolase. Two pathways for the degradation of allantoin are known, one invol
ving allantoicase and the other allantoate amidohydrolase. The first one
appears to be most common in animals, plants and fungi. At present it seems
that the second pathway, involving allantoate amidohydrolase, is found in
most bacteria able to degrade allantoin aerobically or anaerobically e.g. Strep
tococcus allantoicus, Citrobacter freundii, Escherichia coli, Escherichia coli
var. acidilactici, Proteus rettgeri (Vogels, 1963), Pseudomonas
acidovorans
(Trijbels and Vogels, 1966) and Bacillus fastidiosus (Bongaerts, personal
communication). Proteus rettgeri was formerly named Arthrobacter allantoi
cus (Vogels, 1963), but was later identified as Proteus rettgeri (Nieste, unpub
lished results). In contrast to all these bacteria a number of strains of the
genus Pseudomonas appear to contain allantoicase. However, there is one
exception in this genus. Strains of the Pseudomonas acidovorans group con
tain allantoate amidohydrolase (Trijbels and Vogels, 1966; this Thesis).
Urea generated in the pathway involving allantoicase is generally degraded
by urease. However, some urease-negative organisms can also use allantoin
as the sole source of nitrogen. In these organisms another pathway for urea
breakdown must be available. Candida utilis, Candida flareri, Saccharomyces cerevisiae, Chlorella ellipsoidea and other unicellular green algae contain
t
urea amidolyase which degrades urea to H C 0 3 " and N H 4 in a two step
reaction involving ATP, Mg *, К ' and HCOj . N H 4 * and ADP cause a
severe competitive inhibition of urea amidolyase activity in vitro and also
a strong repression of the enzyme synthesis.
The regulation of the enzymes in the allantoin metabolism was the subject
of some previous studies. The enzymes appeared to be inducible in some
bacteria and yeasts (Bachrach, 1957; Kaltwasser, 1968; Choi, Lee, Hico
and Roush, 1968) but were constitutive in others (di Carlo, Schulz and Kent,
1944; Choi, Lee, Hico and Roush, 1968).
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1.2. REGULATION OF ENZYME SYNTHESIS
Bacteria have evolved mechanisms for switching on or off genes in response
to environmental circumstances. The effector is the compound, usually a
small molecule, which acts as the physiological signal to change the enzyme
synthesis in response to a change in the environmental conditions of the
cell. The term effector is suitable both for inducible and repressible enzyme
systems. In the case of an inducible system we call the effector 'inducer'
or 'inductor', when dealing with repressible systems we call the effector
'repressor'. However, use of this term may cause confusion because the
product of the regulator gene is also called repressor. It is probable that
also in pseudomonads this product is a protein (Ornston, 1971).
There is sequential induction in a metabolic pathway when enzymes in
that pathway are only induced by their substrates (Ornston, 1966 c). Hence,
enzymes that are sequentially induced, are always controlled independently.
Evidence for sequential induction of enzymes can be derived from kinetic
experiments. For instance the sequential induction of enzymes of the mandelate regulatory unit and the muconate lactonizing enzyme was demonstrated
by kinetic experiments (Hegeman, 1966 a). A lag period of about 45 min
was observed between the appearance of the former enzymes and the latter
enzyme. However, when in kinetic experiments two enzymes appear at the
same time the regulation of these enzymes is not obligatory under coordinate
control. In other words, sequential induction is not necessarily observed
as a difference in time of appearance of the enzymes after addition of a
metabolizable inducer in a growing culture (Hosakawa, 1970).
When enzymes are induced by the same inducer they are regulated by
coincident induction (Maas and McFall, 1964). The synthesis of enzymes
regulated by coincident induction may be controlled independently, or by
a strict dependent regulatory mechanism, the coordinate induction (Jacob
and Monod, 1961 b). Both the ratio of activities and the ratio of the rates
of synthesis of enzymes governed by coordinate control remains constant
despite considerable fluctuations in their absolute activities or rates of synthesis in response to environmental conditions.
In many bacterial systems the enzymes that determine a single metabolic
pathway are produced from a group of clustered genes that constitute a
genetic union of function. Such a unit has been called an operon (Jacob
and Monod, 1961 a and b). An operon is defined as a group of contiguous
structural genes showing coordinate expression. Such a contiguous arrangement is often found but is not universal among bacteria. Mapping of Pseudomonas aeruginosa has not revealed that gene clustering, necessary for the
typical operon structure, occurred in biosynthetic pathways (Isaac and Holloway, 1968; Holloway, 1969). In contrast, contiguous structural genes were
found both in Pseudomonas aeruginosa and Pseudomonas putida for the
yj-ketoadipate pathway (Kemp and Hegeman, 1968).
The problem arises whether in bacteria induction of enzymes occurs or
activation of already present protein precursors. The latter phenomenon
was demonstrated for pyruvate carboxylase in a thermophilic Bacillus (Cazzu4

lo, Sundaram and Kornberg, 1969). However, Stanier demonstrated that
pseudomonads may possess more than a hundred inductive metabolic sequen
ces (Stanier, Palleroni and Doudoroff, 1966). Regarding the observation that
up to 10% of the bacterial protein of Pseudomonas putida cells, grown on
mandelate was present in the form of enzymes that catalyze an inducible
catabolic pathway (Ornston, 1966 a and b; Hegeman, Rosenberg and Kenyon,
1970) it is evident that only a minor fraction of the catabolic potency is
expressed at a time. Therefore, it is strongly indicated that increase in the
activities of these catabolic enzymes is rather due to de novo protein synthesis
than to activation of already present enzyme precursors. This view is support
ed by the observation that the synthesis of inducible enzymes is inhibited
by addition of antibiotics that have a primary or secondary effect on protein
synthesis such as streptomycin, chloramphenicol, blasticidin S and mitomy
cin С (Sakaki, Kageyama and Egami, 1969). Despite the fact that direct
evidence has been derived for the absence of protein precursors serologically
related to enzymes of the benzoate pathway in uninduced cells of Pseudomo
nas pulida (Stanier, Wachter, Gasser and Wilson, 1970), the possibility that
activation of enzyme precursors occurs should not a priori be excluded.
One of the major problems encountered in the studies of enzyme induction
is the identification of the actual inducers. Direct evidence that a compound
is an inducer for an enzyme can be given only when this compound is nonmetabolizable by the organism studied or when the metabolites do not induce
the enzyme studied or in a much less effective way. Inducers can be rendered
nonmetabolizable by chemical modification of the original inducer (Palleroni
and Stanier, 1964; Lessie and Neidhardt, 1967; Boos, Schaedel and Wallenfels, 1967; Brammar, Clarke and Skinner, 1967), genetic alteration of the
bacterial strain so that the inducer cannot be metabolized (Palleroni and
Stanier, 1964; Hegeman, 1966 b; Wheelis and Stanier, 1970; Wheelis and
Ornston, 1972; Wu, Ornston and Ornston, 1972) and by physiological restricti
ons (Ornston, 1966 c; Kemp and Hegeman, 1968; Bird and Cain, 1968).
1.3. REGULATION OF ALLANTOIN METABOLISM IN
MICROORGANISMS
1.3.1 Fungi
The purine breakdown in Aspergillus nidulans proceeds along the following
route: xanthine —>hypoxanthine —»urate —> allantoin —>allantoate —»urea
—>ammonia (Darlington, Scazzocchio and Pateman, 1965; Scazzocchio and
Darlington, 1968). A two step reaction involving ureidoglycolate was suppo
sed in the degradation of allantoate to urea. In the wild type xanthine dehydro
genase was induced both by xanthine and urate, while genetic studies revealed
that uricase was induced by urate only and not by xanthine or hypoxanthine
(Darlington, Scazzocchio and Pateman, 1965). Allantoinase was induced by
purines, urate and allantoin and not by subsequent metabolites (Scazzocchio
and Darlington, 1968). These authors stated that both urate and allantoin
are the actual inducers for allantoinase, but they tested also one uricase-
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negative mutant in which allantoin had and urate had no inductive effect
for allantoinase. Allantoin was found to be the actual inducer for allantoicase
while allantoate, the substrate, had only a very weak inductive effect. Ammo
nium, added as ammonium tartrate, caused a repression of all the enzymes
involved in purine metabolism. Potassium nitrate, in contrast, had no repressi
ve effect.
1.3.2 Yeasts
The control mechanisms of allantoinase and allantoicase diverge for various
yeast species. Allantoinase was found to be a constitutive enzyme in the
yeast Saccharomyces cerevisiae, but allantoicase was present only after
growth of this microorganism in the presence of biotin (di Carlo, Schulz
and Kent, 1944). In contrast, Choi et al. (1968) reported allantoicase to
be constitutive in Saccharomyces cerevisiae also after growth in the absence
of biotin in the growth medium. The same authors reported that allantoicase
οι Candida utilis was induced by urate, allantoin and allantoate. In the same
organism the ureidoglycolase activity was enhanced 5.2 fold by induction
with urate and less by induction with allantoin or allantoate (Choi and Roush,
1970).
The synthesis of allantoinase in Saccharomyces carlsbergensis was subject
to derepression (van de Poll, 1970). No inductive effect of allantoin, allantoate
or related compounds could be detected but the synthesis was strongly repres
sed by relatively low amounts of casamino acids or ammonium, whereas
increasing glucose concentrations exerted a stimulatory effect on the allantoi
nase synthesis.
a-Glucosidase synthesis showed the opposite behaviour: repression by
glucose and stimulation of enzyme synthesis by ammonium and casamino
acids. A general regulation principle was proposed: the nitrogen metabolism
is regulated by nitrogeneous compounds just as the carbon metabolism is
regulated by carbon compounds, i.e. the well known phenomenon of catabolite repression (van de Poll, 1970). Repression of nitrogen metabolism by
nitrogeneous compounds was also observed in Candida guillermondii (Shavlovskii and Logvinenko, 1967) and Saccharomyces cerevisiae (Middelho
ven, 1970).
1.3.3 Bacteria
Hydrogemonas Η 16 showed inductive synthesis of glyoxylate carboligase
and D-glycerate-3-dehydrogenase in the presence of urate, allantoin and gly
oxylate and repression of the induction by fructose was observed (Kaltwasser,
1968). No data are available on the induction of allantoinase and allantoicase
in this organism.
Bacillus fastidiosus is an organism growing only when urate or allantoin
are present as carbon and energy source. Cell-free extracts of cells grown
in the presence of allantoin did not contain urate oxidase but glyoxylate
carboligase was present (Kaltwasser, 1971).
The adaptive formation of enzymes degrading urate, allantoin and allantoa6

te in certain pseudomonads was reported (Bachrach, 1957). Rouf and Lomprey (1968) reported that allantoinase and allantoicase were inducible enzymes in Pseudonomas aeruginosa and Pseudomonas fluorescens. In contrast
to the results presented in this Thesis, these authors reported that Pseudomonas fluorescens failed to grow in the absence of glucose added to a medium
containing allantom as the sole source of carbon, nitrogen and energy.
1.4. Purpose of the present investigation
An abundance of data was available on the metabolism of allantoin in
microorganisms. However, the regulation of this metabolic pathway had
not been the subject of extensive research In order to fill this gap in our
knowledge of allantoin metabolism it was decided to study the regulation
in pseudomonads. Attention was also given to allantoin metabolism as a
possible tool in the taxonomy of the genus Pseudomonas.
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CHAPTER 2

THE METABOLISM OF ALLANTOIN IN THE
GENERA PSEUDOMONAS AND AEROMONAS
2.1. INTRODUCTION:
The allantoin metabolism of Pseudomonas aeruginosa and Pseudomonas
acidovorans was studied previously (Trijbels and Vogels, 1966 a, b; Trijbels
and Vogels, 1967; Vogels, Trijbels and Uffrnk, 1966; Vogels, 1969). Fig. 1
presents the different routes of degradation of this compound. In Pseudomonas aeruginosa allantoate is converted to (-)-ureidoglycolate by the action
of allantoicase, while in Pseudomonas acidovorans allantoate amidohydrolase converts allantoate to ureidoglycine. Presumably this enzyme is also responsible for the conversion of ureidoglycine into (+)-ureidoglycolate as was
shown in Streptococcus allantoic us (Van der Drift, de Windt and Vogels,
1970).
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Figure 1 : Degradation scheme of allantoin in pseudomonads.
Full lines represent the pathway as found in Ps. aeruginosa
Dotted lines represent the pathway as found in Ps. acidovorans
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Recently a new enzyme, allantoin racemase, was detected, which catalyses
the racemization of (+)- and (-)-allantoin. (Vogels, van der Drift and Rijnierse, to be published). This enzyme appeared to be present only in some
species of the genera Pseudomonas and Aeromonas.
In view of these differences in the enzyme pattern for the allantoin metabolism of pseudomonads, it seemed worthwhile to study the patterns of all
groups of organisms as classified by Stanier, Palleroni and Doudoroff (1966).
The result of such a study could contribute to our knowledge of the genera
Pseudomonas and Aeromonas.
2.2. MATERIALS AND METHODS:
2.2.1 Microorganisms
Strains used in this study arc listed in Table 1. They are classified in
groups representing organisms with the same characteristics and similar
specific activities of the enzymes involved in allantoin breakdown.
2.2.2 Media and buffers
Phosphate buffer is prepared by mixing KH 2 P0 4 + Na 2 HP0 4 in the appropriate ratio to obtain the desired pH-value.
Medium A contained per 1: 10 g allantoin, 1 g K 2 HP0 4 ) 100 mg MgS0 4 .7
H 2 0 , 100 mg caseinhydrolysate (enzymatic), 0.25 ml vitamin solution, 1
ml chloride solution and 1 ml sulfate solution. pH was 6.8 after sterilizing
for 10 min at 120°. By this treatment allantoin was hydrolyzed less than
5% (products were allantoate, ureidoglycolate and glyoxylate in a ratio of
2 : 1 : 2), but this hydrolysis did not affect the results.
The vitamin solution contained per 1: 22 mg biotin, 400 mg Capantothenate, 2 mg folic acid, 2 g wjo-inositol, 400 mg niacin, 200 mg paminobenzoic acid, 400 mg pyridoxine.HCl, 200 mg riboflavin and 400 mg
thiamine.
The chloride solution contained per 1: 1.5 g FeCl2.6 H 2 0 , 5 g CaCl 2 .2 H 2 0 ,
2 g NaCl, 10 mg KI and one drop of concentrated HCl.
The sulfate solution contained per 1: 17 g MgS0 4 .7 H 2 0, 1.8 g MnS0 4 .H 2 0,
100 mg ZnS0 4 .7 H 2 0 , 10 mg CdSCVS H 2 0 and 4 mg CoS0 4 .
Medium AN was medium A supplemented with 2 g NH4C1 per 1.
Medium AF was medium A supplemented with 5 g sodium fumarate per 1.
Medium NF was medium A in which allantoin was replaced by 2 g NH4C1
and 5 g sodium fumarate per 1.
In order to test growth on uric acid, allantoin in the media A and AF
was replaced by 3 g uric acid per 1. Final pH was kept above 7.4. This
medium was sterilized by filtration and solidified by addition of 1.2% agar.
2.2.3 Cultivation methods
The strains were maintained on tryptone soya agar slants. They were inocubated into 100 ml erlenmeyer flasks containing 40 ml nutrient broth and inculated on a New Brunswick Scientific G 25 environmental incubator at 30°
(300 rev./min). 0.5 ml of the overnight cultures were used to inoculate 200
ml of the media A, AN, AF and NF in 500 ml erlenmeyer flasks. These
were incubated in a similar way for at least 24 h and at the most 96 h
9

T A B L E 1.
Strains used in this study on the allantion metabolism.
Organism
Group Biotype Code of laboratory collection and source ')
number
Pi. aeruginosa
V 3001, V 3003 (x), V 3004 (x),
V 3006 (x), V 3007 (x), V 3008 (x),
V 3010 (x), V 3013 (A 17434, y)
Ps. fluorescens
A
V 3201 (A 17397, x), V 3204 (A 17553, y)
В
V 3202 (A 17815, x), V 3205 (A 17467, y)
С
V 3206 (A 17400, y), V 3207 (A
948, y)
D
V 3208 (A 9466, y), V 3209 (A 17809, y)
E
V 3210 (A 13985, y), V 3211 (A 17419, y)
F
V 3212 (A 17458, y), V 3213 (A 17513, y)
A
Ps. putida
V 3251 (A 17390, x), V 3252 (A 17391, x)
A
V 3253 (A 17392, x), V 3254 (A 17393, x)
A
V 3255 (A 17428, y), V 3256 (A 12633, y)
В
V 3257 (A 17430, y), V 3258 (A 17484, y)
Unclass. fluoresc.
V 3203 (A 17395, x), V 3289 (A 17475, y)
Ps. acidovorans
1
V 3301 (A 15668, x)
var. fusca
A " V 3306 (Α 9355, χ)
Ps. indoloxidans
1
A " V 3309 (Α 17479, у)
Ps. acidovorans
1
A " V 3310 (Α 17501, у)
Ps. desmolytica
1
A " V 3307 (Α 17406, у)
Ps. desmolytica
2
A " V 3308 (Α 17455, у)
Ps. acidovorans
2
•xt»
V 3 3 0 2 (Α 15667, χ), V 3305 (Α 15666, χ)
Ps. acidovorans
V 3 2 9 9 (Α 17407, у)
'T*»»
Ps. desmolytica
•-ρ»» V 3 2 9 8 (Α 11996, у)
Ps. testosteroni
V 3 2 9 7 (Α 17510, у)
'T»
Ps. acidovorans
Ps. acidovorans
U " V 3 2 9 5 (Α 17664, у), V 3296 (А 17437, у)
V 3 3 2 1 (Α 14909, х)
Ps. alcaligenes
V 3 3 5 1 (Α 17404, у), V 3352 (А 12815, х)
Ps. pseudoalcalineges
V 3 3 4 1 (Α 17759, у), V 3342 (А 17478, у)
Ps. multivorans
V 3 3 1 1 (χ), V 3312 (А 17759, у),
Ps. stutzeri
V 3 3 1 3 (Α 17588, у), V 3314 (А 17832, у)
Ps. maltophilia
V 3331 (Α 13637, у), V 3332 (А 17444, у)
Ps. iodinum
V 3 3 9 2 (χ)
Ps. oleovorans
V 3 3 9 1 (χ)
Ps. mildenbergii
V 3 3 9 4 (χ)
Ps. tolaasii
V 3 3 9 3 (χ)
Aerom.
Aerom.
Aerom.

hydrophila
liquefaciens
punctata

V 3611 (х)
V 3621 (х)
V 3601 (х)

The number following V represents the code of the Laboratory of Microbiology, Nijme
gen. The number following A is the code of the American Type Culture Collection
(ATCC).
') Strains with source indication χ were kindly provided by Prof. T. O. Wikén.
Strains with source indication у were kindly provided by Dr. Hegeman.
A " , T " and U " refer to the strains assigned to Ps. acidovorans, Ps. Testosteroni and un
classified strains of the acidovorans group respectively by Stanier, Palleroni and Doudoroff (1966).
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in order to reach an optical density at 600 nm (A 6 0 0 ) of at least 0.5. The
cells of the cultures were harvested, washed with saline and suspended in
10 ml 0.1 M phosphate buffer (pH 6.5) and disrupted with a Branson В
12 sonifier during 10 to 12 5-sec bursts. The broken cell suspensions were
centrifuged at 4° for 30 min at 100,000 χ g. The activity of the enzymes
in the supernatant (crude extract) was tested.
2.2.4 Enzymatic tests
Assay of allantoinase (allantoin amidohydrolase, E. C. 3.5.2.5.). The incuba
tion mixture (1.2 ml) contained 150 ¿¿moles TEA-HC1 (pH 7.8), SO^moles
allantoin and 0.2 ml crude extract or an adequate dilution thereof. Incubation
was at 30°. At appropriate time intervals 0.2 ml of this incubation mixture
was tested for allantoate produced according to a differential glyoxylate
analysis (Vogels and van der Drift, 1970).
Assay of allantoicase (allantoate amidinohydrolase, E.C. 3.5.3.4.). The
incubation mixture (1.2 ml) contained 150 ^moles TEA-HC1 (pH 7.8), 100
/¿moles sodium allantoate, 0.25 /¿moles MnS0 4 and 0.2 ml crude extract
or an adequate dilution thereof. Incubation was at 30°. At appropriate time
intervals 0.2 ml of the incubation mixture was tested for ureidoglycolate
produced according to a differential glyoxylate analysis (Vogels and van
der Drift, 1970).
Assay of allantoate amidohydrolase. The enzyme was activated during
30 sec at 0° by mixing 0.3 ml crude extract with 0.3 ml 0.05 M phosphoric
acid (final pH 2.0). 0.2 ml of this mixture was added to 1 ml substrate
solution containing per ml 100 /¿moles DEA-HC1 (pH 9.0), 5,4 /¿moles GSH,
0.15 /¿mole MnS0 4 and 100 /¿moles sodium allantoate. Incubation temperature was 30°. At appropriate time intervals 0.2 ml of this incubation mixture
was tested for ureidoglycolate produced according to a differential glyoxylate
analysis (Vogels and van der Drift, 1970).
Assay of allantoin racemase. Allantoinase interfered with the polarimetrie
assay of allantoin racemase. The allantoinase present was inactivated by
heating the crude extract during 15 min at 70° (Vogels et al, 1966). The
voluminous precipitate was removed by centrifugation for 30 min at 100.000
χ g. This treatment did not affect the activity of allantoin racemase in all
the strains tested. An aliquot of the heated extract was mixed with an equal
volume of substrate containing per ml 13/¿moles (-)-allantoin and 200 /¿moles
phosphate buffer (pH 6.5). Incubation was at 30°. The optical rotation of
this incubation mixture was measured as a function of time with a Perkin
Elmer 141 Polarimeter using a mercury vapor lamp (at 365 nm). All rotation
values were corrected for the rotation of the crude extract and the nonenzymic
racemization of (-)-allantoin (Vogels, de Windt and Bassie, 1969). The logarithm of the rotation was plotted versus time and the tangens of the resulting
straight line was a measure of the allantoin racemase activity.
One unit of enzyme activity was defined as the amount which catalyses
the conversion of 1 /¿mole substrate per min. The specific activities were
expressed in units per mg of protein.
Protein was measured according to Lowry et al. (1951) using bovine serum
albumine as a standard.
11

TABLE 2.
Specific activity of allantoinase of speudomonads and acromonads after growth on
different media.
Species

Code or
group No.

Ps. aeruginosa
Ps. fluorescein

1
2

Ps. putida
Unclass. fluoresc.
Ps. acidovorans

A

V 3203
V 3289
1
2

Τ
U
Ps. alcaUgenes
Ps. multivorans
Ps. stützen
Ps. maltophilia
Ps. iodinum
Ps. oleovorans
Ps. mildenbergii
Ps. tolaasii
Aerom. hydrophila
Aerom. liquefaciens
Aerom. punctata

V
V
V
V
V
V
V

3392
3391
3394
3393
3611
3621
3601

Mean specific activity of allantoinase
Medium A
Medium AF
Medium N F
1.2
0.41
0.023
1.7
1.0
0.041
1.3
0.020
*
1.8
1.3
0.023
2.1
1.6
0.57s)
0.43
0.008
0.30
1.1·)
0.035
0.19
0.040
*
1.1
0.72
0.063
1.4
0.043
*
0.12
0.025
*
1.2
0.25
0.042
0.17
0.011
*
*
«
«
0.59
0.006
*
0.17
*
5.3
5.6
1.5
0.86
*
«
<

*
•

С

0.53

α

0.015

* no growth in this medium
not tested
« activity could not be detected
в) culture needed more than 72 h to
reach an adequate A^,,,.

TABLE 3.
Specific activity of allantoin racemase of speudomonads and aeromonads after growth
on different media.
Species
Ps. aeruginosa
Ps. fluorescens
Ps. putida
Unclass. fluoresc.
Ps. acidovorans
Ps. acidovorans
Ps. multivorans
Ps. mildenbergii
Ps. tolaasii

Code or
group No.
1
A-l
Τ
V 3394
V 3393

Mean specific activity ')
Medium A
Medium AF
1.3
0.92
«
<
1.3
0.40
0.41
0.69

3.1
0.65
«
€

0.31
0.031
0.34
0.56

• activity could not be detected.
') In medium NF no detectable amounts of allantoin racemase were present. All other
organisms tested in this study did not grow on medium A and contained no detectable
amounts of allantoin racemase when cultured in medium AF.
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TABLE 4.
Specific activity of allantoicase of pseudomonads and aeromonads after growth on
different media.
Species
Ps. aeruginosa
Ps. fluorescens
Ps. putida
Unclass. fluoresc.
Ps. acidovorans
Ps. alcaligenes
Ps. multivorans
Ps. stützen
Ps. maltophilia
Ps. iodinum
Ps. oleovorans
Ps. mildenbergii
Ps. tolaasii
Aerom. hydrophila
Aerom. Uquelaciens
Aerom. punctata

Code or
group No.
1
2
V 3203
V 3289
A Τ U

V
V
V
V
V
V
V

3392
3391
3394
3393
3611
3621
3601

Mean specific activity
Medium AF
Medium A
8.9
6.6
8.8
5.2
3.8
*
12.1
17.4
4.2
6.9
2.5
4.0»)
«
0.19
7.2
4.3
1.6

Medium NF
0.15
0.09
0.12
0.03
0.05
С

0.013
0.02
0.07

2.3
29.8
2.1

*
36.0
4.1

*
1.3

« activity could not be detected
* no growth on this medium
not tested
•) culture needed more than 72 h to reach an adequate Aga0
TABLE 5.
Specific activity of allantoate amidohydrolase of pseudomonads and aeromonads after
growth on different media.
Organism
Pi. acidovorans
var. fusca
Ps. desmolytica
Ps. indoloxidans
Ps. acidovorans
Ps. desmolytica
Ps. acidovorans
Ps. acidovorans
Ps. acidovorans
Ps. desmolytica
Ps. testosteroni
Ps. acidovorans
Ps. acidovorans
Ps. acidovorans

Group
A-l
A-l
A-l
A-l
A-2
A-2
Τ
Τ
Τ
Τ
Τ

υ
υ

Medium Α
0.055 β)
0.029
0.39 β)
0.029 s)
•
*
0.43
0.40
0.46
0.055
0.32
*
*

Specific activity
Medium AF
0.11
0.015
0.11
0.042
0.044
0.16
0.11
0.053
0.084
0.11
0.33
0.048
0.01

Medium '
«
«
«
с

«
с

0.041
0.033
0.058
«
0.034
«
«

< activity could not be detected
* no growth on this medium
β) culture needed more than 72 h to reach an adequate Αβ0(ι
The only organism showing allantoate amidohydrolase activity are found'in the acido
vorans group. For that reason only these organisms were included in this table.
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2.2.5 Materials
(±)-Allantoin, DEA, TEA and GSH were obtained from E. Merck A. G.,
Darmstadt, Germany; Sodium Fumarate was obtained from Boehringer,
Mannheim, Germany; Uric acid was obtained from Union Chimique Belge,
Brussels, Belgium; Nutrient broth, tryptone soya broth and agar No 3 were
obtained from Oxoid Ltd., London, England; (-)-Allantoin was prepared
according to 's-Gravenmade, Vogels and van Pelt (1969); Sodium allantoate
was prepared according to Hermanowicz (1948); other chemicals and materi
als used were of the highest purity available.
2.3 RESULTS AND DISCUSSION
All 58 Pseudomonas and 3 aeromonas strains tested can use allantoin
as a sole source of nitrogen. The fluorescent pseudomonads except Ps.
fluorescens biotype F use allantoin as a sole source of carbon, nitrogen
and energy. The same is true for Ps. multivorans, Ps. mildenbergii, Ps.
tolaasii and P i . acidovorans Τ and A-2.
The strains from the Laboratory of Microbiology, Technical University,
Delft, were tested for growth on uric acid. All strains that could use allantoin
as a sole source of carbon, nitrogen and energy could use uric acid too.
Those strains that could use allantoin only as a source of nitrogen could
use also uric acid in the same way. Presumably glyoxylate can not be used
by these organisms.
Tables 2 - 5 show the specific activities of the four enzymes tested. The
specific activities of the enzymes of cultures grown in medium AN were
omitted because these values did hardly differ from those observed in cultures
grown in medium A.
The strains of Ps. aeruginosa are characterized by a good growth on
the four media tested, by the presence of the inducible enzymes allantoinase
and allantoicase and by the absence of the enzymes allantoin racemase and
allantoate amidohydrolase. A decrease in the specific activity of allantoinase
was observed in strains V 3001, V 3003, V 3007 and V 3013 when the cultures
growing on medium A reached the stationary growth phase. This decrease
is due to the formation of an inhibitor with a protein character as will be
discussed in Chapter 5. Other strains of Ps. aeruginosa were not tested
for this phenomenon.
The species Ps. fluorescens was subdivided into seven biotypes (A - G)
by Stanier et al. (1966). Representatives of all biotypes, except G, were
tested. The biotypes A - E behaved similar with respect to the enzymes
involved in allantoin metabolism and were comparable in this aspect with
the Ps. aeruginosa group, except for the presence of the inducible enzyme
allantoin racemase. The two strains οι Ps. fluorescens biotype F tested differ
from the other biotypes in their inability to grow on media A and AN.
They could use allantoin only as a source of nitrogen, whereas the other
biotypes could use allantoin as a sole source of carbon, nitrogen and energy.
Moreover, the strains of Ρ's. fluorescens biotype F did not contain detectable
amounts of allantoin racemase.
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The general properties of the 8 strains of Ps. putida tested in this study
are similar to those of Ps. fluorescens biotypes A - E. The rather high
amount of allantoicase in these strains is noteworthy.
Two unclassified fluorescent strains were included in this study (ATCC
17395 and ATCC 17475). Regarding the properties of these strains, the presen
ce of allantoinase and allantoicase, and the absence of allantoin racemase
and allantoate amidohydrolase, one must relate these strains to Ps. aerugino
sa rather than to Ps. fluorescens or Ps. putida.
The acidovorans group was subdivided by Stanier et al. (1966) into three
groups: the first group assigned to Ps. acidovorans den Dooren de Jong
(1926), the second group assigned to Ps. testosteroni Marcus and Talalay
(1956) and a third group composed of unclassified strains. This subdivision
was given in our tables by placing after the species name Ps. acidovorans
the letters A, Τ and U for these groups, respectively. The acidovorans group
can be distinguished from all other pseudomonads by the presence of the
inducible enzyme allantoate amidohydrolase and the absence of allantoicase.
All strains contain allantoinase. The A- and U-group growed poorly or not
at all on medium A in contrast to the strains of group T. The strains of
the T-group contained allantoin racemase activity in contrast to strains of
the other two groups. Within the Α-group we distinguish group A-l, compiling
strains which can use allantoin as the sole source of carbon, nitrogen and
energy, and group A-2, compiling strains which can use allantoin only as
a source of nitrogen. So the subdivision between the Α-group and the T-group
based on the few characters of the allantoin metabolism fits very well with
that of Stanier et al. (1966) made on the basis of a lot of characters. This
subdivision was confirmed recently by gaschromatografic techniques
(Brooks, Weaver, Tatum and Billingsley, 1972). However, there is a problem
in nomenclature to be discussed here.
Den Dooren de Jong isolated in 1926 his strains 21, 31 and 7 (ATCC
15667, 15666 and 15668, respectively). The first two were named Ps. acidovo
rans where strain 21 was the type strain, strain 7 was named Ps. acidovorans
var. fusca (den Dooren de Jong, 1926). Strain 7 was deposited under this
name in the culture collection of the laboratory of microbiology, Technical
University in Delft, the Netherlands. Den Dooren de Jong noticed a difference
between these strains and accounted for that fact in his namegiving. Lateron
a number of related strains were isolated including P i . testosteroniby Marcus
and Talalay (1956). According to the data given by Stanier et al. and those
presented here these strains are strongly related to or identical with the
strains 21 and 31 named Ps. acidovorans by den Dooren de Jong. Stanier
created a rather confusing nomenclature by naming the original strains 21
and 31 of den Dooren de Jong Ps. testosteroni and taking strain 7 of den
Dooren de Jong as a type strain of Ps. acidovorans. It would have been
better to assign strains of group A, including strain 7 of den Dooren de
Jong, to Ps. acidovorans war. fusca den Dooren de Jong (1926) and to assign
strains of group T, including strains 21 and 31 of den Dooren de Jong,
to Ps. acidovorans den Dooren de Jong (1926) or, as we would suggest,
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to replace the name Ps. acidovorans var. fusca by Ps. fusca.
The enzyme pattern of organisms of the U-group is mostly related to
that of organisms of group A-2. Stanier on the other hand suggested a place
for them in group T. However, neither group is quite satisfactorily in view
of the results of Mandel who determined the guanine + cy tosine (GC) content
of the DNA of these strains to be 64% for strain V 3295 and 59% for strain
V 3296, whereas the average GC content of the A- and T-group was 66.8%
and 61.8%, respectively (Mandel, 1966).
The alcaligenes-pseudoalcaligenes group is rather homogeneous with respect to the allantoin metabolism. The strains grew only on medium AF
and medium NF. Hence, we may conclude that allantoin can only serve
as a source of nitrogen and not as a source of carbon and energy. The
strains were furthermore characterized by the presence of allantoinase and
allantoicase and the absence of allantoate amidohydrolase and allantoin racemase. Strain V 3352 had an allantoicase content about 10 times higher than
in the other two strains.
Ps. multivorans seems to follow the same metabolic pathways of allantoin
degradation as Ps.fluorescens biotype A - E. Allantoin racemase was present
too.
TABLE 6.
Characters of allantion metabolism of various species of the genera PSEUDOMONAS
and AEROMONAS.
allantoin used
as source of
carbon nitrogen

Species

Ps. acidovorans

Τ

+
+
+
+
+
+
+
+

Ps. acidovorans
Ps. acidovorans

U
A

±

Ps. fluorescens
Ps. alcaligenes
Ps. stützen
Ps. oleovorans

F

Ps. aeruginosa
Unclass. fluoresc.
Ps. fluorescens A-E
Ps. putida
Ps. multivorans
Ps. mildenbergii
Ps. tolaasii

allan
toinase

allantoin
racemase

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

—
—

+
+
+
+
+
+
+
+

Aerom. punctata

—

+
+
+
+
+
+
+

Ps. iodinum
Ps. maltophilia
PS. maltophilia
Aerom. liquefaciens

—
—
—

+
+
+
+
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—
—
—

—
—

allan allantoate
toicase amido
hydrolase

—
—

+
+
+
+
+
+

+
+
+
+
+
+
+
—

+

—

—

+
+

—
—
—

—
—
—
—

—

+
+
+
+
+

—
—
—

—
—
—

—
—
—

—
—
—
—
—

—

The four strains of Ps. stützen tested exposed the same characteristics
for the allantoin metabolism as Ps. fluorescens biotype F. They could use
allantoin only as a source of nitrogen. Allantoinase and allantoicase were
present, allantoin racemase and allantoate amidohydrolase were not. These
characters were also shared by Ps. oleovorans and Aerom. punctata.
The two tested strains of Ps. maltophilia grew well in the media AF and
NF, indicating that allantoin could be used as a source of nitrogen. The
same was true for the strains of P i . iodinum, Aerom. Uquefaciens and Aerom.
hydrophila. However, several enzyme activities were not detectable in the
crude extracts. In extracts of Ps. iodinum allantoinase was detectable but
no activity of other enzymes involved in allantoin metabolism; in the other
strains no activity at all was detectable. Further study is needed since this
phenomenon might be related to the instability of the enzymes involved
in the allantoin metabolism. Van der Drift (personal communication) demonstrated the instability of allantoinase in Ps. maltophilia.
Ps. mildenbergii and Ps. tolaasii exposed the same characteristics as Ps.
fluorescens biotypes A - E. The specific activity of allantoicase oïPs. mildenbergii was very high and could amount up to about 40 units per mg of
protein. This organism would be an excellent source of this enzyme.
When we gather all the data available (Table 6), one may distinguish seven
groups of organisms each with their own characteristics in the allantoin
metabolism. The acidovorans group is an exceptional group in the genus
Pseudomonas. It is the only group of organisms containing the enzyme allantoate amidohydrolase and not allantoicase which enzyme is present in all
other strains tested. It can be seen that when a strain cannot utilize allantoin
as a source of carbon and energy, there is also no detectable amount of
allantoin racemase present. Furthermore all strains that can utilize allantoin
as a source of nitrogen and contain no allantoate amidohydrolase, must
contain urease in order to be able to grow.
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CHAPTER 3

INDUCTION OF ALLANTOINASE AND
ALLANTOINCASE IN
PSEUDOMONAS AERUGINOSA

3.1. INTRODUCTION
The regulation of allantoin degradation in microorganisms has not been
studied extensively. Scazzocchio and Darlington (1968) studied purine breakdown in Aspergillus nidulans where the enzymes involved in allantoin metabolism were inducible. Allantoinase was induced both by urate and allantoin
but induction was maximal only when urate and allantoin were present together in the medium. Allantoicase was induced by allantoin but not by allantoate.
Allantoinase synthesis in protoplasts of Saccharomyces carlsbergensis was
found to be subject to repression by ammonium, asparagine and glutamine
and to derepression by glucose. No inductive effect could be observed;
however, the presence of an internal inducer could not be excluded (van
de Poll, 1970).
Since there was a lot of data available on the metabolism of allantoin
in Pseudomonas aeruginosa, this organism seemed to be a suitable subject
to study the regulation of the enzymes allantoinase and allantoicase.
3.2. MATERIALS AND METHODS
3.2.1 Strains used
Most experiments were performed with Ps. aeruginosa strain V 3003.
Strains V 3014, V 3015 and V 3016 used in a part of this study were kindly
supplied by Dr. van Hartingsveld. Strain V 3014 was a wild type strain
of f i . aeruginosa of which mutant strains V 3015 and V 3016 were derived.
Strain 3015 was nitrate reductase-negative and could not grow with hypoxanthine or xanthine as a source of nitrogen, strain V 3016 was nitrate reductasenegative and could not grow with urate as a source of nitrogen but urea
could be used as nitrogen source. Other strains used were Ps. aeruginosa
V 3001, V 3004, V 3005, V 3006, V 3007, V 3008 and V 3010. Their source
is given in Chapter 2, Table 1.
3.2.2 Media and buffers
Phosphate buffer was a mixture of KH 2 P0 4 and Na 2 HP0 4 mixed in the
appropriate quantities to adjust the indicated pH values.
Citrate-nitrate medium (CN-medium) contained per 1: 10 mg trisodium
citrate.2 H 2 0, 4 g KNO3, 5 ml chloride solution, 5 ml sulfate solution and
40 mmoles phosphate buffer (pH 7.0). pH was 7.0 after sterilization during
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10 min at 120°. The composition of the chloride and the sulfate solution
is given in 2.2.2.
Fumarate-nitrate medium (FN-medium) contained per 1: 2 g sodium fumarate, I g KNOj, 25 mg MgS0 4 .7 H 2 0 and 40 mmoles phosphate buffer
(pH 7.0). pH was 7.0 after sterilization during 10 min at 120°.
N-Carbamoyl-L-asparagine medium (NCLA-medium) contained per 1: 2
g N-carbamoyl-L-asparagine, 5 g sodium fumarate, 100 mg MgS0 4 .7 H 2 0 ,
0.25 ml vitamin solution, 1 ml chloride solution, 1 ml sulfate solution and
40 mmoles phosphate buffer (pH 7.0). The pH was adjusted to 7.0 and
the medium was sterilized by filtration. The composition of the vitamin
solution is given in 2.2.2.
N-Carbamoyl-D-asparagine medium (NCDA-medium) was identical to
NCLA-medium except for the substitution of N-carbamoyl-L-asparagine by
N-carbamoyl-D-asparagine.
Minimal medium base (MMB) is medium A (2.2.2) but allantoin, vitamins
and casein hydrolysate were omitted.
3.2.3 Cultivation methods
An erlenmeyer flask containing 40 ml nutrient broth was inoculated from
a culture on a tryptone soya agar slant and incubated in a New Brunswick
Scientific G 25 environmental incubator at 30° (300 rev/min) during 7 h.
From this culture an erlenmeyer flask of 500 ml containing 200 ml CN-medium
was inoculated. The exponential culture obtained after overnight incubation
was centrifuged, cells were washed with 0.04 M phosphate buffer (pH 7.0)
and resuspended in 40 ml FN-medium in a 100 ml erlenmeyer flask to adjust
an A e o o of approximately 0.05. After growth for one generation in this medium
the substance to be tested for inducer activity was added to a concentration
of 5.10 - 1 M. After a further incubation for 3 h the cells were harvested
by centrifugation and resuspended in 10 ml H 2 0 . Cell-free extracts were
prepared as described in 2.2.3.
3.2.4 Test of enzyme activities
The activity of allantoinase and allantoicase was determined as described
in 2.2.4. The production of МН 4 * was measured by use of glutamate dehydro
genase (GDH) (Vogels, 1966), but 0.05 ml GDH in glycerol was added instead
of 0.1 ml.
3.2.5 Mutagenesis and enrichment of mutants
Cells of Ps. aeruginosa V 3003, exponentially growing in medium A (com
position of medium A is given in 2.2.2) or in nutrient broth (40 ml), were
harvested by centrifugation (4000 χ g), washed with 10 ml sterile saline
and resuspended in either 40 ml 0.1 M citrate buffer (pH 6.0) containing
N-methyl-N'-nitro-N-nitroso-guanidine (NG, 0.7 ^mole/ml) sterilized by fil
tration or 40 ml 0.1 M citrate buffer (pH 6.0) containing ethylmethane sulfona
te (EMS, 100 //moles/ml). Treatment with the mutagens was continued until
99.9% of the cells were killed. The cells were then harvested by centrifugation
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(4000 χ g), washed with 20 ml saline and resuspended in 20 ml saline. 0.5
ml of this suspension was used to inoculate 40 ml nutrient broth in a 100
ml erlenmeyer; incubation was for 16 h at 30° in a New Brunswick Scientific
G 25 environmental incubator (300 rev/min).
Mutant enrichment was carried out by harvesting the cells of this culture
and suspending them in 40 ml medium A, in which the casein hydrolysate
and the vitamin solution were omitted, but which was supplemented with
0.5% sodium fumarate or 0.5% NH 4 C1. This medium was sterilized by filtrati
on. After 2 h incubation pyopen (carbenicillin) was added (1 mg/ml) and
incubation was continued for another 3 h. Penicillinase was added (1 mg/ml)
and after 20 min 0.5 ml was inoculated in 40 ml nutrient broth or in 40
ml MMB supplemented with 1% sodium allantoate (MMB-allantoate). After
growth in this medium the enrichment cycle was repeated once or twice.
The enrichment cycle was also performed with a combination of pyopen
(1 mg/ml) and D-cycloserine (0.1 mg/ml). In this case the cells were centrifuged in order to remove these compounds. The nutrient broth or MMBallantoate culture was diluted and plated on nutrient agar. Plates carrying
50 to 200 colonies were replica plated on medium A and MMB-allantoate,
both solidified with 1% agar.
3.2.6 Materials
The following chemicals were used: N-acetyl-D-asparaginc (a), Nacetyl-L-asparagine (a), acetylurea (a), adenine (b), agar No 3 (c), /?-alanine
(d), DL-alanine (a), albizzin (e), allantoin (d), ammeline (f), L-arginine (d),
D-asparagine (g), L-asparagine (d), L-aspartic acid (d), D(-)-calcium lactate
(h), L(+)-calcium lactate (i), caffeine (j)> N-carbamoyl-DL-serine (a), Ncarbamoyl-DL-threonine (a), D-cycloserine (f), cytosine (f), dihydrothymine
(k), dihydrouracil (a and f), ethylmethane sulfonate (e), D-glutamine (g),
L-glutamine (g), glycolic acid (e), guanine (b), glutamate dehydrogenase in
glycerol (b), hydantoic acid (g), hydantoic acid ethylester (1), hydantoin
(d), l-hydroxybutyricacid(f), l-hydroxycaproicacid(f), 1-hydroxyisocaproic
acid(f), l-hydroxyisovalericacid(f), 1-hydroxyvaleric acid (f), a-ketoglutaric
acid (b), melamine (f), N-methyl-N'-nitro-N-nitrosoguanidine (m), NADH
(b), nutrient broth (c), oxaluric acid (g), orotic acid (0, penicillinase (n),
pyopen (o), trisodium citrate (d), sodium fumarate (b), sodium glyoxylate
(0, DL-serine (d), theobromine (j), 2-thiouracil (f), DL-threonine (d), thymine
(f), tryptone soya broth (c), DL-tryptophan (f), uracil (g), urea (d), /?-ureidopropionic acid (d), uric acid (d and f), xanthine (b).
Other chemicals and materials used were of analytical grades.
The above mentioned chemicals were obtained from the following sources:
(a) Sigma Chemical Company, St. Louis, Missouri, U.S.A..
(b) Boehringer G.m.b.H., Mannheim, Germany.
(c) Oxoid Ltd., London, England.
(d) E. Merck A. G., Darmstadt, Germany.
(e) Koch-Light Laboratories Ltd., Colnbrook, Buck., England.
(0 Fluka A. G., Buchs SG, Switzerland.
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(g) Nutritional Biochemicals Corporation, Cleveland, Ohio, U.S.A..
(h) Mann Research Laboratories, New York, New York, U.S.A..
(i) Serva Entwicklungslabor, Heidelberg, Germany.
(j) The British Drug Houses Ltd., Poole, England.
(к) К and К Laboratories Inc. Plainview. N.Y., Hollywood, California,
U.S.A..
(1) Dr. Th. Schuchardt G.m.b.H. & Co., München, Germany.
(m) Aldrich Chemical Company Inc., Milwaukee, Wisconsin, U.S.A..
(n) Gist-Brocades, Delft, The Netherlands.
(o) Beecham Research Laboratories, Heppignies, Belgium.
Several derivatives of allantoin, allantoate and hydantoin were prepared
by Dr. G. D. Vogels. L-allantoin was prepared according to 's Gravenmade,
Vogels and van Pelt (1969), diureidomethane was prepared according to
Kadowaki (1936), oxonic acid according to Biltz and Giesler (1913), sodium
allantoate according to Hermanowicz (1948), sodium ureidoglycolate according to Trijbels and Vogels (1966) and N-carbamoyl-amino acids were prepared
essentially by the method of Stark and Smith (1962).
The p-nitrobenzylester of allantoic acid was prepared as follows:
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1. Synthesis of the dicyclohexylamine salt (DCHA salt).
2.09 g (0.012 mole) allantoic acid were suspended in 25 ml dimethylformamide
(DMF). 2.2 ml DCHA (0.012 mole) were added under stirring and a jelly
was formed immediately. Heating nor addition of more DMF gave a clear
solution. The final volume of the jelly was approximately 200 ml.
2. Reaction with p-nitrobenzylbromide.
To the jelly, prewarmed at 50°, 0.013 mole p-nitrobenzylbromide (dissolved
in 30 ml DMF) was added under magnetic stirring. The reaction mixture
was placed at 70° and after 1 h the solution was not viscous anymore and
clear. After another h at 70° DCHA.HBr crystallized. This process was
hastened by cooling the reaction mixture to 4°. The precipitate was removed
by filtration and the solution was concentrated in a Buchi Rotavapor R
until about 50 ml remained. At that time crystallization occurred. 200 ml
water was added and the precipitate was crushed with a spatula. After cooling
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to 0° the precipitate was collected by filtration, washed with water and dried.
The precipitate (2.98 g) was suspended in 100 ml methanol and heated to
boiling. A fine white material was formed which was collected by filtration,
washed with ether and dried in vacuo. The yield was 2.69 g (87%), m.p.
was 233°.
Analysis : С 42.48%; H 4.09%; Ν 22.14%.
Theory
: С 42.45%; Η 4.21%; Ν 22.50%.
The synthesis of the p-nitrobenzylester of hydantoic acid was accomplished
in a similar way. This compound was recrystallized in water. The yield
was 79%, m.p. was 169°.
Analysis : С 47.28%; Η 4.40%; Ν 16.71%.
Theory
. c 47.43%; н 4.35%; Ν 16.60%.
The composition of Ehrlich reagent was: 800 mg paradimethylaminobenzaldehyde, 40 ml acetic acid, 120 ml butanol and 1.6 ml concentrated HCl.
3.3. RESULTS AND DISCUSSION
3.3.1 Structures of inducers for allantoinase and allantoicase
A number of substances was tested for their ability to induce allantoinase
and allantoicase. Among them were substrates, substrate analogues, products
of allantoin metabolism, inhibitors of allantoinase and allantoicase and, with
some exceptions, structurally related compounds.
The induction procedure was as described in 3.2.3. This method was chosen
because cells started growing in the FN-medium, without a lag period. In
early experiments the induction was carried out with cells from an exponential
culture in CN-medium suspended in MMB containing allantoin or allantoate
as the only source of carbon, nitrogen and energy. The bacteria started
to grow after a lag period of about 1 to 2 h and the specific activities of
allantoinase and allantoicase were rather high, but the results obtained by
this method were quite irreproducible. The same was true when an additional
carbon source (0.2% sodium fumarate) or nitrogen source (0.1% NH4C1)
was added to MMB. The problems of the lag period and the irreproducibility
of the results encountered in these methods could be avoided by following
the induction procedure as described above.
No induction of enzyme activity was observed in resting cells. Induction
of allantoinase and allantoicase did not occur in the presence of chlorampheni
col (CAP, 200 ¿¿g/ml); this indicates that both enzymes are synthesized
de novo and are not the product of inactive forms activated by the inducer
(Sakaki et al, 1969; Cazzulo et al, 1969).
The induction of allantoinase and allantoicase by allantoin and its derivatives is listed in Table 7. Only ( + )-allantoin could be degraded by allantoinase
from .Рл. aeruginosa (Vogels, Trijbels and Uffink. 1966). Of the compounds
listed allantoin and 1-acetylallantoin induce allantoinase, but only allantoin
could induce allantoicase. It is evident that derivatives substituted in the
hydantoin ring could not induce allantoicase. Perhaps the substituted ring
does not fit the repressor protein for allantoicase.
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TABLE 7.
Effect of allantoin and derivatives on the induction of allantoinase and allantoicase in Ps.
aeruginosa.
NH2

0 R3

C=0 C — N ^
1
1
^ c=0
HN — C — UK
I1

«1

1
1

"3

R5

induction ot
allantoinase allantoicase

ame

-H

-H

-H

|±)-aUantoin

+

+

-H

-H

-H

(í)-aUantoin

+

+

0
II
-C-CH3-H

H

1-acetylallantoin

+

-

1,3-diacetylaUantoin

_

_

_

_

0
0
II
II
-С-СНэ-С-СНз -H
-H

-СНз

-H

3-niethylallanti)in

-H

-H

-CH,

homoallantom

These results leave the question still unanswered whether the induction
of allantoicase was effected by allantoin itself or by allantoate formed out
of allantoin by the action of allantoinase (see Table 8). Therefore, attempts
were made to isolate a mutant which lacks allantoinase. Treatment with
NG or EMS followed by enrichment procedures were unsuccessful. A similar
enrichment procedure yielded over 90% mutants auxotrophic for histidine
after two enrichment cycles. Most probably a high degree of cross-feeding
during the enrichment interfered in the procedure. The same problem was
encountered in the isolation of allantoinase-negative mutants of Ps. putida
(V 3254).
TABLE 8.
Effect of allantoate and derivatives on the induction of allantoinase and allantoicase in Ps.
aeruginosa.
H-N-R,3
I
C=0
I
N-H

I

0

и

Ri-C-NH-C-NH,
1
2
I
COOR2
R|

Rj

R3

name

induction of
allantoinase allantoicase

-H

-H

-H

allantoic acid

-CH3

-H

-H

homoallantoic acid

-H

-H

-СНз methylallantoic acid

-H

- С Н 2 - ^ Л - Н 0 : -H
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p-nitrobenzylester
of allantoic acid

+

-

+

Indications that allantoin itself is not an inducer for allantoicase will be
discussed below.
The effect of allantoate and its derivatives on the induction of allantoinase
and allantoicase is given in Table 8. Since the allantoate used was not contami
nated by allantoin it is evident that the product allantoate can induce the
enzyme allantoinase. This type of induction is called product induction and
was reported for several cases: glycerol kinase was induced by La-glycerophosphate in Escherichia coli (Hayashi and Lin, 1965), hypoxanthine dehydrogenase was induced by urate in Aspergillus nidulans (Scazzocchio
and Darlington, 1968) and histidase was induced by urocanate in Salmonella
typhimurium (Brill and Magasanik, 1969) ana Pseudomonas aeruginosa (Lessie and Neidhardt, 1967; Newell and Lessie, 1970).
In tests with the p-nitrobenzylester of allantoate a small but manifest
amount of allantoicase was induced. This compound, which is poorly soluble
in aqueous media, is hydrolyzed gradually into allantoate and pnitrobenzylalcohol, which can be detected by thin-layer chromatography
on cellulose-coated glass plates (solvent system butanol: acetic acid: water,
4 : 1 : 1 v/v). The amount of allantoate formed was sufficient to induce
allantoicase, but the amount of p-nitrobenzylalcohol formed at the same
time was insufficient to inhibit growth of the bacteria. The inhibiting effect
of the latter compound was obvious since Ps. aeruginosa would not grow
in FN-medium containing the ester and heated for 5 min at 100°, due to
p-nitrobenzylalcohol generated by hydrolysis of the ester.
TABLE 9.
Effect of hydanloin and derivatives on the induction of allantoinase and allantoicase in Ps.
aeruginosa.

0 R,
II Г
С-ГК

1 >-R2
Н-С-ІГ
I I
Ц H
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=0

-H

—H
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= S

-H
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0
II
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5-acetylaminohydantom
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-H

—OH

=0

-H

0
II
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induction of
allantoinase allantoicase

5 - ammohydantoin
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-
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-
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-

-

25

TABLE 10a
Effect of N-carbamoyl derivatives of amino acids on the induction of allantoinase and allantoicase
in Ps aeruginosa
fi
0
I
и
H-C-NH-C—NH,
C00R2
R,

R2
-H

-H

induction of
allantoinase allantoicase

name
hydantoic acid

+

+

-CH3

-H

N-carbamoyl-L- alanine

-

-

-CHjOH

-H

N-carbamoyl-L- serine

-

-

-CHOHCH]

-H

N-carbamoyl-L-threonine

-

-

-CH 2 C0NH 2

-H

N-carbamoyl-L-asparagme

+

+

-сн г соон

-H

N-carbamoyl-L-aspartic acid

±

+

-CHJCHJCONHJ

-H

N-carbamoyl-L- glutamme

-

-

-H

N-carbamoyl-L- histidme

-

-

-

-

N-Cf
H
H

-СІЬ-СНз hydantoic acid ethylester

N-carbamoyl derivatives of D-amino acids had no effect on the induction of allantoinase and
allantoicase Tested were the derivatives of alanine, senne, threonine, aspargine, aspartic acid
and threonine
TABLE 10b.
Effect of N-acetyl derivatives of amino acids on the induction of allantoinase and allantoicase
in Ps. aeruginosa.
name

induction of
allantoinase allantoicase

N-acetyl-D-asparagme

-

—

N acetyl-L-asparagme

-

-

The effect of hydantoin and its derivatives on the induction of allantoinase
and allantoicase is listed in Table 9. None of the compounds tested exerted
inducer activity. A slight increase in the activity of allantoinase and allantoica
se could be detected on prolonged incubation of the cells in FN-medium
supplemented with hydantoin, presumably due to the formation of hydantoate
from hydantoin. Indeed, Pi. aeruginosa could grow rather slowly in a medium
containing hydantoin as the sole source of nitrogen and hydantoate was
shown to be a product or intermediate (van der Drift, personal communicati
on).
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The effect of N-carbamoyl- and N-acetylderivatives of amino acids on
the induction of allantoinase and allantoicase is listed in Table 10. Only
hydantoate (N-carbamoyl-glycine), N-carbamoyl-L-asparagine and Ncarbamoyl-L-aspartate were inducers for allantoinase and allantoicase. The
optical antipodes of the two latter compounds and other Ncarbamoyl-D-amino acids were no inducers. Thep-nitrobenzylester of hydantoate did hydrolyze so fast under our experimental conditions, that sufficient
p-nitrobenzylalcohol was generated in the medium to inhibit growth of the
cells and hence the p-nitrobenzylester of hydantoate could not be tested
for inducer activity. The ethylester of hydantoate did not induce allantoinase
or allantoicase.
Other compounds tested are listed in Table 11. Ureidoglycolate was an
inducer for both allantoinase and allantoicase. By the action of the latter
enzyme ureidoglycolate and urea are formed from allantoate in a reversible
reaction (Vogels, 1969). Addition of urea to FN-medium containing ureidoglycolate did not enhance the induction of allantoinase and allantoicase.
TABLE 11.
Effect of metabolites of allantoin, purines, pyrimidines and other structurally related
compounds on the induction of allantoinase and allantoicase in Ps. aeruginosa.
Induction of
Allantoinase
Allantoicase
ureidoglycolate
+
+
urea
—
—
glyoxylate
—
—
adenine
+
+
guanine
+
+
hypoxanthine
+
+
xanthine
+
+
uric acid
+
+
thymine
±
—
uracil
—
—
dihydrothymine
—
—
dihydrouracil
+
+
cytosine
—
—
dihydrocytosine
—
—
2-thiouraciI
—
—
/?-ureidopropionic acid
—
—
^-alanine
—
—
diureidomethane
—
+
oxonic acid
—
hydroxonic acid
—
—
caffeine
—
—
theobromine
—
—
melamine
—
—
ammeline
—
—
acetylurea
—
—
potassium oxalurate
—
—
albizzin
—
—
orotic acid
—
—
dihydroorotic acid
—
—
methylurea
—
—
acetylurea
—
—
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Amino acids were unable to induce allantoinase and allantoicase. The
amino acids tested were: DL-alanine, DL-arginine, D-asparagine, Lasparagine, DL-aspartate, D-glutamine, L-glutamine, DL-histidine, DLserine, DL-threonine and DL-tryptophan. The same holds for hydroxy acids.
Tested were: l-hydroxybutyrate, l-hydroxyvalerate, 1-hydroxyisovalerate,
l-hydroxycaproate, l-hydroxyisocaproate, L-lactate and D-lactate.
Thymine increased the allantoinase content of cells twofold, but did not
affect allantoicase activity. Dihydrouracil, obtained from different commercial sources did induce allantoinase and allantoicase, but mass-spectrographic
analysis revealed the presence of impurities with a molecular weight higher
than dihydrouracil. The amount of impurities was estimated to be over 5%.
When Ps. aeruginosa V 3003 was grown in the presence of adenine, guanine, hypoxanthine, xanthine or uric acid both allantoinase and allantoicase
were induced. The question whether these compounds themselves were the
inducers or the allantoin and allantoate formed from them was studied by
use of Ps. aeruginosa V 3014 and two mutants derived from this strain,
V 3015 and V 3016. The wild strain V 3014 and the mutant strain V 3015,
which was unable to use xanthine and hypoxanthine as nitrogen source,
could use allantoin and allantoate readily as a sole source of carbon, nitrogen
and energy, but strain V 3016 could use these compounds only very slowly
on prolonged incubation. The results obtained with these strains are given
in Table 12. In studies with these strains nitrate in the FN-medium was
replaced by ammonium since the mutants V 3015 and V 3016 were nitrate
reductase-negative. It is obvious that the purines cannot induce allantoinase
or allantoicase since basal levels of these enzymes are found when strain

TABLE 12.
Relative specific activities of allantoinase and allantoicase after induction with purines.
Compound
adenine
guanine
xanthine
urate
hypoxanthine
allantoin
allantoate
none

Relative allantoinase
specific activity of
Pseudomonas aeruginosa
V 3014
V 3015
V 3016
1.25
0.9
0.8
23
1.7
1.3
16
1.3
1.0
9.5
0.8
0.6
60
56
20
12
14
30
4
3.3
10
a)
b)
c)

Specific activities without inducer in units/mg protein
a) 0.032
b) 0.029
c) 0.029
d) 0.11
e) 0.10
*) — not detectable
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Relative allantoicase
specific activity of
Pseudomonas aeruginosa
V 3014
V 3015
V 3016
1.0
1.0
— *)
7.5
1.0
—
6.0
1.0
—
3.7
1.0
—
17
18
—
5
6
—
8
5
—
d)
e)
—

V 3015 was incubated with these compounds. Both strains V 3015 and V
3016 seem to be mutated in the xanthine oxidase system. The induction
in tests with urate was high in all strains and no explanation can be given
why this compound is even a better inducer than allantoin. In strain V 3016
no detectable amount of allantoicase was found. This explains why strain
V 3016 could use allantoin or allantoate only slowly as a sole source of
carbon, nitrogen and energy: the allantoate present in the medium or formed
by the action of allantoinase on allantoin is hydrolyzed nonenzymically.
This hydrolysis amounts about 1% per h at pH 7.0 and 30° (Vogels and
van der Drift, 1969). The strain uses the products formed, ureidoglycolate
and urea, for growth. Since strain V 3016 appears to be allantoicase-negative.
This strain can be used in studies of gratuitous induction of allantoinase
by allantoate.
name
0

V

R,

0"

•
„NH-C-NHj

Π

Η

H

hydantoate

R

OH

ureidoglycolate

D
II
R = -C H J - C - N H J

N-carbamoyl-L-asparagme

0

II

CH2-C-OH
0
II
R= -• N H — C - N H 2

N-carbamoyl-L- aspartate

allantoate

Figure 2: Basic formula of the inducers of allantoicase

On comparison of the structural formulas of the inducers of allantoicase
a partial congruence is evident. A basic formula with one variable group
-R can be given (Fig. 2). All other functions are essential. The hydrogen
atom attached to the asymmetric carbon atom is essential since replacement
by a methyl group (homoallantoate) resulted in a complete loss of inducer
activity. The presence of a carboxylgroup is vital because no inducer activity
was observed with diureidomethane, nor with thep-nitrobenzylesters of allan
toate and hydantoate, nor with the ethylester of hydantoate. Also the presence
of the ureido group indicated in the formula appeared to be essential. Removal

Figure 3: Basic formula of the inhibitors of allantoicase from Ps. aeruginosa

of the carbamoyl moiety results in complete loss of inducer activity, e.g.
L-asparagine and L-aspartate. The same is true when the ureido group is
replaced by a methylureido group (methylallantoate) or by an acetylamino
group (N-acetyl-L-asparagine). The variable group must be one of the five
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given in Fig. 2. Chain elongation or substitutions in these groups resulted
in complete loss of inducer activity.
The basic formula for induction of allantoicase differs particularly from
the general formula found for competitive inhibitors of the enzyme. This
formula is given in Fig. 3. In the basic formula of the inhibitors Rj can
be an amino, a hydroxy or an ureido group, while the demands for R2 are
less stringent. As a result N-carbamoyl-D-asparagine is the most potent inhibi
tor of allantoicase but N-carbamoyl-L-asparagine is the best inducer of the
enzyme. One may conclude that the binding specificity of the enzyme is
quite different from the binding specificity of the repressor protein.
The inducers of allantoinase could also be gathered into one basic formula
with two variable groups, R! and R2, as given in Fig. 4. Substitution of
the hydrogen atom attached to the asymmectric carbon atom by a methyl
group (homoallantoin or homoallantoate) resulted in a complete loss of indu
cer activity. With respect to the ureido group the requirements to be fulfilled
are the same as with the basic formula for substances inducing allantoicase.
When Rj is H, the only substance exerting inducer activity is diureidomethane. All compounds containing a carboxyl group at position Rj induce both
allantoinase and allantoicase. Allantoin and 1-acetylallantoin induce allantoi
nase, but other compounds with an altered hydantoin ring are devoid of
inducer activity.
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... IJ ....
j^NH-C-NHj
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II
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0
-COO"

-NH-C-NHj
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и

-COO
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-COO

0
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-CH 2 -C-0H
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ureidoglycolate
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Figure 4: Basic formula of the inducers of allantoinase
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An indication that allantoin was not the actual inducer of allantoicase
was obtained from the observation that the hydantoin derived from Laspartate was unable to induce allantoicase in contrast to the Ncarbamoyl-derivative of the same amino acid. Allantoin resembles structurally the hydantoin of L-aspartate and allantoate resembles the N-carbamoyl
derivative. In both cases an ureido group is replaced by a carboxymethylene
group. It is most likely that all hydantoins are devoid of inducer activity
for allantoicase including allantoin. Further indications were obtained from
kinetic data which will be discussed in 4.3.1.
In Table 13 the inducers for allantoinase and allantoicase are summarized.
For each inducer there appears to be a special ratio between the activities
of allantoicase and allantoinase. Diureidomethane appears to be a specific
but not excellent inducer for allantoinase. The same holds for Iacetylallantoin although a small enhancement of allantoicase was observed.
From these data one must conclude that allantoinase and allantoicase are
not coordinately controlled, but coincident induction occurs.
The induction of allantoinase and allantoicase is stereospecific since Ncarbamoyl-L-asparagine was an excellent inducer of allantoicase and an inducer of allantoinase but N-carbamoyl-D-asparagine exposed no inducer activity
at all. N-carbamoyl-D-asparagine is the strongest in vitro inhibitor of allantoicase (Vogels, 1969). Probably transport problems were involved here, since
Ps. aeruginosa could grow very well with allantoate as a source of carbon,
nitrogen and energy in the presence of 5.10 - 3 M N-carbamoyl-D-asparagine.
Would this compound enter the cell it would inhibit the allantoicase present
completely, but this was found not to be true.

TABLE 13.
Inducers for allantoinase and allantoicase in Ps. aeruginosa. Enhancement of basal level
of enzyme activities and ratio of allantoicase and allantoinase activities.
Substance

relative enhancement
of basal level
allantoinase
allantoicase
no inducer present
1')
1")
± allantoate
160
62
allantoate
57
68
ureidoglycolate
5
3.5
N-carbamoyl-L-asparagine
16
94
N-carbamoyl-L-aspartate
11
9.4
hydantoate
3.7
21
diureidomethane
6.7
1
12
1-acetyllantoin
2
thymine
2
1
') basal level of allantoinase: 0.003. units/mg protein
") basal level of allantoicase: 0.04. units/mg protein

ratio
allantoicase/
allantoinase
13.3
5.2
16
9.3
78
11
75
2.0
2.2
6.7
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Other strains of Ps. aeruginosa were examined with respect to their ability
to synthesize the enzymes allantoinase and allantoicase when allantoin, allantoate or N-carbamoyl-L-asparagine were added as inducers to the FNmedium as described in 3.2.3. In general all strains behaved in a similar
way both with respect lo the specific activities of the enzymes and to the
ratio between allantoicase and allantoinase activities. Only the relative enhancement of the basal level of activity differed considerably due to the differences found in the basal level of allantoinase and allantoicase activities in
the strains (Tables 14, 15, 16 and 17). We may assume that allantoin metabolism is regulated in the same way in all these strains.

TABLE 14.
Induction of allantoinase and allantoicase in various strains Ps. aeruginosa by allantoin
Ratio
Relative
activities
Strain
Specific activity
enhancement of activities
allantoicase/
allantoinase allantoicase
allantoinase
allantoicase
allantoinase
V 3001
0.71
2.5
64
35
3.5
V 3003
0.48
2.5
160
62
5.2
V 3004
0.22
1.3
20
19
6.0
V 3005
0.43
2.0
143
50
4.6
V 3006
0.37
1.6
27
14
4.4
V 3007
0.32
1.9
32
14
5.9
V 3008
0.38
1.0
29
11
2.6
V 3010
0.38
1.8
25
18
4.7
The standard procedure was followed as described in 3.2.3.

TABLE 15.
Induction of allantoinase and allantoicase in various strains Ps. aeruginosa by allantoate
Ratio
Relative
activities
Strain
Specific activity
enhancement of activities
allantoicase/
allantoinase
allantoicase
allantoinase
allantoinase allantoicase
V 3001
0.12
2.2
11
31
18
V 3003
0.17
2.7
57
67
16
V 3004
0.067
1.5
6.1
21
22
V 3005
0.13
2.0
43
50
15
V 3006
0.16
1.9
12
17
12
V 3007
2.2
0.20
20
16
11
V 3008
0.13
1.3
10
14
10
V 3010
1.2
0.13
8.7
12
9
The standard procedure was followed as described in 3.2.3.
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TABLE 16.
Induction of allantoinase and allantoicase in various strains Ps. aeruginosa by
N-carbamoyl-L-asparagine
Strain

Specific activity
Enhancement of activities
allantoinase allantoicase
allantoinase
allantoicase
V 3001
0.019
3.0
1.7
43
V 3003
0.048
3.8
16
94
V 3004
0.035
10.3
3.2
147
V 3005
0.035
7.4
11.7
185
V 3006
0.056
8.2
4.0
75
V 3007
0.068
7.8
6.8
56
V 3008
0.027
8.3
2.1
92
V 3010
0.060
6.2
4.0
62
The standard procedure was followed as described in 3.2.3.

Ratio
activities
allantoicase/
allantoinase
158
78
294
210
146
115
307
103

TABLE 17.
Basal level of activity of allantoinase and allantoicase in various strains Ps. aeruginosa
Strain

Specific activity
allantoinase allantoicase
0.011
0.07
V 3001
0.003
0.04
V 3003
V 3004
0.011
0.07
V 3005
0.003
0.04
V 3006
0.014
0.11
V 3007
0.010
0.14
0.013
0.09
V 3008
V 3010
0.015
0.10
Cells were cultured in FN-medium. No inducer was added.

3.3.2 Repression of allantoinase and allantoicase synthesis
The phenomenon of repression was investigated in a similar way as the
induction. In the FN-medium allantoate (5.10 - 3 M) was added together with
the compound to be tested for repressor activity (5.10- 3 M). In contrast
to allantoinase of Saccharomyces carlsbergensis (van de Poll, 1970) allantoinase and allantoicase from Ps. aeruginosa were not subject to repression
by ammonium but the synthesis of these enzymes was repressed by glucose.
Other examples of repression of an ammonium generating catabolic pathway
by glucose are the repression of carnitine-dehydrogenase in Ps. aeruginosa
(Aurich, Kleber and Schop, 1967) and the repression of histidine degradation
in Salmonella typhimurium (Brill and Magasanik, 1969). This indicates that
the repression of enzymes, involved in nitrogen metabolism, by glucose
is not unique. L-asparagine and L-glutamine exhibited a strong repressing
effect on the induction of allantoinase and allantoicase this in contrast to
D-asparagine and D-glutamine. This repression could not be due to the formation of ammonium ions which exert no effect as shown above. Moreover,
addition of ammonium to the medium with L-asparagine or L-glutamine
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TABLE 18.
Percentage repression of synthesis of allantoinase and allantoicase
Repression (%)
allantoinase
allantoicase
Compound
L-asparagine
61
59
L-asparagine + 3.1CH M NH4CI
58
58
DL-malic acid
56
41
N-carbamoyl-D-asparagine
0
9
L-glutamine
70
63
L-glutamine + 3.1СИ M NH4C1
71
64
Glucose 0.5%
63
61
38
32
Glucose 0.1%
20
23
Glucose 0.01%
Glucose 0.001%
0
3
Compounds to be tested were added at a concentration of 5.10-3 M unless otherwise
stated.

did not influence the repression of allantoinase and allantoicase. The results
of the repression experiments are summarized in Table 18. In a differential
plot (enzyme activity against increase in bacterial mass) repression is seen
as a lower differential rate of enzyme synthesis.
3.3.3 Is N-carbamoyl-L-asparagine a gratuitous inducer?
In the course of the investigation it was desirable to know whether Ncarbamoyl-L-asparagine was a gratuitous inducer of allantoinase and allantoi
case since in some kinetic experiments a gratuitous inducer is requested
e.g. in the determination of the number of effector molecules binding with
the repressor protein (Yagil and Yagil, 1971).
Ps. aeruginosa
was inoculated into a medium containing Ncarbamoyl-L-asparagine as the sole source of carbon, nitrogen and energy.
Growth did not occur under these conditions. Addition of sodium fumarate
to this medium resulted in abundant growth. Therefore, Ps. aeruginosa could
use N-carbamoyl-L-asparagine as a source of nitrogen. Very poor growth
was obtained with N-carbamoyl-D-asparagine as the sole source of nitrogen.
In crude extracts from cells grown in NCLA-medium an enzyme was
present that degraded N-carbamoyl-L-asparagine and produced N114* ions
from it. Possibly N-carbamoyl-L-asparagine was degraded by the combined
action of allantoicase and urease also present in this crude extract. Allantoica
se and urease were separated by column chromatography over DEAEcellulose. The fraction containing allantoicase did not liberate NH 4 * neither
from allantoate nor from N-carbamoyl-L-asparagine and urea was formed
from allantoate and not from N-carbamoyl-L-asparagine. Another indication
that allantoicase took no part in N-carbamoyl-L-asparagine degradation was
the difference in the heat stability. In crude extracts allantoicase was stable
3
upon heating at 70° during 3 min in the presence of Mn**(10 - M). This in
contrast to the N-carbamoyl-L-asparagine degrading enzyme.
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Chromatography on cellulose-coated glass plates (solvent system butanol:
acetic acid : water,
4 : 1 : 1 v/v) of an incubation mixture in which Ncarbamoyl-L-asparagine, buffer and crude extract were present revealed the
formation of a new Ehrlich positive spot, but no ninhydrin positive material
could be detected. The R f value of this spot (R f = 0.32) was different from
those of N-carbamoyl-L-asparagine (R f = 0.24),, urea (R f = 0.51) or Ncarbamoyl-L-alanine (Rf = 0.61), but similar to that of freshly prepared
N-carbamoyl-L-aspartate. Stoichiometric experiments showed that 1 mole
of N H 4 ' was formed per mole of N-carbamoyl-L-asparagine degraded. The
reaction scheme is shown below.
NH,
I г

OH
I

c=o

c=o

COO"

COO"

I
I
CH;
о
CH Z 0
!
II
H70
I
II
H-C-NH-C-NHj - £ * H-C-N№-C-NH2 + NHj

N-carbamoyl-L-asparagine

N-carbamoyl-L-aspartate

Ps. aeruginosa could not grow with N-carbamoyl-L-aspartate as the sole
source of nitrogen but is able to deaminate N-carbamoyl-L-asparagine to
N-carbamoyl-L-aspartate. The enzyme involved in the deamination appeared
to be constitutive and was present in considerable amounts in cells grown
in CN-medium, nutrient broth and other media. Asparaginase was also pre
sent under these circumstances. The ratio between the activities of Ncarbamoyl-L-asparaginase and asparaginase was constant in the various pre
parations and was about 1 : 1.5. Purification of these enzymes was necessary
to detect whether one enzyme, asparaginase, degrades both L-asparagine
and N-carbamoyl-L-asparagine or two enzymes were responsible for these
degradations. The crude extract was purified by chromatography over a
DEAE-sephadex A 50 column (75 χ 4 cm) equilibrated with 0.05 M phosphate
buffer (pH 7.5). Approximately 500 mg of protein were loaded on the column
and elution was carried out with the same buffer containing NaCl. Both
stepwise and gradient elutions were performed. Both activities were found
in the same fractions (at a NaCl concentration of about 0.025 M). Purification
was 54 times and the recovery 140%. Gel filtration over Sephadex G - 100
or Sephadex G - 200 did not result in separation of the enzyme activities
which were found always in the same fractions.
Polyacrylamide gel electroforesis in a 7.5% gel at pH 8.9 (diameter 6 mm)
with a constant current of 5 mA per gel resulted in two rather immobile
protein bands. After elution of sliced gels in 0.05 M phosphate buffer (pH
7.5) the deaminating activity for both substrates was detected in the band
that moved most fast. We concluded that N-carbamoyl-L-asparagine was
degraded by asparaginase constitutively present in P i . aeruginosa. Also aspa
raginases from other pseudomonads and from other microorganisms have

35

a rather broad substrate specificity (de Groot and Lichtenstein, 1960; Allison,
Mandy and Kitto, 1971; Howard and Carpenter, 1972; Nakamura, Morikawa
and Tanaka, 1971).
Therefore, it was concluded that N-carbamoyl-L-asparagine is not a gratuitous inducer for allantoinase and allantoicase. N-carbamoyl-L-aspartate is
a gratuitous inducer albeit the enhancement of the basal levels of enzyme
activity is rather low.
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CHAPTER 4

KINETICS OF INDUCTION OF ALLANTOINASE
AND ALLANTOICASE IN
PSEUDOMONAS AERUGINOSA
4.1. INTRODUCTION
In Chapter 3 the structures of the effector molecules responsible for the
induction of allantoinase and allantoicase were investigated. We will now
deal with the kinetics of the induction of these enzymes. The characteristics
observed normally for enzyme induction are: a short lag period followed
by an autocatalytic phase in which the intracellular concentration of inducer
and the rate of enzyme synthesis increase and then, a period in which the
amount of enzyme synthesized forms a constant part of the newly synthesized
protein and the differential rate of synthesis is constant (Pardee and Prestidge,
1961 ; Kepes and Béguin, 1966; Boos, Schaedel and Wallenfels, 1967; Winkler,
1971).
The kinetics of enzyme induction can reveal information on the quantitative
relationship between the inducer and repressor molecules. A simple relation
connecting the rate of enzyme synthesis with the inducer concentration,
based on the operon model, was derived by Yagil and Yagil (1971). They
utilized data obtained by various authors to estimate the number of inducer
molecules binding to the repressor molecule in vitro and derived affinity
constants between inducer and repressor molecules. The inducers dealt with
were gratuitous inducers. Another approach was made by Higgins and Mandelstam (1972). They defined the inducer constant i(Kind) as; the inducer
concentration that supports half maximal induction rate. Problems were encountered with some metabolizable inducers because initial rates of enzyme
induction could be determined difficultly at low inducer concentrations.
Allantoicase of Pseudomonas aeruginosa is a metalloenzyme containing
manganous ions, which can be replaced by other bivalent ions e.g. Mg%
Co*, Ca*, N i ' and Cd* all exposing a characteristic enzyme activity (van
der Drift and Vogels, 1970). Therefore the effect of metal ions on the induction
of allantoicase was studied. The effect of metal ions on the induction of
enzymes was the subject of previous studies. Addition of MnCl2 to a medium
in which arabinose was present resulted in an enhancement of the specific
activity of L-arabinose isomerase in Escherichia coli due to an increase
of the intrinsic activity of the enzyme, but not of the quantity of enzyme
synthesized (Patrick, Lee, Barnes and Englesberg, 1971). In contrast, induction of formic hydrogenlyase in Escherichia coli occurred only when iron
was present in the medium (Fukuyama and Ordal, 1965). Addition of zinc
ions to the medium caused an enhancement of malate synthetase synthesis
in Rhizopus nigricans (Wegener, Schell and Romano, 1967).
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4.2. MATERIALS AND METHODS
The organisms used in this study were Pseudomonas aeruginosa V 3003
and Pseudomonas aeruginosa V 3001. Strain V 3001 is an achromogenic
mutant of strain V 3003 obtained by a spontaneous mutation.
The citrate nitrate medium, CN-medium, and the fumarate nitrate medium,
FN-medium, are described in 3.2.
The CNM-medium used in experiments on the cation dependence of allantoicase induction contained per 1 0.04 M phosphate buffer (pH 7.0) : 10
g trisodium citrate . 2 H 2 0 , 4 g KNO3, 100 mg N a 2 S 0 4 and 246 mg MgS0 4
.7 H 2 0 .
The FNM-medium used contained per 1 0.04 M phosphate buffer (pH
7.0) : 2 g sodium fumarate, 1 g KNO3 and 24,6 mg MgSO r 7 H 2 0 .
The phosphate buffer used was composed by mixing 0.04 M K H 2 P 0 4
and 0.04 M N a 2 H P 0 4 , prepared in twice distilled water, in the ratio appropria
te to adjust the required pH value. The Tris buffer used was 0.05 M with
respect to Tris in twice distilled water and was adjusted to pH 7.5 with
HCl.
Induction experiments were carried out in one 1 cylindrical flasks fitted
with an air sparger (air flow 12 1/min) and filled with 0.51 FN- or FNM-medium
supplemented with the inducer (5.10 - J M). At appropriate time intervals 28
ml samples were withdrawn, centrifuged during one min at 20,000 χ g and
resuspended in 10 ml water. Cell-free extracts were prepared as described
in 2.2.3.
Allantoinase activity was measured as described in 2.2.4.
Standard determination of allantoicase activity was performed as given
in 2.2.4. Determination of allantoicase activity under conditions other than
standard is described in the text.
Differential rate of enzyme synthesis is defined as the ratio between the
increase of units of enzyme activity and the increase of the absorbance
of the culture at 600 nm (A e o o ). One unit of enzyme activity is the amount
of enzyme catalyzing the transformation of one pinole of substrate per min
under the given conditions.
4.3. RESULTS AND DISCUSSION
4.3.1 Kinetics of induction of allantoinase and allantoicase
Ps. aeruginosa V 3003 was grown in CN-medium, harvested by centrifugation and resuspended in FN-medium, in which the generation time amounted
to 75 - 100 min. After growth for one generation is FN-medium inducers
3
(5.10 - M) were added to the culture and the induction of allantoinase and
allantoicase was measured as a function of time. The induction experiments
were performed in FN-medium, in which the lag periods of growth and
enzyme induction were substantially lower and more reproducible than in
media containing the inducers as the sole source of nitrogen and carbon.
However, the specific activities of allantoinase and allantoicase were about
three times lower in the FN-medium. The aim was to study the kinetics
of induction in growing cultures and therefore the inducers were added after
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growth for one generation in the FN-medium. The differential rate of enzyme
induction was slightly dependent on the density of the cell suspension at
the start of the induction experiment. Therefore, when a particular aspect
of allantoinase and allantoicase induction was studied the densities of all
FN-cultures were adjusted to the same value at the start of the experiment
and the cells were taken from one preculture in CN-medium.
The well known characteristics of enzyme induction were observed. After
a lag period a linear relationship was observed between the increase of enzyme
activity and the increase of A eoo , which is a measure of the amount of newly
synthesized protein. So, a constant percentage of the newly synthesized
protein is allantoinase and allantoicase.
The results of a typical experiment are presented in Figs. 5 a and b,
where the differential rates for the synthesis of allantoinase and allantoicase
are given on induction with allantoin, aliantoate, N-carbamoyl-L-asparagine
and ureidoglycolate. It is obvious that each inducer exhibits a characteristic
differential rate for the synthesis of both enzymes. The differential rate of
allantoinase induction was about three times higher when allantoin was used
as inducer instead of allantoate, whereas the differential rates for allantoicase
allantoinase activity
I units/ml)

allantoicase activityunits/ml)
allantoin
allantoate
N-carbamoyl-L-asparagme
ureidoglycolate
none

Figure 5: Induction of allantoinase (a) and allantoicase (b) as a function of increase in A,,,,.
Ps. aeruginosa V 3003 was grown in CN-medium, harvested in the exponential growth phase
and resuspended in FN-medium al an Am of 0.05. After one generation in this medium the
inducers 5. 10 -3 M final concentration) were added. Samples were taken and cell-free extracts
were prepared as given in 4.2 and 2.2.4. Inducers used were allantoin (•), allantoate ( · ) .
N-carbamoyl-L-asparagine (Δ), ureidoglycolate (o) and none (D).
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induction were the same. These results support a previous conclusion (3.3.1)
that not allantoin itself is the actual inducer for allantoicase but allantoate
formed from it by the action of allantoinase. Growth was rather slow when
N-carbamoyl-L-asparagine was added to the FN-medium; this resulted in
a rather high differential rate for the synthesis of allantoicase but the actual
rate of synthesis was comparable with the rate observed at induction with
allantoin and allantoate. N-carbamoyl-L-asparagine was a rather poor inducer
for allantoinase.
Figs. 6 a and b show the differential rates of allantoinase and allantoicase
synthesis on induction with allantoin and allantoate in Ps. aeruginosa strain
V 3001. Again allantoin and allantoate exhibit the same differential rate of
allantoicase induction, whereas the differential rate of allantoinase induction
was substantially higher when allantoin was used as inducer instead of allantoate.

allantoinase activity
(units/ml 1

allantoicase activity(units/ml
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Figure 6 Induction of allantoinase (a) and allantoicase (b) as a function of increase in A^,.
Ps. aeruginosa V 3001 was grown in CN-medium, harvested in the exponential growth phase
and resuspended in FN-medium at an \ t m of 0 05 After one generation in this medium
allantoin and allantoate (5 10 3 M final concentration) were added and induction of allantoinase
and allantoicase were followed as a function of the increase in А я о п
allantoin (•), allantoate (o)
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4.3.2 Effect of allantoin or allantoate concentration on the induction of
allantoinase and allantoicase
The induction of allantoinase and allantoicase was studied as a function
of the allantoin concentration (Figs. 7 and 8). Allantoin added at a concentra
tion less than 10 - 3 M was metabolized rapidly and the increase of allantoinase
and allantoicase activities was suboptimal and dependent on the amount
of inducer used; synthesis of the enzymes ceased when the inducer had
been consumed.

allantoinase activity (units/ml |
016

011.

012

010
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0
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05

06

07

ΔΑ 600

Figure 7 Effect of allantoin concentration on the induction of allantoinase
Ps aeruginosa V 3003 was grown in CN-medium, harvested in the exponential growth phase
and suspended in FN-medium at an А ео о of 0 05 After one generation in this medium allantoin
was added and the induction of allantoinase was followed as a function of the increase in
A eo o. Allantoin concentrations were 10 2 M (D), 3 10- 3 M ( Д ) , 10 3 M ( · ) , 3 10 4 Μ ( Δ ) ,
10 4 Μ (ο) and absent (•)

41

allantoicase activity
(units/ml)
08

-

07

-

0.6

OS

cu
03

0.2

01

„Ι^<--'-ν
0
0.1
0.2

г—

03

Oí,

05

06

0 7

ΔΑ 600

Figure 8 Effect of allantoin concentration on the induction of allantoicase
Experimental conditions are the same as described in Fig. 7.

The dependence of allantoicase induction on the allantoate concentration
was studied (Fig. 9). Results similar to those obtained with various allantoin
concentrations were observed.
Yagil and Yagil (1971) calculated the number of inducer molecules binding
to the repressor. Their calculations were based on the dependence of the
differential rate on the inducer concentration. The same dependence was
used by Higgins and Mandelstam (1972) to calculate the induction constant.
Our results did not allow such calculations because the initial differential
rates of induction were nearly optimal even when we used inducer concentra
tions as low as 10 - 4 M. Measurements at lower concentrations were not
possible since the induction stopped too rapidly due to the consumption
of the inducer.
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allantoicase activity
|units/ml
0.6

Figure 9: Effect of allantoate concentration on the allantoicase induction
Ps. aeruginosa V 3004 was grown in CN-medium, harvested in the exponential growt phase
and suspended in FN-medium at an Aj,,,, of 0.05. After one generation in this medium allantoate
was added and the induction of allantoicase was followed as a function of the increase in
Allantoate concentrations were· 2 10- 2 M ( · ) . 5 10 •' M ( Д ) , Ю " M (•) and 10
M (U).

4.3.3 Effect of inducer on the ratio allantoicase ¡allantoinase
In Chapter 3 is shown that the ratio between the activities of allantoicase
and allantoinase depends on the inducer used, viz. 5.2 for allantoin, 16 for
allantoate and 78 for N-carbamoyl-L-asparagine. These figures are mean
ones and differ slightly in various experiments. The same ratios were found
for the differential rates of synthesis. The effect of a shift from one inducer
to another on the ratio allantoicase/allantoinase was studied.
As expected no change in the ratio allantoicase/allantoinase was observed
when after induction on allantoate the cells were resuspended in FN-medium
containing allantoate (Fig. 10 curve 1). In curve 2 the results of a shift
from allantoate to allantoin are given. The ratio decreased until the normal
value for
induction
with
allantoin
was reached.
When
Ncarbamoyl-L-asparagine was added (curve 3) the ratio increased until the
value for induction with this compound was reached. Figs. 11 a and b represent the differential rates for the synthesis of allantoinase and allantoicase
in these experiments. After preinduction with allantoate no lag or autocatalytic phase was observed.
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ratio activities
| allantoicase/allantomase
90 h

ratio activities
( allantoicase/allantomase)

Figure 10: Effect o f a shift o f inducer on the ratio between allantoicase and allantoinase activities
after preinduction w i t h allantoate.
Ps. aeruginosa V 3003 was grown in CN-medium, harvested in the exponential growth phase
and suspended in FN-medium at an A,,,,, of 0.10. After one generation in this medium allantoate
(5 . 10 -' M) was added and induction was allowed to proceed during 1.5 h. After this period
the cells were harvested, washed twice with 0.01 M phosphate buffer ( p H 7.0) to remove
allantoate, suspended in FN-medium and divided into three parts to which allantoate ( I ), allantoin
(2) or N-carbamoyl-L-asparaginc (3) were added (all 5 . 10 - 3 M final concentration). Activities
of allantoinase and allantoicase were followed as a function o f the increase in A,,,,, and as
a function o f lime (a) and ratios allantoicase/allantoinase were determined. The curves represent
shifts from allantoate to allantoate ( • ) , to allantoin (o) or to N-carbamoyl-L-asparagine ( Δ ) ·
Caulculatcd (see text) changes in these ratios are presented as dotted lines.
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Preinduction with allantoin followed by induction with allantoin, allantoate
or N-carbamoyl-L-asparagine yielded results presented in Fig. 12. As
expected no change in the ratio allantoicase/allantoinase was observed when
after induction on allantoin the cells were resuspended in FN-medium containing allantoin (Fig. 12 curve 1). Curve 2 refers to the shift from allantoin
to allantoate and the ratio allantoicase/allantoinase increased slowly and
did not reach the value expected for induction with allantoate during the
course of the experiment. A similar result was obtained on shifting from
allantoin to N-carbamoyl-L-asparagine (curve 3).
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Figure 11: Differential rate for allantoinase (a) and allantoicase (b) induction in the experiment
described in Fig 10.
Induction with allantoin (o), induction with allantoate ( • ) .
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The following equation was used to describe the process of enzyme inducti
on:
E = *E + e Δ
in which E is the amount of enzyme (units/ml) measured after an increase
Δ in Amo , *E is the amount of the same enzyme at the start of the experiment
and e is the differential rate of enzyme synthesis (units/ml/A)·
If the letters С (с) and Ν (η) refer to the amounts (differential rates) of
the enzymes allantoicase and allantoinase, respectively, and the suffixes
i, a and χ to the effects observed in the presence of the inducers allantoin,
allantoate and N-carbamoyl-L-asparagine, respectively, then the following
equations will be valid:
C, = 5.2 N, ;

Moreover:

C a = 16 N a ;

c, = c a and c x = 4.3 c,.

C x = 78 N x

(Table 13)

(Fig. 5)

The ratio of the activities of allantoicase and allantoinase as a function
of increase in A,,,,, after a shift from allantoin to allantoate is given by the
equation:
_Ç
Ν

_
-

»С, + CaA
'Ν, + naA

5.2 *N, + 1 6 п я А
*Н; + η Λ Δ

_ «о .
_

+

10-8 ПаД
»Ν, + η„Δ

In a similar way one can derive the following equations:
a) for a shift from allantoin to N-carbamoyl-L-asparagine:
£.
Ν

- 5 2 4-

72.8 n v A
'Ν, + ηχΔ

b) for a shift from allantoate to allantoin:

Ç . _ i f i _ 10-8 η,Λ
N
*N a + η,Δ
c) for a shift from allantoate to N-carbamoyl-L-asparagine:
62r
4A
*Na + η χ Δ

JÇ - 1166 ++ .
N

-

These theoretical curves are given as broken lines in Figs. 10 and 12.
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Figure 12 Effect of a shift of inducer on the ratio between allantoicase and allantoinase activities
after prcinduction with allantoin
Ρτ. aeruginosa V 1003 was grown in CN-medium, harvested in the exponential growth phase
and rcsuspcnded in HN-medium at an A e o o of 0 15 After one generation in this medium allantoin
(5 10 -' M) was added and induction was allowed to proceed during 1 5 H Aftei this period
the cells were harvested, washed twice with 0 01 M phosphate buffer (pH 7 0) to remove
allantoin, suspended in FN-medium and divided into three parts to which allantoin (1), allantoate
(2) or N-carbamoyl-L-asparagme (3) were added (all 5 10 -' M final concentration) Activities
of allantoinase and allantoicase were followed as a function of the increase in A e o o and as
a function of time (a) and ratios allantoicase/allantoinase were determined The curves represent
shifts from allantoin to allantoin (o), to allantoate (•) or to N-carbamoyl-L-asparagine ( Д ) .
Calculated (see text) changes in these ratios are presented as dotted lines.
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4.3.4 Induction of allantoicase as a function of metal ions in the induction
medium
The strain used in the experiments described in this section was Ps. aerugi
nosa V 3001. Purified allantoicase from this strain was proven to be a metalloenzyme containing Mn * * in the active site. Mn r r can be replaced by various
bivalent cations, including Co * ' and Mg r r, and the enzy mie activity depends
on the cation present in the active site (van der Drift en Vogels, 1970).
In contrast to С о т ' ions, Mg** ions are loosely bound and can easily be
replaced by Mn* T or C o " or removed by EDTA. Cultivation of Ps. aerugino
sa in the absence of all bivalent cations is impossible and especially Mg'*
is essential for growth presumably due to its effect on ribosome structure
and function. A similar result was obtained by Brown and Melling (1969).
Therefore, magnesium ions (10- 3 M) were added to the CNM-medium in
which Ps. aeruginosa was maintained in order to deplete the cells of other
bivalent cations.
Induction was performed in FNM-medium to which allantoate (5 . 10 - 3
m) was added. Cell-free extracts of induced cells were assayed for allantoicase
activity in the presence and absence of MnSCU (2. 10 - 4 M). In the presence
of these ions a threefold higher activity was measured. Probably a Mg**coupled allantoicase was synthesized in the absence of M n " ions in the
induction medium. The activity of Mg*'-allantoicase at pH 7.8 is known
to be about one third of that of Mn "-allantoicase tested at the same pH
(van der Drift and Vogels, 1970). Inductions performed in the presence of
10 - 4 Μ Mn * * yielded extracts in which the activities measured in the presence
or absence of M n " did not differ.
No difference was observed between the allantoicase activities measured
in the presence or absence of M n " ions, when cells induced in the absence
of M n " ions were suspended for a short period in a buffer containing these
ions. In this instance P i . aeruginosa was grown in FNM-medium containing
3
allantoate (5 . 10 - M) and the cells were harvested, washed with Tris buffer
4
and suspended in this buffer containing MnSCh (10 - M). After 5 min MnSOa
was removed by 3 successive washes with the Tris buffer and cell-free extracts
were prepared as described in 2.2.3. It is obvious that also in vivo M n "
ions can replace M g " ions irreversibly at the active site of allantoicase.
Induction of allantoicase was studied in a culture depleted of Mg ' *. Growth
and induction of allantoicase occurred when M g " ions were added to the
depleted culture (Figs. 13 a, b and c). The allantoicase activity was measured
in the presence (Fig. 13 b) and absence (Fig. 13 c) of M n " ions. Addition
of C o " ions to the induction medium resulted in a irreversible transformation
of M g " - allantoicase into Co "-allantoicase, which could not be converted
into the Mn "-allantoicase and is half as active as Mn*'-allantoicase at pH
7.8 (van der Drift and Vogels, 1970). It is obvious that this transformation
can take place as well in vitro (van der Drift and Vogels, 1970) as in vivo.
Cells induced with allantoate in the presence of Mg** ions but in the
absence of Mn** ions were suspended in Tris buffer containing various
amounts of Mn** ions. After 20 min the cells were washed three times
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Figure 13 The induction of allantoicase
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as affecled by the addition of Mg' *,
Mn·· and Co'"- ions to Mg* - depleted cells
timelh)

Ps aeruginosa V 3003 was grown in CNM-medium, harvested in the exponential growth phase,
washed twice with sterile 0 01 M phosphate buffer (pH 7 0) and suspended in FNM-medium
without magnesium Growlh ceased after approximately 3 h due to depletion of M g " from
the medium The А,^, increased from 0 15 to 0 25 during that period Allantoate was then
added After one more h M g S 0 2 (•), MnSOa (o) or CoSo 4 ( · ) (10 " M final concentration)
were added to three separate parts of the culture (1, 2 and 3, respectively) and growth and
induction of allantoicase were followed in the time starting from the addition of the metal
ions After 2 5 h MnSO 4 (l0 * M) was added to (1) and MnSo 4 (10 4 M) was added to (2)
and (3) Ajjj was followed in the time (Fig 13 a), allantoicase activity was measured in the
presence of MnS0 4 (2 10 * M) (Fig 13 b) and in the absence of MnS0 4 but in the presence
of MgSo4 (2 10 " M) (Fig 13 c)
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with water containing MgSCU (10 - 4 M) and cell-free extracts were assayed
for allantoicase activity in the presence or absence of M n , r ions (Fig. 14
and Table 20). It is obvious that incubation of preinduced cells with increasing
concentrations of Mn * ' caused an increasing exchange of Mn * * against Mg * *
ions in the allantoicase already present in the cells. A M n " concentration
of about 10 4 M was sufficient for total exchange.
activity (7.)

g I
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' i l l
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IO"4

[Mn**]
Figure 14 Effect of MnSo« added to cells containing Mg' '-allantoicase
Pi aeruginosa V 3001 was grown in CNM-medium, harvested in the exponential growth phase
3
and suspended in FNM-medium containing sodium allantoate (5 10 - M) After 3 h the Α,οο
had increased from 0 120 to 0 750 The cells were harvested by centnfugation and washed
three times with Tris buffer, suspended in the same buffer and divided in 8 pontons with
different amounts ofMnSO« After 20 mm M n " ions were removed by three washes of the
cell suspensions with water containing MnS0 4 (10 4 M) and cell-free extracts were prepard
in the same solution Allantoicase was measured under standard conditions (2 2 4), ι e in
4
the presence of MnS0 4 (2 10 M) and in the absence of MnS0 4 but presence of MgS04
(2 10 - 4 M)
Allantoicase activity was also assayed in the presence of EDTA (5 10 3 M), and after heating
the cell-free extracts for 3 mm at 70° In the latter case equal volumes of cell-free extracts
and allantoate (0 2 M) in 0 2 M TEA (pH 7 8) were mixed and incubated for 3 mm at 70°
These mixtures were dialyzeil against water during 16 h to remove the ureidoglycolate formed
at the elevated temperature, and allantoicase was determined in the absence of MnS0 4 in
the incubation mixture The activity of the cell-free extracts measured under standard conditions
was taken as 100% Activity in the absence of M n " (•), in the presence of EDTA (o), and
after heating (Д).
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TABLE 20.
Effect of MnS0 4 added to cells containing Mg"-allantoicase
[Mn++J
(НИМ)
1
2
4
8
16
32
64
128

Protein
(mg/ml)
0.35
0.34
0.36
0.35
0.34
0.39
0.34
0.33

+ Mn + +
1.62
1.70
1.54
1.65
1.72
1.55
1.77
1.74

Specific activity of allantoicase
(units/mg protein)
— МП++
+ EDTA
0.49
0.078
0.58
0.13
0.60
0.23
0.78
0.50
1.04
0.84
1.12
0.97
1.51
1.28
1.59
1.58

Heated
0.15
0.23
0.40
0.62
0.89
1.05
1.41
1.63

Experimental conditions are given in Fig. 14.
activity ( 7 .
100

Figure 15: Effect of Mn** in the induction medium on the induction of allantoicase
Ps. aeruginosa V 3001 was grown in CNM-medium, harvested in the exponential growth phase
and suspended in FNM-medium and divided in 40 ml portions in 100 ml erlenmeyer flasks
Sodium allanloate (5 . 10 3 M) was added as inducer together with different concentrations
of MnS04 Incubation was in a gyrotory incubator as described in 2.2 4 After 3 h the A, 00
of these cultures had increased form about 0.100 to about 0.500. The cells were harvested
washed with water containing MgS04 (ΙΟ-4 M) and cell-free extracts were prepared in the
same solution Measurements of allantoicase activity in the presence and absence of MnS04,
in the presence of EDTA and after healing, were as described in Fig 14
Activity in the absence of M n " (•), in the presence of EDTA (o), and after heating (Д).
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TABLE 21.
Effect of Mn** present during induction of allantoicase in FNM-medium
[Мп+Ч
(КИМ)
0
1
2
4
6
8
10
20

+ Mn++
1.48
1.48
1.53
1.53
1.55
1.54
1.65
1.50

Specific activity of allantoicase
(units/mg protein)
-Мп^
+ EDTA
0.44
0.03
0.44
0.24
0.77
0.66
1.18
0.87
1.46
1.27
1.45
1.45
1.60
1.62
1.46
1.46

Heated
0.00
0.13
0.51
0.84
1.23
1.28
1.40
1.34

Experimental conditions are given in Fig. 15.
The presence of EDTA in the incubation mixture did not affect the activity
of Mn"-allantoicase, but Mg* '-allantoicase activity is almost completely
lost. In contrast to Mg''-allantoicase, M n " - allantoicase is known to be
completely stable on heating for 3 min at 71° in the presence of 0.1 M sodium
allantoate (van der Drift and Vogels, 1970). The results prove that in the
absence of M n " ions an allantoicase is synthesized which contains M g "
in the active site. Addition of sufficient M n " to cells containing this form
of allantoicase converts this enzyme to Mn "-allantoicase.
The effect of the amount of M n " present during the induction is shown
in Fig. 15 and Table 21. The results obtained resemble those of the foregoing
experiment (Fig. 14) but the same response to M n " ions was obtained at
lower concentrations. However, in the experiment of Fig. 14 M n " was
added to cells preinduced in its absence and suspended in Tris buffer. Such
cells can be regarded resting in contrast to the growing cells of Fig. 15.
Probably an active transport system for M n " ions is involved resulting
in an enhancement of the internal concentration of these ions (Silver and
Lee-Kralovic, 1969; Bhattacharyya, 1970; Silver, Johnseine and King, 1970
and Chipley and Edwards, 1972).
Since the presence of M g " in the medium was necessary for growth
of Ps. aeruginosa it was impossible to study the direct effect of addition
of Mn ' ' ions on the induction of allantoicase. However, from the experiments
it is obvious that in vivo M g " ions in allantoicase can be replaced irreversibly
by C o " and M n " ions as was shown earlier in in vitro experiments (van
der Drift and Vogels, 1970).
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CHAPTER 5

INACTIVATION OF ALLANTOINASE OF
PSEUDOMONAS AERUGINOSA IN VIVO
5.1. INTRODUCTION
In the study on the regulation of the enzymes of the metabolism of allantoin
it appeared that the specific activity of allantoinase, the first enzyme of
the pathway, decreased when Ps. aeruginosa, cultured in a medium in which
allantoin was the only source of carbon, nitrogen and energy, reached the
stationary growth phase. Such a fall of the activity of an enzyme related
to the physiological condition of the cell has been demonstrated in several
cases: threonine dehydratase in Bacillus licheniformis (Leitzman and Bernlohr, 1968), mesotartrate dehydratase in Pseudomonas species (Yashphe,
Rosenberger, Shilo and Schwarz, 1967), ornithine transcarbamoylase in
Saccharomyces cerevisiae (Messenguy and Wiame, 1969) and tryptophan
synthetase in the same organism (Katsunuma, Schott, Elsässer and Holzer,
1972). Leitzman and Bernlohr (1968) observed that the amount of enzyme
protein was constant per unit weight of cells during all phases of the life
cycle of the organism. They postulated that the specific activity of the enzyme
was correlated to the metabolic activity of the cell. Messenguy and Wiame
(1969) observed that ornithine transcarbamoylase was regulated by a regulatory binding protein induced by arginine and identical to arginase. Yashphe
et al. (1967) observed a temperature-dependent decrease of mesotartrate
dehydratase activity in the absence of inducer. Since they observed a similar
effect in cell-free extract; they concluded that the enzyme was instable per
se and could be stabilized by addition of inducer both in vivo and in vitro.
Katsunuma et al. (1972) observed the presence of two tryptophan synthetase
inactivating enzymes in cellfree extracts of cells from the stationary growth
phase. However, these enzymes were not detected in cell-free extracts of
cells from the exponentially growth phase. The underlying mechanisms responsible for the decrease of enzyme activity seem to differ in the four cases
mentioned, but they all may reflect important regulatory mechanisms.
In this study we will attempt to elucidate the mechanism of inactivation
of allantoinase in Ps. aeruginosa.
5.2. MATERIALS AND METHODS
Ps. aeruginosa (strains V 3001, V 3003, V 3007 and V 3013), Ps. putida
(strain V 3254), Ps. acidovorans (strain V 3302), Ps. fluorescens (strain V
3201) and Ps. mildenbergii (strain V 3394) were wild types strains from
the laboratory collection. The origin of the strains is given in Chapter 2,
Table 1.
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Growth of the organisms and preparation of cell-free extracts were as
described in 2.2.3. Cell suspensions used in this study were incubated on
a New Brunswick Scientific G 25 environmental incubator at 30° (300 rev./min) unless otherwise stated.
The activities of allantoinase and allantoicase were measured as described
in 2.2.4.
Chloramphenicol (CAP) was obtained from Koninklijke Nederlandse Gist
en Spiritus Fabriek, Delft, The Netherlands. Mitomycin С was obtained
from Sigma Chemical Company, St. Louis, U.S.A.. The source of other
substances used is mentioned in Chapter 3.
5.3. RESULTS AND DISCUSSION
5.3.1 Allantoinase activity during growth
The allantoinase activity was followed as a function of the growth of
Ps. aeruginosa (V 3003) in allantoin medium (Fig. 16). The total activity
increased and the specific activity remained constant during the exponential
growth phase, but both decreased in the stationary growth phase: an 80%
decrease was observed within 16 h. In contrast, the total and specific activity
of allantoicase remained constant when growth ceased.
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Figure 16 Allantoinase, allantoicase activity and AÒOO as a function of time
Ps aeruginosa V 3003 was inoculated in medium A (2 2 3) and grown at 30° At the indicated
time intervals AJQJ was measured and 10 ml samples were withdrawn from the culture, the
cells were harvested by cenlnfugalion and cell-free extracts in water were prepared as described
in 2 2 3 Allantoinase and allantoicase activity was measured as described in 2 2 4 A ^ ( • ) ,
allantoinase activity (o) and allantoicase activity ( Δ ) .
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Similar results were obtained with other Ps. aeruginosa strains (V 3001,
V 3007 and V 3013), but Ps. acidovorans (V 3302), Ps.fluorescens (V 3201),
Ps. mildenbergii (V 3394) and Ps. putida (V 3254) did not show any loss
of allantoinase activity under similar conditions.
The observed loss of allantoinase activity could be due to an instability
of the enzyme per se (Yasphe et al., (1967), to an attack of a proteolytic
enzyme (Katsunuma et al., 1972), to an inactivation of the enzyme by a
specific binding protein (Messenguy and Wiame, 1969) or to some other
mechanism or a combination of these effects.
5.3.2 Stability of allantoinase
In order to differentiate between the above mentioned possibilities the
effects of chloramphenicol (CAP) and mitomycin С added at the end of
the exponential growth phase were examined (Figs. 17 and 18). CAP has
a direct effect on protein synthesis, whereas mitomycin С alkylates DNA
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Figure 17: The specific activity of allantoinase affected by CAP added at the end of the exponenti
al growth phase.
Ps. aeruginosa V 3003 was grown in medium A (2.2.3) at 30°. At the end of the exponential
growth phase (T= Oh) the culture was divided into two parts. To one part CAP (200 ¿ig/ml)
was added and the specific activity of allantoinase was followed in the time as described in
Fig. 16. A,,,, (•) in the absence and presence, specific activity allantoinase in the presence
(Δ) and absence (o) of CAP.
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Figure 18: The specific activity of allantoinase affected by mitomycin С added to a late exponenti
al culture.
Ps. aeruginosa V 3003 was grown in medium A (2.2.3) at 30°. When the culture reached
an Α^,ο of about 0.4 it was divided into two parts. To one part mitomycin С (3 /ig/ml) was
added and the specific activity of allantoinase was followed in the time. A ^ in the presence
(o) and absence (•) of mitomycin C, allantoinase specific activity in the presence (Д) and
absence of mitomycin C. (·).

and therefore has a secondary effect on protein synthesis. Leitzman and
Bernlohr (1968) observed a different effect of these substances on the specific
activity of threonine dehydratase in Bacillus lieheniformis: CAP prevented
the decrease of specific activity, mitomycin С did not. Addition of CAP
prevented the decrease of allantoinase activity. The effect of mitomycin
С on protein synthesis was discernible not earlier than about 3 h after addition.
Therefore, this compound was added 3 h before the end of the exponential
growth phase. Under these conditions mitomycin С also prevented the loss
of allantoinase activity.
In the presence of CAP and mitomycin С the allantoinase activity remained
unchanged over a 6 h period which indicates that allantoinase is stable in
vivo. Also cell-free extracts obtained from cells from the exponential or
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the stationary growth phase did not lose activity when incubated at 30°
for 6 h. These experiments indicate that the loss of activity during the station
ary growth phase is not due to an instability of the enzyme.
5.3.3 Proteolytic degradation of allantoinase
From the experiments described in Figs. 17 and 18 it follows that the
loss of allantoinase activity is linked to protein synthesis and could be due
to a protease synthesized by cells which had stopped exponential growing.
Such a protease must be rather specific since allantoicase and urease activities
did not change.
specific activity
allantoinase

Figure 19 The specific activity of dllantoinase affected by CAP added during the stationary
growth phase
Ps aeruginosa V 3003 was grown in medium A (2 2 3) at 30° When the culture reached
the stationary growth phase it was divided into five pars One part served as control and
CAP (200 μg|m\ was added to the other parts at the times indicated by the arrows The
specific activity of allantoinase was followed as a function of time as indicated by the arrows
The specific activity of allantoinase was followed as a function of time as described in Fig
16
Control (•), addition of CAP at t = 0 ( · ) , l(o), 2 ( A ) a n d 4 (D) h
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Figure 20 The specific activity of allantoinase in cells from the exponential growth phase
under various conditions
Ps aeruginosa V 3003 was grown in medium A (2 2 3) at 30° The cells were harvested in
the exponential growth phase, washed with saline and resuspended in medium A, MMB or
0 04 M phosphate buffer (pH 7 0) Growth and specific activity of allantoinase were followed
in time as described in Fig 16 A,,,, of culture in medium A ( · ) , specific activity of allantoinase
in medium A (•), MMB (Δ) and phosphate buffer (o) A^,, was constant in the suspensions
prepared with MMB and phosphate buffer
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Figure 21 The specific activity of allantoinase affected by CAP added to cells from the exponenti
al growth phase suspended in MMB
Ps aeruginosa V 3003 was grown in medium A (2 2 3) at 30° The cells were harvested in
the exponential growth phase, suspended in MMB and divided into three portions in MMB
One portion served as control (•), to the second portion CAP (200 ,ug/ml)was added at t =
0 (·) and the third portion received CAP after 2 5 h (о)
Specific activity of dllantoinase was followed as a function of time
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A number of experiments were designed in order to differentiate between
a proteolytic attack and other mechanisms of inactivation. CAP (200 /¿g/ml)
added at different times during the stationary growth phase caused an almost
immediate cessation of the decrease of allantoinase activity (Fig. 19). A
similar result was obtained when cells from the stationary growth phase
were harvested by centrifugation, washed with saline and resuspended in
fresh medium A: in the absence of CAP growth occurred and allantoinase
was induced again until this culture reached the stationary growth phase,
but in the presence of CAP allantoinase activity remained constant. Resuspension of cells in minimal medium base (MMB) (see 3.2), in 0.1 M phosphate
buffer (pH 6.8) or in the supernatant of a stationary culture in medium A
caused a decrease of allantoinase activity in the absence but not in the
presence of CAP. These experiments indicate that the culture fluid of the
stationary growth phase contained no components which inactivate allantoinase.
Addition of CAP to an exponential culture of Ps. aeruginosa resulted
in a blocked protein synthesis and allantoinase activity did not change over
a 6 h period. When exponentially growing cells were harvested, washed
with saline and resuspended in MMB, buffer or medium A similar results
were obtained as with cells from the stationary growth phase (Fig. 20). These
results indicate that synthesis of the inactivating principle takes place as
soon as depletion of nutrients occurs. Addition of CAP stops immediately
the decrease of activity even in cells in which the inactivating principle
was active for 2.5 h. (Fig. 21).
These results are difficult to reconcile with the concept of a proteolytic
enzyme: such an enzyme should act specifically on the proteinaceous structure of the enzyme allantoinase and should be very unstable as well in vivo
as in vitro, since cells in the experiments described (Fig. 21) did not show
any further decrease in allantoinase activity after addition of CAP and no
decrease of allantoinase activity was found in cell-free extracts of cells from
the logarithmic or stationary growth phase when incubated at 30° during
6 h. This result is in contrast to that of Katsunuma et al. (1972) reported
for Saccharomyces cerevisiae, where two tryptophan synthetase inactivating
enzymes were synthesized during the stationary growth phase that exerted
proteolytic activity both in vivo and in vitro.
Attempts to stabilize the inactivating principle in vitro by the addition
of C a " , M g " , M n " , EDTA, 2-mercaptoethanol or dithiotreitol (10 - 2 and
10 - 3 M) were unsuccessful.
In view of these data we think it unlikely that the decrease of allantoinase
activity is due to a proteolytic enzyme.
5.3.4 Effect of various compounds added during the stationary growth phase
When allantoin was added at different time intervals during the stationary
growth phase, growth started again and allantoinase was induced to almost
the same level of specific activity as was obtained during exponential growth
(Fig. 22). After about 2.5 h the specific activity of allantoinase decreased
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Figure 22 Effect of allantoin added to a stationary culture of Ps aeruginosa in medium A
/4 aeruginosa V 3003 was grown in medium A (2 2 3) at 30° When the culture was in the
stationary growth phase during about 5 h, it was divided into four parts One portion served
as control (•) At t = Oh (·) Τ = 4 5 h (D) allantoin (1%) was added to the different portions
and the specific activity of aUantoinase was followed in time

again and, simultaneously, the medium became exhausted of (+)-allantoin,
the real substrate for aUantoinase in Ps. aeruginosa. (-)-Allantoin could not
be involved in the onset of the synthesis of the inactivating principle because
this compound is present from the start of the culture on, since the substrate
used is (±)-allantoin; moreover, a similar decrease of aUantoinase activity
in the stationary growth phase was observed when cells were grown in medi
um A in which allantoin was replaced by allantoate. In this case the maximal
specific activity of aUantoinase was about three times lower than aftergrowth
on medium A, since allantoate is not as good an inducer for aUantoinase
as allantoin (see Table 13).
A number of other compounds including nutrients, products of allantoin
metabolism and structurally related compounds were tested for their effect
on aUantoinase activity when they were added during the stationary growth
phase, (Table 22). It is evident that initiation of growth results in a stop
of the decrease of the total amount of enzyme units or a reinduction of
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TABLE 22.
Influence of the addition of various compounds on growth and allantoinase content of a
stationary culture of Ps. aeruginosa
Influence on allantoinase activity
Substance
Growth a)
Total units b)
Specific
activity c)
none
—
—
—
1 %
allantoin
+
+
+
allantoate (Na)
1 %
(-)
+
+
ureidoglycolate (Na)
0.5%
—
—
—
glyoxylate (Na)
0.5%
—
—
—
urea
1 %
—
—
—
ammonium chloride
1 %
—
—
—
potassium nitrate
1 %
—
—
—
fumarate (Na)
1 %
—
+
glucose
1 %
О
—
+
glycolic acid
0.5%
—
—
homoallantoin
0.5%
—
—
homoallantoate (Na)
0.5%
—
—
dihydrouracil
0.5%
—
—
—
a-hydroxybutyric acid
0.5%
—
—
—
N-carbamoyl-L-asparagine 0.5%
—
О
N-carbamoyl-D-asparagine 0.5%
—
О
N-carbamoyl-L-glutamine
0.5%
—
—
N-carbamoyl-L-valine
0.5%
—
—
—

о

о
о

a) —
+
b) —
О
4c) —
(—)

=
=
=
=
=
=
=
=
О =
4- =

no growth
growth
decrease of activity as in control
no change in activity
increase in activity
decrease of specific activity as in control
decrease of specific activity less than in control
decrease of specific activity more than in control
no change in specific activity
increase in specific activity

The cells used in these experiments were in the stationary growth phase for 3 to 4 h and
the specific activity of allantoinase was reduced to about half of the maximal specific
activity obtained during the exponential growth phase. Temperature was 30°.

the enzyme depending on the compound tested. Addition of fumarate or
glucose, which are no inducers of the enzyme, exerted no effect on the
total amount of allantoinase but decreased the specific activity. The specific
activity decreased much less in the presence of allantoate, which is an inducer
of allantoinase but less effective than allantoin. The effect of N-carbamoyl
amino acids is remarkable. While N-carbamoyl-L-valine and Ncarbamoyl-L-glutamine exerted no effect other than the control, the addition
of N-carbamoyl-L-asparagine or N-carbamoyl-D-asparagine prevented a fur
ther decrease of the total and specific activity of allantoinase. No growth
was observed after addition of these compounds and therefore, they must
prevent the synthesis or the action of the inactivating principle.
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The data given in Table 22 indicate that medium A was depleted for a
carbon and/or energy source when the culture reached the stationary growth
phase, since addition of NH-T, nitrate or urea did not restore growth as
was noticed after addition of fumarate, glucose, allantoin or allantoate.
5.3.5 Nature of the inactivating principle
Since addition of CAP prevented the decrease of allantoinase activity almost immediately the inactivation must be the result of the synthesis of
a protein which interacts instantaneously with the enzyme. A similar conclusion can be drawn from the experiments with mitomycin C. The decrease
of allantoinase activity was also prevented by a change of the incubation
temperature of the culture at the end of the exponential growth phase from
30° to 4° or by termination of the aeration at 30°. It seemed unlikely that
the synthesized protein acts proteolyticly, but the real nature of the protein
is not yet understood. Attempts to isolate the inactivating principle have
failed. It was impossible to enhance the allantoinase activity in cell-free
extracts from cells in the late stationary growth phase by a temperature
treatment, (incubation for 10 min at temperatures ranging from 10° to 50°),
by a shift in pH (incubation for 10 min at pH values ranging from pH 4
to pH 9) or by addition of various metabolites (incubation for 10 min in
the presence of 10 - 3 M allantoate, ureidoglycolate, glyoxylate, Ncarbamoyl-L-asparagine).
The observed decrease in allantoinase activity was not a result of the
interference of large amounts of glyoxylate carboligase in the determination
of allantoinase. This enzyme could cause the disappearance of glyoxylate
from the incubation mixture resulting in lower values of the allantoinase
activity. The same effect would have been observed in the determination
of the allantoicase activity, but was not.
An interaction between allantoinase and the inactivating protein is obvious.
This may reflect an aspect of regulation. A deeper study on the mode of
this interaction and the nature of the inactivating protein is needed.
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SUMMARY

This thesis deals with the regulation of allantoin metabolism in the genus
Pseudomonas and especially in the species Pseudomonas
aeruginosa.
In the introduction (Chapter 1) the occurrence in nature and the metabolism
of allantoin are briefly reviewed. The normally found pathway for allantoin
breakdown in bacteria involves the enzyme allantoate amido-hydrolase,
whereas the occurrence of allantoicase is postulated to be an exception.
Furthermore the regulation of enzyme synthesis, especially in pseudomonads,
is reviewed briefly and the regulation of allantoin metabolism in various
microorganisms more in detail.
In Chapter 2 a comparative study is given on the levels and occurrence
of the enzymes involved in allantoin metabolism in the genera Pseudomonas
andAeromonas. A newly discovered enzyme, allantoin racemase, was included in this study. On the basis of the characters of the allantoin metabolism
seven groups of microorganisms could be distinguished. The Pseudomonas
acidovorans group is exceptional within the genus being the only group
containing the enzyme allantoate amidohydrolase instead of allantoicase.
Determination of the occurrence of allantoin racemase, allantoinase, allantoicase and allantoate amidohydrolase is a useful tool in the taxonomy of the
genus Pseudomonas.
In Chapter 3 a number of substances was tested for inducing activity
for allantoinase and allantoicase. It was possible to establish the basic structures of the inducers of allantoinase and allantoicase. The induction of allantoinase and allantoicase proceeded not coordinately since the ratio allantoicase/
allantoinase varied considerably depending on the inducer used. Coincident
induction as well as product induction and sequential induction occurred.
N-Carbamoyl-L-asparagine was found to be a potent inducer of allantoicase,
but was no gratuitous inducer since this compound was deaminated by Lasparaginase, constitutively present in the cells.
In Chapter 4 the kinetics of induction were studied. The induction followed
kinetics observed normally. Each inducer exhibited a distinct differential
rate for induction of allantoinase. The differential rates for the induction
of allantoicase by allantoin and allantoate were the same, which is another
indication that sequential induction occurs. Inducer shifts caused a change
in the ratios allantoicase/allantoinase. A rather good agreement was found
between the calculated and the experimental curves.
Exchange of M g " ions in the active center of allantoicase against C o "
and M n " ions occurs readily and irreversibly both in vivo and in vitro.
Chapter 5 deals with the inactivation of allantoinase observed at the end
of the exponential growth phase of Ps. aeruginosa. The enzyme was not
instable per se. Inactivation was proven to be due to the synthesis of a
protein at the end of the logarithmic growth phase. The inactivating agens
exhibited no proteolytic activity towards allantoinase. The synthesis of a
specific binding protein is postulated.
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SAMENVATTING

DU proefschrift beschrijft een onderzoek naar de regulatie van het allantóme
metabolisme in het geslacht Pseudomonas en in de soort Pseudomonas aeruginosa in het bijzonder.
In de inleiding (Hoofdstuk 1) wordt het voorkomen in de natuur en het
metabolisme van allantóme kort besproken. Er wordt gepostuleerd dat de
aanwezigheid van allantoicase in bacteriën een uitzondering is en dat de
gewoonlijk gevonden afbraakweg via allantoaat amidohydrolase verloopt.
Verder wordt een kort algemeen overzicht gegeven van de regulatie van
enzymsynthese, in het bijzonder in het geslacht Pseudomonas, benevens
een meer gedetailleerd overzicht over de regulatie van het allantóme metabolisme in verschillende microorganismen.
In Hoofdstuk 2 wordt een vergelijkend onderzoek beschreven van de niveau's en het voorkomen van de enzymen die een rol spelen in het allantóme
metabolisme bij de geslachten Pseudomonas en Aeromonas. Het tot nu toe
nog niet beschreven enzym allantóme racemase werd in dit onderzoek betrokken Op basis van de verschillende kenmerken van het allantóme metabolisme
was het mogelijk zeven groepen microorganismen te onderscheiden. Een
uitzondering binnen het geslacht Pseudomonas is de acidovorans groep; microorganismen die tot deze groep behoren bevatten het enzym allantoaat
amidohydrolase in plaats van allantoicase. Het bestuderen van het allantóme
metabolisme mag beschouwd worden als een belangrijk hulpmiddel bij de
taxonomie van het geslacht Pseudomonas.
In Hoofdstuk 3 wordt een onderzoek naar de structuur van de inductoren
van allantomase en allantoicase beschreven. Het was mogelijk om de inductoren voor deze twee enzymen in twee structuurformules onder te brengen.
De inductie van allantomase en allantoicase bleek niet gecoördineerd te zijn
aangezien de verhouding tussen de activiteiten van deze enzymen aanzienlijk
verschilde, afhankelijk van de inductor. Het optreden van coincidente, opeenvolgende en product inductie werd aangetoond. N-Carbamoyl-L-asparagine
bleek een krachtige inductor voor allantoicase te zijn, maar geen nietmetaboliseerbare inductor voor allantomase en allantoicase, aangezien deze
stof gedeammeerd werd door een constitutief aanwezig L-asparaginase.
In Hoofdstuk 4 wordt de kinetiek van de inductie van allantomase en
allantoicase beschreven. De kinetiek van de inductie volgt het normale patroon. Hierbij heeft elke inductor zijn karakteristieke differentiële snelheid
van allantomase synthese. Wat betreft de allantoicase synthese vertonen
allantóme en allantoaat dezelfde differentiële snelheid, hetgeen weer een
aanwijzing is dat we te maken hebben met een voorbeeld van opeenvolgende
inductie.
Verandering van inductor veroorzaakt een verandering in de verhouding
allantoicase/allantoinase. De berekende en experimenteel gevonden curves
die deze verandering beschrijven komen redelijk overeen.
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Magnesium ionen in het actieve centrum van het enzym allantoicase kunnen
gemakkelijk en irreversibel uitgewisseld worden tegen cobalt en mangaan
ionen zowel in vivo als m vitro.
Hoofdstuk 5 beschrijft de inactivenng van allantoinase aan het einde van
de exponentiele groeifase van Ps. aeruginosa. Allantoinase zelf was niet
instabiel, maar de inactivenng bleek het gevolg te zijn van de synthese van
een eiwit aan het einde van de exponentiele groeifase Het inactiverende
agens werkte niet proteolytisch op allantoinase Er wordt gepostuleerd dat
een specifiek bindend eiwit wordt gesynthetiseerd aan het einde van de exponentiele groeifase.
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STELLINGEN

1
Alvorens een 'nieuwe' quantitatieve bepalingsmethode voor glycolzuur te
beschrijven verdient het aanbeveling eerst 'oude' literatuur te bestuderen.
V. P. Calkins, Ind. Eng. Chem. Anal. Ed. 15 (1943) 762.
К. F. Lewis and S. Weinhouse in S. P. Colowick and N.O. Kaplan
Methods in Enzymology III (N.Y. 1957) pag. 269 e.v.
K. Takahashi, J. Biochem., 71 (1972) 563.
2
Een gestoorde alanine tolerantietest hoeft niet te wijzen op een stoornis in de
gluconeogenese.
3
Belasting van patiënten, lijdende aan een pyruvacidemie, met aspartaat kan
naast therapeutische eveneens diagnostische waarde hebben.
4
Het is aanbevelenswaardig patiënten lijdende aan een klassieke Phenylketonurie te behandelen met thiamine.
J. A. Bowden, С L. McArthur 111, Nature, 235 (1972) 230.
5
Het getuigt niet van een kritische instelling om stoffen alleen op grond van
hun antagonistische werking bacteriocines te noemen.
A. K. Vidaver et al., Can. J. Microbiol., 18 (1972) 705.
6
Het verband tussen de licht gestimuleerde, ATP-afhankelijke phosphorylering
van rhodopsine en het visueel mechanisme kan niet zonder meer aangenomen
worden.
D. Bownds et al.. Nature New Biol., 237 (1972) 125

7
De nomenclatuur van Stanier et al. betreffende Pseudomonas
is onjuist.
Stanier et al., J. Gen. Microbiol., 43 (1966) 159.
Dit proefschrift.

acidovorans

8
De repressie van de ureum amidolyase synthese in Candida utilis door
ammonium is door Roon en Levenberg onvoldoende kritisch onderzocht.
R. J. Roon and B. Levenberg, J. Biol. Chem., 247 (1972) 4107.
9
De vermeende synthese van ureidoglycine uit oxaluurzuur, zoals voorgesteld
door Wu, is slechts een omslachtige methode om kaliumoxaluraat te be
reiden.
С H. Wu, Thesis, Oklahoma State Unversity, Stillwater,
Oklahoma, U.S.A.
С. H. Wu et al., Biochem. Biophys. Res. Comm., 39 (1970) 976.
10
Bij de interpretatie van de gegevens verkregen bij de molecuulgewicht
bepaling van M 13 specifieke messenger RNA's in aanwezigheid van DMSO
is onvoldoende rekening gehouden met mogelijke chemische degradatie van
dit RNA.
E. Jacob et al., Eur. J. Biochem., 32 (1973) 432.
11
De sociale psychische en etische begeleiding van gezinnen waarin 'inborn
errors' voorkomen verdient de grootste aandacht.
12
Teneinde het ontwikkelingsstadium van de Derde Wereld na te gaan verdient
het geen aanbeveling conclusies te verbinden aan het voorkomen van de
'Zivilisationskeim' aldaar.
R. Ruschke, Zbl. Bact. Hyg. i. Abt. Orig. B, 156 (1972) 391.
13
Het kapitaal fungeert in vele gevallen als een politieke witmaker.
14
De kwantiteit, kwaliteit en diversiteit van de stellingen bij een dissertatie
zijn in vele gevallen geen maat voor de activiteit van de promovendus.
22 juni 1973
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