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GENERAL INTRODUCTION

Nitrogenous waste products in nature

Purines, important structural components of nucleic acids,
are excreted, or partly degraded and subsequently excreted,
by animals (Fig. 1 ) . Ammonia is excreted by animals as a
waste product, if ample water is available for the rapid removal of this toxic substance. In other animals ammonia is
converted to the less toxic urea in the urea-cycle. Animals
whose eggs are protected against water loss, excrete the relatively non-toxic and insoluble compound uric acid (1). Spiders excrete the relatively non-toxic compound guanine (2).
These two compounds arise along the uricotelic pathway as the
nitrogenous waste products of, especially, amino acid degradation.
The excretion of nitrogenous waste products by animals
includes yearly several billion kilograms of uric acid and
allantoin, which are recycled by microorganisms.
Uric acid, allantoin and allantoate are present in a
large number of plants (3). Allantoin and allantoate play an
important role in the storage and translocation of nitrogen
in various plants (3). Consequently, dead plant material contributes directly to the delivery of allantoin and allantoate
to the nitrogen cycle in nature. Moreover, this cycle is fed
by the purines from nucleic acids of all dead organisms.
These waste products are degraded by a large number of
microorganisms (for a recent review see (4)). Especially

3
0
II
1

II

CH

N

V

и

и

ι

ч

сн

nucleie acids

adenine
> («innes··—nucl lotides

hypoianthine

0

Il t

/CH

il
H
lanlhine

Η,Κ

H

NH,

guanine

1

°i

?

и

иле acid

•Ι
«Cf

-HH,

»ricolytic
palhwai

н'^нн-с-

uricotelic
pathway

allanlDin

1
ЙНг

•

СМИ NHt

0
Η

Η Η

allantoic acid

ι

• ΝΗΪ— С—NHj

I
urea
cycle

L
Fig. 1

—

0

urea

J/
χ

r

proteins

\

л acids
amin

Nitrogenous waste products excreted by animals. The
arrows indicate the way along which these compounds
can arise. Adenine is excreted by flatworms and anne
lids, guanine by spiders, uric acid by primates, birds,
uricotelic reptiles and insects (except the dipters),
allantoin by mammals (except the primates), gastropods
and insects (only dipters), alIantoate by some bony
fishes, urea by many kinds of fishes and by amphibians,
and ammonia by crustaceans and moluscs (2).
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Pseudomonas species are capable to use most of these products
for growth, often as the sole source of carbon, nitrogen and
energy (5). Some microorganisms appear to grow only well when
uric acid or closely related compounds are present in the me
dium. Bacillus fastidiosus needs uric acid, allantoin or allantoate for growth (6,7,θ) , and Clostridium acidiunci and Clos
tridium cylindrosporum need uric acid or purines (9). Because
of our interest in organisms specialized in as well uric acid
as allantoin consumption, B. fastidiosus became the central
oboect in this investigation.

Bacillus fastidiosus

In 1929 Den Dooren de Jong (6) described an aerobic, sporeforming bacterium, which is able to grow only at the expense
of uric acid and its degradation product allantoin. Because of
this unusual limitation in the capacity of growth, this bacte
rium was called Bacillus fastidiosus. In the 5th edition (1939)
of Bergey's Manual of Determinative Bacteriology B. fastidiosus
was a recognized Bacillus species. In the 6th edition (194Θ)
this organism was relegated to an uncertain status. The 7th
edition (1957) did not record its existence, presumably due to
the identification by Smith, Gordon and Clark (10) of an al
leged B. fastidiosus strain as a Bacillus pumilis. In the late
sixties and the early seventies a number of B. fastidiosus
strains were isolated and studied by Claus (communicated by
Brandt (8)), Leadbetter and Holt (11,12), Mahler (13),
Kaltwasser (7) and Braun (14). As a result the organism was
described extensively by Gordon (15) in CRC Handbook of Micro
biology and later on by Gibson and Gordon (16) in the 8th edi-
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tion (1974) of Bergey's Manual of Determinative Bacteriology.
At this moment B. fastidiosus is one of the two recognized Bacillus species - the second one is Bacillus pasteunl whose special requirements for growth exclude them from many
comparisons with other species. B. fastidiosus grows with uric
acid, allantoin (6) and allantoate (first observed by Claus as
communicated by Kaltwasser (7)) as the sole source of carbon
and nitrogen, and urea, carbon dioxide, ammonia and cell materials are formed from it (7,16). Peptones, salts of organic
acids, alcohols, polyalcohols, sugars, amines, amino acids,
amides, urea, guanine and purine derivatives are not dissimilated (6).
The cells of B. fastidiosus are large rods (1.5 - 2.5 by
3-6

u m ) , often occurring in chains till 200 um (8), motile

by lateral flagella and gram-positive in early stages of
growth (15,16). The spores are oval or cylindrical (1.4 - 1.7
by 1.8 - 3.0 u m ) , terminal to central, and do not distend the
sporangia distinctly (16) . B. fastidiosus is strictly aerobic,
catalase-positive and mesophilic (16). The original isolation
was from soil (6), but subsequent isolations were from soil
and poultry litter (8,16).
Leadbetter and Holt (10) reported the following features
for the B. fastidiosus strains isolated by themselves. The
vegetative cells are encased in a typical gram-positive wall.
The plasma membrane shows typical unit-membrane structure with
a total thickness of 60 to 75 A. Mesosomes or plasmalemnosomes,
variable in size, appear to develop by intrusions of the plasma membrane and may be simple invaginations or complex organelles of various appearances. The cytoplasma was packed with
small granules, approximately 120 A in diameter, which were
referred to as nbosomes. Motility is stimulated by addition
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of complex medium and is observed in young cultures. The diameter of the flagella is about 0.02 um (10).

Purpose of the present investigation

Because of the strongly limited capability of B. fastidiosus
to use compounds as substrates for growth, we studied both the
uric acid metabolism of this bacterium and its regulation, and
the capacity of the organism to utilize other organic compunds.
Moreover, this bacterium appeared to be a very suitable source
for the enzyme u n c a s e , the first enzyme involved in the degradation of uric acid. Therefore we purified this enzyme in order
to characterize it and to study the enzymatic mechanism of uric
acid conversion.
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Uric Acid Degradation by Bacillus fastidiosas Strains
Seven Bacillus strains including one of the original Bacillus
fastidiosus strains of Den Dooren de Jong could grow on urate, allantoin, and, except
one, on allantoate No growth could be detected on adenine, guanine, hypoxanthine, xanthine, and on degradation products of allantoate Some strains grew
very slowly in complex media The metabolic pathway from urate to glyoxylate
involved uncase, S(+ ballantomase, allantoate amidohydrolase, S ( - ) ureidoglycolase, and, in some strains, urease
In 1929 Den Dooren de Jong (4) described a
fastidious Bacillus species that was able to grow
only on urate and allantoin T h e bacterium was
called Bacillus fastidtosus
Similar bacteria
were recently isolated by Lead bet ter and Holt
(9, 12), Claus (according to Kaltwasser [10]),
and Mahler (13) The characteristics of some of
these strains and four new isolates are compared
in this study
Various routes of uric acid degradation by
bacteria are known Except for Veillonella alcalescens (30), Clostridium
cylindrosporum,
and Clostridium acidiunci (1), all pathways
involve allantoin, allantoate, ureidoglycolate,
glyoxylate, and urea as intermediates The
enzymes involved and the optical isomers of the
various intermediates are different in the van
ous bacteria studied (24) The present paper
deals with the uric acid degradation by seven В
fastidiosas strains
MATERIALS AND METHODS
Bacterial § tra ins. В fastidiosas SMG 83 was
obtained from H Kakwasser (10), Department of
Microbiology University of Saarland, Saarbrücken,
Germany В fastidiosas strain 1051, an original
isolate of Den Dooren de Jong (4) was supplied by Τ
О Wiken, Department of Microbiology, Technologi
cal University, Delft В fastidiosas strain NCIB
10372, an isolate of J L Mahler (13), was obtained
from NCIB Four other strains, were isolated from soil
by incubation of different soil samples (0 5 g) in 100
ml of medium containing 1 g of urate and 0 1 g of
K,HP0 4 in tap water (pH 6 7) Incubation was at 37 С
for 3 to 4 days with rota ton, shaking in a New
Brunswick model G25 environmental incubator (200
rpm) Culture samples were heated for 10 min at 80 С
and plated on the same medium containing 1 2%
agar The strains were isolated by four transfers on
plates containing this medium Strains growing well
on 3% Trypticase soy broth (TSB, BBL) within 4 days
were discarded The resulting strains were divided

into four groups on the basis of their sensitivity to
various antibiotics morphological appearance, colony
form, and color Of each group one strain, coded A 2
С 4, С 6 A, or E 1, was used in this study The strains
were preserved at 4 С after growth for 2 days at 37 С
on plates or slants containing 0 4% uric acid or 0 6Τ
allantoin, 0 3% TSB 1 2*7 agar, and the trace element
buffer according to Kaltwasser (10) Transfers were
made every 3 to 4 weeks
Media used in growth tests. Growth experiments
revealed that the medium used during the isolation
was suboptimal Trace elements and in some cases
small amounts (0 3 to 0 4%) of TSB or brain heart
infusion (BHI, Oxoid) improved growth
Growth tests were performed in standard media
containing one of the following compounds in trace
element phosphate buffer (pH 7 2) (10) 0 3% purine
(adenine, guanine hypoxanthine, or xanthine) 0 4%
uric acid, 0 6% allantoin, 0 6% sodium allantoate, or
0 5% sodium ureidoglycolate The media were sten
Iized at 121 С except for allantoate and ureidoglyco
late which were sterilized by heitz hit ration Allanto
ate is unstable at high temperatures (27) whereas
ureidoglycolate is hydrolyzed slowly also at room
temperature (20) Media containing the latter com
pound were used immediately after preparation
To determine the generation time on urate, a clear
medium was used consisting of 0 3 g of uric acid
dissolved in 90 ml of 0 1 N NaOH and then neutral
ized to pH 7 5 to 7 6 with KVS ΚΗ,ΡΟ« solution while
the temperature was kept above 30 С Trace elements
were added to the same concentrations as used in the
standard media Water was added to obtain a volume
of 110 ml This medium was sterilized by Seitz
filtration
The presence of flagella was studied by electron
microscopy after negative straining with uranyl ace
tate of washed preparations of cells taken from the
mid exponential phase of an allantoin TSB culture
Photographs of cells were made according to the
interference contract method ol Nomaibki (14) with a
Leitz microscope
Preparation of cell euspeneione. Cells were grown
in standard media (50 ml) containing urate, allantoin,
or allantoate The media were heavily inoculated and
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incubated overmghl at 37 С with rotatory shaking
(200 rpm) The cultures obtained were used to inocu
late 1 5 liters of media, which were incubated under
similar conditions Cells were harvested by centrtfugation, washed twice with the buffered trace element
solution, and suspended in 75 ml of this solution. The
suspensions were stored at -20 С
Cell-free extract·. Cells were disrupted, while
chilled at 0 C, in a 100-W MSE ultrasonic disintegra
tor for 75 s with intermittent cooling. The sonicated
suspension was centrifuged at 4 С for 20 min at
100,000 χ g The supernatant was stored at 20 С
Extracts used for allantoinase (allantoin amidohydrolase EC 3 5 2 5) assays were stored at 4 C, since the
enzyme appeared to be more stable at this tempera
ture
Enzymatic procedures. Guanine deaminase (gua
nine aminohydrolase, EC 3 5 4 ,1) and adenine deami
nase (adenine ammohydrolase, EC 3 5 4 2) were as
sayed by measurement of the ammonia produced by
extracts incubated with guanine present at the satu
rated concentration or adenine present at a concentra
tion of 3 0 mM, respectively, in 40 mM phosphate
buffer (pH 7 2) at 30 С Ammonia was determined by
the phenol-hypochlonte method (15)
Xanthine de hydrogen aw (xanthine oxidized nico
tinamide adenine dinucleotide oxidoreductase, EC
1.2 1 37) was assayed as described by Watt (29), but
the incubation volume was 2 ml and the oxidized
nicotinamide adenine dinucleotide concentration was
0 6 mM.
Uncase (urate.oxygen oxidoreductase, EC 1 7 3.3)
activity was measured according to Mahler (13),
0 2-ml samples of the reaction mixture were diluted
in 3 θ ml of 0 1 N HCl. Allantoinase, allantoate
amidohydrolase (allantoate amidmohydrolase [decarboxylating); EC 3 5.3 9), and ureidoglycolase
( ureid og I y cola te urea-lyase; EC 4 3.2.3) were deter
mined by measurement of the amounts of allantoate,
ureidoglycolate, and glyoxylate, respectively, accord
ing to the difTerential glyoxylate analysis (28), urease
(urea amidohydrolase, EC 3 5 15) was measured
according to either the phenol hypochlorite method
(15) or the glutamate dehydrogenase assay, according
to Vogels et al (26), bul 0 0Ö ml of glutamate dehydrogenase in glycerol was added instead ol 0 1 ml
Polarimetrie measurements. Polarimetrie mea-

surements were performed at 30 С in a Perkm-Elmer
model 141 Polarimeter at 365 nm in a 10-cm quartz
cuvette. Optical rotations were followed as a function
of time for allantoinase, allantoate amidohydrolase,
and ureidoglycolase Uncase assays were performed
with clear solutions containing 18 μΐηοΐ of urate per ml
of phosphate buffer, which were prepared as described
before, but no trace elements were added Allantoi
nase was tested in an incubation mixture containing,
per milliliter, 50 μίποΙ of RS-allantoin and 270 ¿¿mol of
tnethanolamine-hydrochlonde (pH 7 Θ). Allantoate
amidohydrolase was assayed in mixtures containing,
per milliliter, 100 μ mol of sodium allantoate, 270μπιο]
of diethanolamine-hydrochlonde (pH 8 8), 0.25 мтоі
of MnS0 4 , and 6.8 μπ\ο\ of reduced glutathione The
enz>me was activated b\ acid pretreatment (2ÌI at
pH 2 0 for 20 s at 0 С Ureidoglycolase was measured
in mixtures containing, per milliliter, 75 μηιοί of
sodium RS-ureidoglycolate, 0 75 jjmol of MnSO«, and
200 дтоі of tnethanolamine-hydrochlonde (pH 7 5)
R- and S-allantuin and R- and S-ureidoglycolate
are defined according to the nomenclature of Cahn et
al (2, 3) R-allantoin is equivalent to ( )-allantoin
(18), and R-ureidoglycolate is equivalent to ( + )ureidoglycolate (17) The enzymatic activity was
calculated from the polarimetrie data by use of the
values of the molar rotations, which are -508° for
R-allantoin (18) and +30° for R-ureidoglvcolate (17)
under the conditions used
The specific activities of all enzymes are given as
micromoles of substrate converted per minute per
milligram of protein
Chromatography. Urate and its degradation prod
uct allantoin were separated by thin-layer chromatog
raphy on polyethyleneimine-cellulose F (Merck) The
solvent system consisted of 4 parts 0 15 M NaCl and 1
part 95% ethanol (8)
RESULTS
Description of the etraine. The cells of the
seven strains of B. fastidiosas were rods with a
size of 2 0 to 6.6 by 1.1 to 1.7 μτη (Table I), had
round ends, and were motile (except strain 1051)
by means of pentnehous flagella and gram posi
tive when tested with cells taken from a young

TABLE 1 Properties of Bacillus fastidiosas strains
Cells
Strain

Mean
length
(μΐη)·

A2
C4
C.6.A
E1
SMG83
1051
NCIB 10372

4.3
2.7
2.7
27
4.7
6.6
20

Mean
width
(<im)·

1.55
1 15
1 15
155
155
1.70
1 15

Mean length
of spores
(ym)

20
1.3
1.3
13
1.8
2.0
10

"As measured during exponential growth
"Pu, Punctiform; Ro, round; I, irregular, Rh, rhtzoid,

Colony form'

Origin

I
Pu
Ro-Pu
Pu
Rh-Ro

D Claus

Rh
Pu

L E Den Dooren de Jong
J. L. Mahler
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culture Oval spores were formed with a size of
1 0 to 2 0 by 0 8 to 1 0 цт
Sporangia were not appreciably swollen Five
strains formed central spores, whereas two
strains (SMG 83 and 1051) formed terminal
spores The bacteria were aerobic and did not
grow under anaerobic conditions on urate or
allantoin medium at 37 С The form of the white
to pale yellow colonies is given in Table 1
Figure 1 shows photographs of cells of one of the
original strains of Den Dooren de Jong, strain
1051, and of strain С 4 taken from the exponen
tial phase Strain 1051 exhibited a strong tend
ency toward autolysis
Growth in various media. Media found to
support growth are given in Table 2 Urate and
its degradation products, allantoin and allanto
ate, yielded abundant growth except for strain
С 4, which was not able to grow on allantoate
Rich media such as TSB, BHI, and casein
hydrolysate (enzymatic) (all 3%) allowed only
very limited or no growth The limited growth
was not due to the presence of urate, allantoin,
or allantoate since the amounts of these compo
nents were less than 0 03% as determined on a
dry weight basis Strain NCIB 10372 needed
some components from complex media for
growth on urate, allantoin, and allantoate Ade
nine, guanine, hypoxanthine, and xanthine
could not be used for growth by any of the
strains under conditions similar to those used in
the tests with urate and its degradation pro
ducts No growth was observed in Seitz-filtered
media containing 0 3% NH.Cl and 0 2% sodium
glyoxjlate, sodium glycolate, sodium fumarate,
or sodium potassium tartrate in trace element
phosphaU buffer (pH 7 2) Addition of 0 3%
TSB did not improve the growth

allantoin was subject to a rapid racemization
(25) even at these pH values, which are suboptimal for uncase action The presence of allantoin
in the reaction mixtures was demonstrated by
chromatographic means Per mol of urate, 0 45
mol of oxygen was consumed (Fig 2) A similar
result was obtained by Kaltwasser (10)
Degradation of allantoin. On incubation of
crude extracts with RS allantoin, allantoate
was formed and simultaneously a negative opti
cal rotation was observed in the incubation
mixture (Fig 3) The results indicate that
allantomase reacts specifically with S( + ) allan
toin
Degradation of allantoate. Two enzymes are
known to be involved in the degradation of
allantoate by bacteria Allantoicase (allantoate
amidinohydrolase, EC 3 5 3 4) is present in a
number of Pseudomonas species, whereas van
ous other bacteria contain allantoate amidohydrolase (24) Both enzymes produce ureidoglycolate However, allantoicase forms urea
whereas the allantoate amidohydrolase reaction
results in the formation of NH, and CO, from
allantoate
In all instances tested so far (22, 23), allanto
ate amidohydrolase was present in a rather
inactive form in crude bacterial extracts The
activity could be enhanced considerably by
pretreatment at low pH values or at pH about 6
in the presence of suitable chelating substances
(22) The enzyme of В fastidiosus behaved this
way and converted allantoate to ammonia and
ureidoglycolate in a ratio of approximately 2 1
(Fig 4) It is obvious that S( ) ureidoglycolate
was produced The production of ammonia was
not due to a combined action of allantoicase and
urease since ammonia was also formed by the
extracts
of the four strains of В fastidiosus that
Generation time in various media. The
generation time as judged by the increase of do not contain urease The results obtained with
the crude extract of the urease negative strain
optical density at 600 nm is given in Table 3
The growth rates in minimal media containing E 1 are depicted in Fig 4
urate or allantoin were higher than in media
Degradation of ureidoglycolate. Ureido
containing allantoate except for strain 1051
glycolate is converted into glyoxylate and urea
TSB (0 3%) supported growth only very weakly by ureidoglycolase (Fig 5) The formation of
but had a stimulating effect on growth, espe urea could be established by performing the
cially for strain NCIB 10372 Some strains grew reaction with a crude extract of a urease nega
to some extent on 3% TSB Similar results were tive В fastidiosus strain, followed by measure
obtained when TSB was replaced by BHI
ment of ammonia with glutamate dehydrogen
Degradation of urate. The conversion of ase in the presence or absence of jack bean
urate into allantoin by crude extracts of В urease The ammonia glyoxylate and ureafastidiosus cells resulted in a positive optical glyoxylate ratios were 2 and 1, respectively
rotation of the incubation mixture when as Polarimetrie measurements performed with RSsayed at or below pH 7 6 These results indicate ureidoglycolate demonstrated that S ( - ) that S( + ) allantoin is the product of urate ureidoglycolate is the substrate of ureidoglyco
degradation, but no quantitative correlation lase Under the conditions applied, R(+)could be established between the disappearance ureidoglycolate did not accumulate in stoichioof urate and the observed optical rotation, since metncal amounts due to racemization (17)
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FIG. 1. Allantoin-TSB-grown celts of two В. fastidioma strains. (A) B. fastidiosus CA; (В) В. fastidiosus
¡OSI.
Degradation of urea. Urease was present
Induction of enzymes. Uncase was induced
only in B. fastidiosus strains A.2, SMG 83, and
by urate in all strains (Table 4). This result
1051 grown on urate, allantoin, or allantoate
agrees with those reported previously by KaltThe presence of urease in strain SMG 83 was
wasser (10) for B. fastidiosus SMG 83. Small
previously reported by Kaltwasser (10).
amounts of the enzyme were present in B.
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TABLE 2 Growth capabilities of Bacillus fastidiosus strains on various media
Strain*

Medium*
0 3% Urate
0 3% Urate+ 0 3%TSB
0 6% Allantom
0 6% Allantom + 0 3%
TSB
0 6% Allantoate
0 6% Allantoate + 0 3%
TSB
3%TSB
3%BHI
3% Casein hydrolysate

A2

C4

C6A

SMGM

1051

NCIB 10372

++
++
++
++

+
++
+
++

++
++
++
++

++
++
++
++

++
++
++
++

++
++

++

++
++

_
_
_
-

++
++

++
++

±
±

±
+
±

d-

±

-

-

El

+H

_
-

++

++

++
++

++
++

++

±
±
±

+
+
±

+
+
±

-

6

All media are described m the text Incubation was at 37 С Liquid media were shaken in β rotatory shaker
(200 rpm) and growth was followed by measurement of the absorbancy at 600 nm
6
-, No growth, ±, scarce growth +, reasonable growth, ++, abundant growth
TABLE 3 Generation time during exponential growth
of Bacillus fastidiosus strains on uanous media"

μ moles /ml

Generation time (mm)
Striin

A2
C4
C6A
El
SMG83
1051
NCIB 10372

Allan
Urate
torn
+ Ural«
+
0 3%
0
3%
TSB
TSB
40-45
65-70
45-55
50-60
45-55
60-65
75 85

60-70
65-70
65 70
60-65
50-60
65-70

Allan
torn

Allan
toat«

0 3%
TSB

40-45 45-50
90
·
70 75 130-150
45-50 65 70
100 >300
55 60 50-60
150
40 45 45- И
75
35 45 55-60 45-50 >300
90-95
90-95' >300

' Standard media ae described in the teit were inoculated
with cultures in the late eiponential phase pregrown on
allantom TSB medium Incubations were at 37 С in a
rotatory shaker (200 rpm) in a 100 ml Erlenmyer flask
•— No growth
' 0 3% TSB was added

fastidiosus strain С 4 and NCIB 10372 after
growth in allantom or, in case of the latter
strain, in allantoate media Growth of these
strains for 30 to 35 generations in allantom
medium did not reduce the specific activities of
uncase below the indicated values Allantoinase, allantoate amidohydrolase, and ureido
glycolase were present in cells growing in urate,
allantom, or allantoate medium
Although none of the strains could grow on
the purines adenine, guanine, hypoxanthine,
and xanthine under the conditions applied for
growth on urate and its degradation products,
cells grown on urate or on allantom were tested
for the presence of the enzymes adenine deami
nase, guanine deaminase, and xanthine dehy-

Time I mm)
Ею 2 Enzymatic breakdown of urate m phoe
phate buffer by unease and the coupled oxygen
consumption The reaction mixture contained, per
milliliter, 15 μmol of urate, 80 μηιοί of KJÍPO,
NaHtPOt buffer (pH 7 5), and an amount of crude
extract of Bacillus fastidiosus SMG 83 equivalent to
0 25 mg of protein Disappearance of urate was
measured spectrophotometncally at 283 nm after
dilution in 0 I N HCl Oxygen consumption was
measured manometncally m a Gilson differential
respirometer Symbols O, Amount of urate disappeared, Ш, amount of oxygen consumed
drogenase None of these enzymatic activities
could be detected in the crude extracte of the
seven strains
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jimoles/ml

Optical rotation

However, this point deserves two comments (i)
the requirement for these subst' к- „;>. еь."
not to be absolute for all strains, since some of
the strains can grow slightly on complex media,
and (n) the property to degrade urate, allantoin,
or allantoate appears not to be confined to В
fastidiosas among the Bacillus species В megaterium (19), В guano (19), B. hollandicas (19)
(later identified as Я brevis),B
polymyxa(L.E
Den Dooren de Jong, dissertation, Technological
University, Delft, 1926), and В subtilis (6, 21,
Den Dooren de Jong, dissertation) can use urate
as a nitrogen source but do not grow in a me
dium containing this substance as the sole sub
strate Rouf and Lomprey (16) reported growth
μ moles/ml
I — I

О

2

i.

6

Optical Rotation
(Degrees 10-3)

β
10
Time I mm)

FIG 3 Enzymatic conversion of allantoin by al
lantoinase The reaction mixture contained, per milli
liter, 46 5 pmo/ of allantoin, an amount of crude
extract of В fastidiosus SMG S3 équivalent to 0 35
mg of protein, and 200 μmol of triethanolaminehydrochloride ipH 7 5) Symbols O, Allantoin pres
ent, Ώ, allantoate formed, •, R-allantoin accumu
lated during the reaction, Δ, optical rotation

DISCUSSION
The strains of В fastidiosas studied in this
report have a number of properties in common,
but striking differences must be noted that
allow the distinction of the strains According to
the description of Den Dooren de Jong, B.
fastidiosas forms rhizoidal colonies (4) This
appears to be true only for his isolate In
contrast to the observation of Den Dooren de
Jong, all strains are gram positive, Leadbetter
and Holt (12) already pointed out that Den
Dooren de Jong may have used a preparation of
old cells. We report a strong tendency to autolyze for one of his strains that can also account
for the negative result of Den Dooren de Jong
The most striking common property of the
strains is their ability to grow well only on urate,
allantoin, and (all but one strain) allantoate.

Time! mm)
FIG 4 Enzymatic conversion of allantoate by al
lantoate amidohydrolase The reaction mixture con
tained, per milliliter, 22 μmol of sodium allantoate, an
amount of crude extract of В fastidiosus E I equiva
lent to 0 37 mg of protein, 4 25 ßmol of reduced
glutathione, 0 085 ßmol of MnSO,, and 170 μmol of
diethanalamine-hydrochlonde {pH 8 8) The enzyme
was pretreated atpH I 8in0 05M phosphoric acid for
20 s (0 Q and added to the reaction mixture at the
start of the experiment Assays with crude extracts
not pretreated in this way yielded ureidoglycolate and
ammonia at velocities equivalent to 1 5% of those
with pretreated ones Symbob O, Allantoate present,
D, ureidoglycolate formed, O, ammonia formed. A,
S ureidoglycolate accumulated during the reaction,
A, optical rotation.
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of B. subtiUs and an unidentified Bacillus spe
cies on urate and allantom, but these strains
also use adenine, guanine, hypoxanthine, and
xanthine for growth. Growth on urate appeared
to be an adaptive characteristic, because the en
zymes involved were induced after inoculation
from a complex medium into an urate medium.
All strains of B. fastidiosus mentioned above
decompose urate along the same catabolic path
way depicted in Fig. 6. In this figure the
absolute configurations of the intermediates are
given. Adenine, guanine, hypoxanthine, and
xanthine are not broken down.
In 1965 Franke et al. reported first the forma
tion of ( + )-allantoin in the urate degradation by
animal and plant uricases (7). The same com
pound appears to be formed by the uncase of B.
fastidiosus. Allantoate is converted into ureido
glycolate, ammonia, and carbon dioxide by
allantoate amidohydrolase. This enzyme is also
found in Escherichia coli, Proteus
rettgen,
Pseudomonas acidovorans, and
Streptococcus
allantoicus (23) The enzyme of B. fastidiosas
produces S(-(-ureidoglycolate. The same reac
tion is catalyzed by the enzyme of S. allan
toicus, whereas the enzyme of P. acidovorans
15
20
forms Rt-O-ureidoglycolate. All allantoate amiTimelmin)
dohydrolases have one striking property in com
FIG 5. Enzymatic conversion of ureidoglycolate mon, since they are present in an inactive form
by uretdoglycolase. The reaction mixture contained,
in the bacterial extract and can be activated at
per milliliter, 77.5 μηοΐ of sodium RS-ureidoglyco- low pH values or in the presence of chelating
late, 0.38 ßmol of MnSO., 100 μmol of tnethanolaagents at about pH 6. The mechanism of this
mine-hydrochlonde (pH 7.8), and an amount of crude
extract of В fastidiosus E.l equivalent to 2 0 mg of
protein Ammonia was determined according to a
glycolate present, D, glyoxylate formed, О , ammonia
gfotamate dehydrogenase assay, both m the presence
formed in the presence of urease, φ , ammonia formed
of jack bean urease (Serva, 0 13 mg per ml of assay
in the absence of urease, A, R-ureidoglycolate accu
mixture) and m its absence. Symbols O, Ureidomulated during the reaction, Δ, optical rotation.
Optical Rotation
(Degrees IO"3)
I

TABLE 4 Specific activities of the uricolytic enzymes m Bacillus fastidiosas strains
Enzyme
Uncase
AUantoinase
Allantoate amidohy
drolase
Ureidoglycolase
Urease

Strain of В fastidiosus

Growth
medium

A2

C4

C6A

El

SMG83

1051

NCIB
10372

Uric acid
Allantom
Allantoate
Uric acid
Allantom
Allantoate

81
ND°
ND
02
05
0.7

90
08

»

39
ND
ND
03
0.3
0.7

41
ND
ND
0.3
0.8
0.3

10 3
ND
ND
06
1.3
0.7

10 8
ND
ND
05
03
09

10 2
09
10
04
1.5
06

Allantom
Allantom
Uric acid
Allantom

16
67
16
3.9

6.4
18
ND
ND

53
83
ND
ND

48
51
ND
ND

22 7
3.5
3.3
45

1.9
4.8
4.5
26

77
6.3
ND
ND

»

0.4
07

" ND, Not detectable. The limits of detection in the enzyme assays were 0 05 for uncase and urease and 0.005
for allantoinase, allantoate amidohydrolase, and ureidoglycolase
* Strain C.4 is unable to grow on media containing allantoate as the sole source of carbon, nitrogen, and
energy even when supplemented with 0.3% TSB
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FIG 6 Catabolic pathway of uric acid to glyoxylate and urea in В fastidiosus.

activation was subject to an extensive study by
Van der Drift and Vogels (22), but the physio
logical role of this property is still unknown.
B. fastidiosus C.4 does not grow in an allanto
ate medium but contains a normal set of
enzymes and grows well on allantoin and urate.
The resulta may reflect the presence of a trans
port barrier for allantoate in this strain.
The absence of urease in some strains of B.
fastidiosus may be due to the absence of the
genetic information to produce this enzyme or
to a strong repression of the enzyme production
by ammonia as found in P. aeruginosa (5, 11).
The pathway of urate degradation found in fi.
fastidiosus differs only in some minor aspects
from that found among other bacteria, and the
results presented do not yield an explanation for
the fastidious character of this bacterium.
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SUMMARY

Bacillus fastj-diosus possesses active transport
systems for uric acid, allantoin and allantoate. Both
enantiomers of allantoin are consumed. R(-)-allantoin
is converted by allantoin racemase into S(+)-allantoin, which in turn is hydrolyzed by S(+)-allantoinase.
The identical Y

. ^
-values (13.1 g dry weight/
substrate

mol substrate ) of B. fastidiosus for growth on uric
acid, allantoin or allantoate indicate that no energy is gained in the degradation of uric acid to
allantoate. In the presence of Brain Heart Infusion
broth the Y

, ^ ^ is higher (19.7 g dry weight/
T
substrate

mol allantoin). It is argued that this difference is
due to the synthesis of monomers of the cell components in cells growing at the expense of uric acid,
allantoin or allantoate only.

INTRODUCTION

Bacillus fastidiosus is capable to grow well only at the
expense of uric acid, allantoin and allantoate (4,7). This
prompted us to study the uptake of these substrates. Moreover,
the yields and rates of growth of this bacterium on these
substrates will be studied in order to get information on the
maximal growth yield, the maintenance energy and the growthstimulation observed in the presence of complex media (4).
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MATERIALS AND METHODS

Bacterial strains and growth. All strains of B. fastidiosus
were described previously (4), except strain DSM 91, one of the
original strains of Den Dooren de Jong. It was kindly supplied
by H. Kaltwasser, Department of Microbiology, University of
Saarland, Saarbrücken, Germany. Continuous growth was performed
in a medium containing per 1 1.5 g uric acid, 2.0 g allantoin
or 3.0 g sodium allantoate in 0.2 M phosphate buffer (pH 7.4
to 7.6) supplemented with trace elements to the same concentrations as used in batch-cultures (12). The allantoin and
allantoate media were filter-sterilized ^ust before use. Because
of its slight solubility in neutral solvents, uric acid was
dissolved (3 g/1) in 0.1 N NaOH, filter-sterilized and infused
into the culture vessel by a separate entry; simultaneously an
equal volume of heat-sterilized 0.4 M phosphate buffer (pH 6.8)
supplemented with trace elements was added (final pH 7.5 - 7.8).
Yields were determined by dry weight measurements of cells
washed with 0.9% NaCl solution (11).
Cell densities (A-_„) were measured at 600 ran. The effect
600
of vitamins on growth was tested with a mixture containing per
1 22 mg biotin, 400 mg calcium

pantothenate, 2 mg folic acid,

2 g myo-inositol, 400 mg niacin, 200 mg ^-amino-benzoic acid,
400 mg pyndoxine hydrochloride, 200 mg riboflavin and 400 mg
thiamine.
Biochemical methods. Protein determination was according
to Lowry et al. (16).
In consumption and growth experiments uric acid, allantoin,
allantoate, ureidoglycolate and glyoxylate were determined
according to the differential glyoxylate analysis of Vogels
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and Van der Drift (23) after removal of the cells by filtration
(filter pores: 0.45 pm). Uric acid present in the filtrates
was determined essentially according to the method of Mahler
(17). Allantoin present in filtrates containing uric acid was
determined as the difference of the total amount of allantoin
measured after enzymatic conversion of uric acid by uricase
(urate: oxygen oxidoreductase, EC 1.7.3.3), and of the amount
of uric acid measured spectrophotometrically

(17) before the

enzymatic conversion.
Membrane vesicles were prepared according to Konings et
al. (13). Transport experiments with membrane vesicles were
performed according to the method of Konings et al. (13). The
uptake of amino acids by whole cells was measured in a similar
way.
14
14
C-labeled compounds, (2- C)-uric acid (56.7 mCi/
14
14
mmol), L-(U- С)-glutamic acid (270 mCi/mmol), L-(U- C ) 14
leucine (34Θ mCi/mmol), L-(U- C)-proline (225 mCi/mmol),
14
14
L-(U- C)-lysine (318 mCi/mmol) and L-(U- C)-arginine (336 mCi/
14
mmol) were purchased from Radiochemical Centre Amer sham, (8- O xanthine (12 mCi/mmol) was kindly supplied by H. Kaltwasser.
14
(7- С)-allantoin (0.1 mCi/mmol) was prepared by C. van der
14
Drift from 5-aminohydantoin and
C-labeled potassium cyanate
The

according to the method of Biltz and Giesler (2).
Allantoinase (allantoin amidohydrolase , EC 3.5.2.5) was
partially purified in a two-step procedure. Allantoin-grown
cells were sonicated in 0.05 M Tris-HCl buffer (pH 8.0). Phos
phate buffer cannot be used since 95 to 99% of the allantoinase
activity is lost due to complexation of metal ions, essential
to this enzyme, by this buffer. After centrifugation of the
sonicated cells at 100,000 χ g for 20 min the supernatant was
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applied to a Sephadex G-200 column (75 χ 3.5 c m ) . The eluted
fractions containing allantoinase activity were pooled and
applied to a DEAE-Sephadex A-50 ion exchange column after ad
dition of NaCl (final concentration 0.25 M ) . A linear salt
gradient ranging from 0.25 M to 0.50 M NaCl in 0.05 M Tris-HCl
(pH 8.0) was applied to elute the allantoinase. The fractions
obtained at about 0.36 M NaCl contained the enzyme and were
pooled. The specific activity of allantoinase was enlarged
from 45 to 500 pmol/min per mg protein, but the recovery
amounted to only 10% of the original activity. This preparation
did not contain allantoin racemase activity.
The allantoin racemase (EC 5.1.99.3) assay was essential
ly according to the method of Van der Drift et al. (9), but
the pH of the reaction mixture was 7.5.R(-)-allantoin was
prepared by L. van der Drift-Uffink according to the method
of 's-Grayenmade et al. (10). Glucose was determined according
to the o-dianisidine method (1). Pyruvate was determined ac
cording to the enzymatic assay described by Czok and Lamprecht
(6).

RESULTS

Consumption of uric acid and its derivatives. During growth
on uric acid, allantoin or allantoate no detectable amounts of
the subsequent catabolic intermediates up to and including
glyoxylate were excreted. Table 1 shows the initial consumption
rates of three representative strains. The synthesis of the
allantoate transport system appears to be regulated, since cells
pregrown on allantoin or allantoate are capable to consume
allantoate much more rapidly than those pregrown on uric acid.
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Table 1

Initial consumption rates for the substrates uric
acid, allantoin and allantoate, as measured with
B. fastidiosus strains C.4, C.6.A and SMG 83. The
incubation mixture contained per ml 50 pmol phos
phate buffer (pH 7.5), 0.2 ymol allantoin or
allantoate, or 0.15 ymol uric acid and washed cells
which corresponded with 65 to 260 yg cell protein
or 10 to 40 yg membrane protein. Incubation was at
37 С and 100 rpn in a shaking waterbath.

Cells pregrown

C.4

C.6.A

uric acid

465

665

1400

allantoin

200

130

allantoate

330
_b

100

65

uric acid

200

200

200

allantoin

1130
_b

1265

530

530

265

0

0

0

0

200

200

400

200

Substrate

on

Uric acid

Allantoin

allantoate

Allantoate

. a
Initial consumptiOEι rate
the
strains
by

uric acid
allantoin
allantoate

b

SMG Θ3

Expressed as nmol/min per rag membrane protein.
This strain will only grow on media containing uric acid or
allantoin.
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Accumulation of (2- С)-uric acid in membrane vesicles of
strain SMG 83 and strain C.6.A. was strongly stimulated by the
presence of phenazine methosulphate (PMS; 100 μΜ), and potassium
ascorbate (20 mM) (Fig. 1 ) . Similar results were obtained with
uric acid uptake
(nmol/mg membrane pnjtemj
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τ
2

3
time fmml

Fig. 1

Uric acid accumulation in membrane vesicles of B^.
fastidiosus SMG 83. The uptake was tested both in
presence (full line) and in absence (dotted line)
of PMS (100 yM) and ascorbate (20 m M ) . The incubation
mixture (100 μΐ) contained further 50 mM imidazole
chloride (pH 6.6), 8.8 μΜ (2-14C)-uric acid and an
amount of vesicles which corresponded with 25 yg
protein. Incubation was at room temperature under
flushing with gaseous oxygen. Samples (10 al) were
placed on cellulose nitrate filters (0.22 μιη) , rinsed,
dried and counted in a Packard Liquid Scintillation
Counter.

(7- 14O-allantoin. No essential differences in the accumula
tion of uric acid and allantoin were found between vesicles of
cells grown on uric acid, allantoin or allantoate. The rapid
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loss of accumulated urxc acid is thought to be caused by a
relatively high contamination of the vesicles with degradative
enzymes which convert the label at the C-2 position in uric
acid to carbon dioxide (5). In accordance with this view no
14
accumulation of the label from (2- C)-uric acid could be
observed in studies with whole cells. Amino acids accumulated
in the membrane vesicles were not appreciably released.
During growth of Pseudomonas aeruginosa in a medium con
taining racemic allantom only S ( + )-allantoin is consumed
(10). However, both enantiomers are consumed by B. fastidiosus
in batch and continuous cultures and by washed cells. More
over, washed cells degrade racemic allantoin and R(-)-allan
toin with an identical rate. This result may be due to the
presence of an enantioselective (4) allantoinase and allantoin
racemase.
Allantoinase and allantoin racemase. The specific activity
of allantoinase in crude extracts of allantoin-grown B_.
fastidiosus cells amounted to 45 - 60 pmol/min per mg protein.
This value is much higher than the one reported previously (4),
which was measured in extracts obtained by somcation in phos
phate buffer. The enzyme of B. fastidiosus is inhibited by
phosphate and EDTA, due to complexation of metal ions which
act as cofactors for the enzyme in a similar way as reported
for the enzymes from Streptococcus aliantoicus, Proteus rettgen
and Escherichia coli (22). After removal of metal ions from the
crude extracts of B. fastidiosus by means of EDTA and subsequent
dialysis, the activity of allantoinase was enhanced up to 300
and 140 times, on addition of Mn
and Cd
(both 10
Μ ) , res2+
2+
2+
2+
2+
pectively, but not on addition of Co , Hg , Mg , Pb , Cu
2+
and Zn . Moreover, the enzyme of B. fastidiosus resembles the
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aliantoinases from the above given organisms as it is stimulated,
up to 1.Θ- and 2.5-fold, by the presence of reducing agents,
-2
e.g. reduced glutathione and dithiothreitol (10

Μ ) , respec

tively, but it differs in enantiospecificity from these aspecific allantoinases (22) . In accordance to the preliminary
results reported previously (4) the purified enzyme from B.
fastidiosus is specific for S(+)-allantoin. R(-)-allantoin
was not converted by the enzyme as was evident from polarimet
rie studies and no allantoate was formed from it (data not
shown).
However, R(-)-allantoin is degraded by crude extracts of
RS(±)-allantoin-grown cells of B. fastidiosus. On basis of po
larimetrie studies with a solution of 37.5 mM R(-)-allantoin
the specific activity for the enzymatic racemisation was
amounted to 39.4 umol/min per mg protein. The specific activi
ty of allantoin racemase in crude extracts of cells grown on
uric acid or allantoate was appreciably lower (specific activ
ity: 4 to 6 ymol/min per mg protein). Allantoin racemase was
also present in the other B. fastidiosus strains tested.
Growth yields. The results obtained in continuous culture
experiments with B. fastidiosus SMG 83 are presented in Fig. 2
and Table 2. The maximal yield for the three substrates appears
to be nearly identical (mean value: Y

.
= 1 3 . 1 + 0.3 q
substrate

dry weight/mol). This result is apparent from the biochemical
conversion of uric acid into allantoate, in which no step yields
energy-rich components. Moreover, one may expect on chemical
and biochemical arguments that in the two hydrolytic steps from
allantoate to glyoxylate, urea, ammonia and carbon dioxide no
energy is freed in a form, which may be used in physiological
processes. In the presence of BHI a considerably higher
Y "f?
. is found (Table 2 ) .
allantoin
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l/y (mol/g dry weight)
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Fig. 2

t/û(h)

Relation of Y ,
of Β. fastidiosus SMG 83 to
the dilution rate during aerobic growth with limiting
amounts of uric acid (·), allantoin (o) or allantoate
(Δ) in the absence (full lines) or presence (dotted
line) of 0.1% BHI. Conditions are described under
Materials and Methods.

The maintenance coefficients (m ) of B. fastidiosus SMG 83
Ξ
during growth at the expense of uric acid, allantoin or
allantoate are higher, but in the same order of magnitude as
during growth of some other bacteria on glucose and glycerol
(data summarized by Stouthamer (20)). A nearly identical m
value is found both in the presence and absence of BHI. During
growth on uric acid the m is appreciably lower.
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Table 2

Maximal growth yields (Y ,
^ ) and maintenance
3
*
substrate
coefficients (m ) of B. fastidiosus SMG 83 during
growth at the expense of uric acid, allantoin,
allantoate or allantoin plus BHI. Conditions are
described under Materials and Methods. Deviations
were determined according to the least squares
method.

Substrate

(g dry weight/mol)

Uric acid

13.5 ± 0.7

(mraol/g dry weight per h)

3.4 + 0.2

Allantoin

12.9 ± 0.6

12.3 + 0.2

Allantoate

13.5 + 1.3

15.5 + 1.2

Allantoin + BHI

19.7 ± 3.5

11.4 + 1.9
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Growth stimulation. Both the growth rate on allantoin (4)
and the maximal growth yield of strain SMG 83 are enlarged in
the presence of BHI. Similar results were obtained in continuous
cultures if Nutrient Broth (NB) or a mixture of amino acids
were added (Table 3) and in batch cultures of various strains
of B. fastidiosus (Table 4 ) . Since various groups of amino
acids enlarge the yields and shorten the generation time, the
effects are rather cooperative than due to a limited number of
amino acids (Table 5 ) . Glucose, succinate, glyoxylate and
pyruvate (all tested in an amount up to 1.0%) did not affect
the growth rate or yield appreciably. Additions of 0.1 or 1.0
ml of the vitamin mixture, described under Materials and Methods,
to 100 ml 0.3% allantoin medium accelerated the growth rate
but did not enlarge the yield appreciably.
Five at random chosen amino acids were tested to study the
transport into cells of B. fastidiosus. The amino acids were
taken up by the cells (Fig. 3 ) , except for proline.
The transport systems for these compounds appear to be energydriven, since they were strongly stimulated in membrane vesicles
by the presence of PMS and ascorbate (data not shown). The
specific transport rates were comparable with those observed
in Bacillus subtilis (14). Glucose and pyruvate were not consumed by either washed cells of the strains in buffer, or by
cells growing in a medium containing allantoin, as was evident
from determinations of these compounds in filtrates of the
suspensions.
These results suggest that amino acids, vitamins and perhaps
other monomers can be taken up by the cells from the medium
and can be used in the metabolism. As a result the machinery
of the cell can work faster and more efficient in the presence
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Table 3

Effect of additions on continuous growth of B.
fastidiosus strain SMG 83 and DSM 91. The influent
medium contained 10 mM allantoin in 0.2 M phosphate
buffer (pH 7.4) and, where indicated BHI, Nutrient
Broth (NB) (final concentrations 0.075% and 0.15%,
respectively) or a mixture of the natural amino
acids (each 12.5 mg/1). Growth was at 37 C. The
A

finn w

a s ш е а з и г е <

а after 10 volume-changes.

B. fastidiosus SMG 83
Addition

600

D(h

B. fastidiosus DSM 91

1

)

600

D(h

None

0.520

0.615

0.450

0.530

BHI

0.660

0.615

0.620

0.535

0.630

0.535

0.580

0.520

NB
Amino acids

0.580

0.615

)
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Table 4

Effect of additions on the generation time (t ) and
the maximal cell density (A
) during growth of
600
B. fastidiosus strains in batches of a medium con
taining 19 mM allantoin in trace element phosphate
buffer (12). Where indicated, the medium was supple
mented with BHI or NB (final concentration each 1%)
or with a mixture of the natural amino acids (each
25 mg/1). Incubation was at 37 С and 200 rpm.
С ,4
max
600

V

С..6 .A
max
min)
A
600

v

E.l
,
min)

„max
A600

Addition

t d (min)

None

145

0.50

70

0.32

60

0.68

BHI

60

1.10

44

0.68

44

1.00

60

1.12

47

0.62

50

1.13

108

0.80

61

0.54

50

0.92

V

DSM 91
max
min)
600
0.92

NB
Amino acids

Addition

S MG 83
max
t d (min)
600

None

48

1.05

54

v

NCIB 10372
.
max
.min)
A600
NG

a

BHI

30

1.42

33

1.45

62

0.80

NB

35

1.42

37

1.50

68

1.15

Amino aci ds

35

1.20

42

1.25

NG, no growth

NG
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Table 5

Effect of various amino acids on the generation time
(t ) and the maximal cell density (Ac ) during
d
bUU
growth of B. fastidiosus SMG 83. The amount of each
amino acid added was 25 mg/1. Other conditions are
as described in Table 4.

Amino acid mixture

t (min)

A

None

4Θ

1.05

Asp, Met, Thr, lie and Lys

40

1.20

Glu, Pro and Arg

40

1.15

Val, Leu, Ala, Ser, Gly and Cys

40

1.20

Phe, Туг, Trp and His

40

1.15

35

1.20

all
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transport (imol/mg

0

Fig. 3

membrane pmMnj

S

10
time (mmì

Accumulation of glutamic acid ( · . · ) , aigimne (o - o), lysine (A - ») and leucine ( д - д ) in cells
of B. fastidiosas SMG 83. The incubation mixture (100 jil) contained 50 mM imidazole chlonde (pH 6.6), an amount of washed cells corresponding with 22.5 Mg of membrane protein and
about 10 μΜ of labeled ammo acid. Incubation was at room temperature under oxygen atmo
sphere.

of these compounds, which effect is reflected in the higher
rate and yield of growth. However, only those substrates,
which yield glyoxylate inside the cell sustain good growth
of the bacteria.
Growth in the absence of uric acid and its degradation
products. A number of media were composed with filter-steril
ized nitrogen (0.1%) and carbon sources (0.3%). The carbon
sources tested were glucose, pyruvate, glycerol, glycolate,
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Table 6

Growth of some В. fastidiosus strains on complex
media. The media contained 3% BHI or NB in trace
element buffer. Incubation was at 37 С and 200
rpm.

Generation time (min)
0 .3% uric acid
Medium

max
A
600

A.2

BHI

0.15

160

40 - 45

C.6.A

BHI

0.40

200

45 - 50

E.l

NB

3.0

130

55 - 60

SMG 83

BHI

0.20

120

40 - 45

1051

BHI

0.40

125

35 - 45

NCIB 10372

BHI

1.00

285

90 - 95

Strain

complex medium

+ 0.3% TSB a

These values are inclosed as reference values and are taken
from a previous paper (4). TSB : Trypticase Soya Broth.
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glyoxylate, glycine, glutamate and serine, and the nitrogen
sources were NH Cl, KNO , urea, glycine or serine. No growth
of B. fastidiosus SMG 83 occurred in liquid media containing
any of these combinations and also not in these media supplemented with 0.15% BHI.
Attempts to adapt our B. fastidiosus strains to complex
media were without positive results. After 20 successive
transfers of cells grown in a medium containing only 3% BHI
into fresh media, the growth rate and the yield (Table 6) were
still as low as after the first transfer.

DISCUSSION

B. fastidiosus strains are well adapted for growth at the
expense of uric acid, allantoin and allantoate. (i) The consumption rates of uric acid, allantoin and allantoate are high.
( n ) The specific activities of the first enzymes in the uric
acid degradation are high in crude extracts and the highest
values encountered amounted to 36, 40, 60 and 23 (pmol/min
per mg protein) for u n c a s e , allantoin racemase, allantoinase
and allantoate amidohydrolase (allantoate amidinohydrolase
(decarboxylating), EC 3.5.3.9) of B. fastidiosus SMG 83,
respectively (4, this study). The amount of u n c a s e represents
50% of the soluble cell protein after growth on uric acid (3).
( i n ) These enzymes are also present in cells grown on complex
media, (iv) The specific activities of u n c a s e , allantoin
racemase and the transport system for allantoate depend on the
nature of the growth substrates supplied and are apparently
controlled by specific regulation processes. The transport system for allantoate is absent in B. fastidiosus strain C.4. The
transport of uric acid and allantoin are shown to be energy-
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driven processes. This is also true for the transport of
allantoate as is apparent from the similar growth yields of all
these substrates.
Uric acid, allantoin and allantoate are degraded to
glyoxylate (4). The catabolic conversion of glyoxylate (Fig. 4)
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4

Conversion of glyoxylate into pyruvate by B. fastidiosus
SMG 83 as given by W. Braun (Dissertation, University
of Saarland, Saarbrücken, 1976). The amino group donors
are amino acids, especially glycine.

was investigated by W. Braun (Dissertation, University of
Saarland, Saarbrücken, 1976). Glyoxylate and various other carbon

38
sources tested in combination with various nitrogen sources
are not able to sustain growth of B. fastidiosus. Most strains
of this organism are capable to grow, albeit rather slowly,
in complex media. These media enhance the growth yield and
rate when present together with uric acid or its degradation
products. B. fastidiosus can use various compounds of these
complex media for the production of cell material and energy.
In the absence of such compounds about 25% of the glyoxylate
produced is used for incorporation in cellular components and
75% for energy production.
As to the position of B. fastidiosus among other Bacillus
species the following facts must be mentioned, (i) The prop
erty to degrade uric acid, allantoin or allantoate is not
confined to B. fastidiosus (Θ, 19, 21 and L.E. Den Dooren de
Jong, Dissertation, Technological University, Delft, 1926) .
Rouf and Lomprey used the type-strain Bacillus subtilis ATCC
6051 and an unidentified Bacillus species in a study on the
aerobic microbial degradation of uric acid (18). Both strains
were able to grow on media containing uric acid as the sole
substrate, ( n ) The B. fastidiosus strains used in this study
differ from each other since one strain (C.4) cannot use
allantoate, four strains (A.2, С б . A , SMG 83 and DSM 91) can
grow hardly in complex media, two strains (E.l and 1051) grow
rather well in complex media and one strain (NCIB 10372) needs
the presence of complex medium, (in) B. Brandt (Diplomarbeit,
University of Göttingen, Gôttingen, 1974) has found CG-mol
percentages ranging from 37.2 to 38.0% for four B. fastidiosus
strains. The mutual relationship of these strains was reflected in the nearly 100% DNA-homology in DNA-DNA hybridisation
experiments according to De Ley (15).
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The taxonomie position of В. fastidiosas among other Ba
cillus species must be studied further. This study is hampered
since the really fastidious strains, which grow on uric acid
and its degradation products only, withdraw from various bio
chemical tests.
Recently we isolated a new series of B. fastidiosus like
organisms according to the procedure given previously (4). The
non-fastidious strains were identified as B. megatenum.
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CHAPTER

4

"Uncase of Bacillus fastidiosus. I. Purification
and Properties"
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SUMMARY

U n c a s e of Bacillus fastidxosus was purified to ho
mogeneity in a two-step procedure and was crystal
lized. The native molecule has a M

of 145 000 to
r

150 000 and is composed of four subunits of two
kinds - M

is 36 000 and 39 000, respectively - in

a 1:1 ratio. The quaternary structure of the enzyme
is reversibly altered with concomitant loss of ac
tivity at temperatures between 40 and 60 С. No
evidence was found for the involvement of metal
ions or coenzymes in the u n c a s e reaction. The iso
electric point of the enzyme is 4.3, the pH-optimum
9.5 and the optimal temperature 30 to 35 C. Only
uric acid is oxidized by the enzyme, and the ana
logues 9-methyluric acid, xanthine and 8-azaxanthine, and oxonic acid are competitive inhibitors.
The enzyme is inhibited by various metal ions and
by cyanide.
INTRODUCTION

Bacillus fastidiosus grows well only in media containing uric
acid, allantoin or allantoate, as the main or sole source of
carbon, nitrogen and energy (1,2). High levels of uncase
(urate: oxygen oxidoreductase, EC 1.7.3.3) were found in crude
extracts of cells grown on uric acid (2). Since the metalloenzyme character, the inhibition by heavy metal ions and a
number of other properties of the enzyme appear to vary with
the source of the enzyme (3), it is worthwhile to study now
these properties with the purified enzyme of B. fastidiosus.
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Chapter 5 will deal with the regulation of its synthesis,
and Chapter 6 with the mechanism of the enzymatic reaction.

MATERIALS AND METHODS

Strains and culture media. The strains of B. fastidiosus used
in this study are described in a previous paper (2). Cells were
cultured aerobically in 1 1-Erlenmeyer flasks at 37 С with ro
tatory shaking (200 rpm) in a medium containing per 1: 12 g
allantoin or 8 g uric acid, and θ g B r a m Heart Infusion broth
(BHI; Oxoid) in trace element phosphate buffer according to
Kaltwasser (1). Cells of B. fastidiosus SMG 83 grown on uric
acid were used as source of uncase.
Preparations of cell-free extracts. Cells were harvested by
centrifugation, washed twice with 0.1 M Tris-HCl buffer (pH
о
8.0) and disrupted by sonification at 0 С for a total of 4.5
min in a MSE 100-W ultrasonic disintegrator with intermittent
cooling. The sonicated suspension was centnfuged at 100 000 χ
£ for 20 min at 4 С. The supernatant (crude extract) was stored
at -20 O C.
Biochemical methods. Uncase activity was measured essen
tially as described by Mahler (4). The reaction mixture (2.5
ml) was incubated in 50 ml-Erlenmeyer flasks placed in a shaking
(100 rpm) waterbath at 30 C. The specific activity is defined
as the amount (iimol) of uric acid converted per m m and per mg
protein. Routinely, the amount of uric acid converted in 10 min
was determined, but the actual specific activity was determined
by measuring the initial conversion rate. Since both uric acid
and dissolved molecular oxygen can become limiting factor in a
10-min experiment, this assay can yield too low values for the
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specific activity. Protein was determined by the Folin method
of Lowry et al. (5) or according to the method of Warburg and
Christian (6). The specificity of uricase was determined by
incubation of the enzyme with a solution of the analogue at
the same concentration (10

M) as used for uric acid. Samples

of the reaction mixture were diluted in 0.15 N HCl solution
and the extinction was measured at the characteristic maximal
absorption wavelength of the analogue. Inhibition by cations
was studied in an uric acid solution buffered with either 0.1 M
N-2-hydroxyethyl-piperazine-N,-2-ethanesulphonic

acid (Hepes)

buffer (pH 7.5) or 0.1 M borate buffer (pH 9.0). The former
buffer was used to exclude the interfering effect of cation
complexation. Determinations of dissolved molecular oxygen were
performed in a Gilson oxygraph model K-IC. Clear 0.3% uric
acid solutions prepared essentially as described in a previous
paper (2), but buffered with 0.2 M borate buffer to pH 9.0,
were used as substrate solution in these measurements. From
curves reflecting the oxygen concentration versus time
Lineweaver-Burk plots were derived.
Amino acid determination. Amino acids were determined in
samples hydrolyzed for 24 h in 5.7 N HCl at 105 С by means of
a Jeol 6-AH amino acid auto-analyzer. Tyrosine and tryptophan
were determined by the method of Bencze and Schmid (7). The
amount of cysteine in the purified enzyme was determined ac
cording to the S.S'-dithio-bis

(2-nitro-benzoic acid) (DTNB)-

method of Ellman (8).
Purification procedure. Crude extract in 0.1 M Tris-HCl
buffer (pH 8.0) was applied to a Sephadex G-200 column (75 χ
2.5 cm). The fractions containing the highest specific activ
ity of uricase (Fig. 1) were collected and transferred to a
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Fig. 1

Sephadex G-200 gel filtration of a crude extract of
B. fastidiosus SMG 83 cells grown on uric acid. The
protein content of the fractions was determined ac
cording to Warburg and Christian (6). Symbols used:
protein content (o), uricase content (χ), specific
activity (·) .

DEAE-Sephadex A-50 column. The column was washed with 0.2 M
NaCl in 0.1 M Tris-HCl (pH 8.0) and eluted with the same
buffer in which the concentration of NaCl increased linearly
from 0.2 to 0.4 M. The enzyme left the column in the fractions
containing 0.25 to 0.30 M NaCl. The results are shown in Table I.
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To concentrate uncase the fractions containing the activity
were diluted to a final concentration of 0.2 M NaCl, trans
ferred to a small DEAE-Sephadex A-50 column (bed-volume 1 m l ) ,
eluted with 0.4 M NaCl in 0.1 M Tns-HCl (pH Θ.0) and dialyzed
against 0.1 M Tris-HCl (pH Θ.0).
Electrophoresis and isoelectric focusing. Disc gel electro
phoresis was performed according to the method of Davis (9)
and protein was stained with Coomassie blue (10). Samples con
taining 10 to 20 \iq protein, for purity control even 80 yg,
were added to the gels. Isoelectric focusing was performed in
Polyacrylamide disc gels or in a sucrose gradient (5 to 50%
sucrose) formed in a LKB-B100 Ampholme electrofocusing column.
Ampholine (LKB 1809-101) solutions were used for the pH range
from 3.5 to 10.0.
Molecular weight determination. The molecular weight of the
native molecule was determined by Sephadex G-200 gel filtration
according to Whitaker (11). Markers were dextran blue (M
300 000) , yeast alcohol dehydrogenase (alcohol: NAD
ductase, EC 1.1.1.1) (Boehringer) (M
bovine serum albumin (Merck) (M

>

oxido-re-

150 000 - 152 000) and

68 000). The molecular weight

of the subunits was determined by means of sodium dodecyl
sulphate (0.1%) disc gel electrophoresis. Markers were bovine
liver catalase (hydrogen peroxide: hydrogen peroxide oxidoreductase, EC 1.11.1.6) (Boehringer) (M

of subunits 60 000),

bovine pancreas chymotrypsinogen A (Sigma) (M

of subunits

24 400), and заек bean urease (urea amidohydrolase, EC 3.5.1.5)
(Sigma) (M

of subunits 60 000 and 30 000).

Physicochemical procedures. Analytical studies were
carried out with a Spinco model E ultracentrifuge equipped
with an electronic recording system for absorption optics.
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Absorption of the protein solution at 280 nra was 1.1.
Electron paramagnetic resonance (EPR) - measurements were
carried out at room temperature with powdered enzyme material
(15 mg) dialyzed first against a 10

M EDTA solution and lyo-

philized before use. The activity before and after these treat
ments were identical. A V a n a n EPR spectrometer model E 12
operating at X-band was used. The lyophilized enzyme used in
the EPR-measurements was redissolved and used for atomic ab
sorption measurements to establish the copper or iron content.
A Pye Unicam SP 90 A absorption spectrophotometer was used.

RESULTS

Location of u n c a s e . The results obtained by Mahler (4)
indicate that u n c a s e of B. fastidiosus is an extracellular
soluble protein. The soluble character could be confirmed by
Kaltwasser (1) and by us, but in our hands the uncases of all
B. fastidiosus strains studied, including strain NCIB 10372 of
Mahler (4), appeared to be intracellular and are only released
into the medium on lysis of the cells.
Purification and properties. The specific activity of u n 
case in crude extracts of B. fastidiosus SMG Θ3 cells amounted
to values between 16 and 36 pmol/min per mg protein expressed
on basis of the protein determination according to Lowry et al.
(5). The enzyme was purified by means of Sephadex G-200 gel
filtration and DEAE-Sephadex A-50 chromatography (Table I ) .
Although the enzyme was purified only by a factor 2.0 to about
3, depending on the specific activity of the crude extract, the
obtained material appeared to consist of highly purified u n c a s e .
The high content of uncase in the crude extract is apparent

Table I.

Purification of uncase from B. fastidiosas SMG 83

Purification step

Activity
(units)

Crude extract

Protein
(mg)

Specific activity
(umts/mg protein)

Recovery

Purification

(%)

800

22.0

36.4

100

1.00

500

7.7

64.9

62.5

1.78

370

4.9

75.5

46.3

2.07

Sephadex G-200
gel filtration
DEAE-Sephadex A-50
chromatography
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from the elution pattern obtained in the first purification
step (Fig. 1). The activity of uncase is uniformly distributed
over one protein peak. The purified uncase exhibited only one
protein band on dis gel electrophoresis (Fig. 2) performed at

Fig. 2

Disc gel electrophoresis of purified uncase. The left
picture represents a 5% Polyacrylamide disc gel with
the band of the native enzyme molecule after electro
phoresis in an asparagme (0.1 M)-Tris buffer (pH Θ.0).
The right picture shows the two bands of the subunits
of the enzyme in a 8% gel in the presence of 0.1%
sodium dodecylsulphate.

pH values from 7.25 to 9, and disc gel isoelectric focusing
(data not shown). The homogeneity of uncase was also evident
from ultracentnfugation studies (Fig. 3). The S-_
_ value
20,w,c=0
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Fig. 3

Precipitation of puritied uncase on centrifligation. The
figure represents the position of the enzyme after 4.3 h
during a run at 60 000 rpm in water at 20oC. The upper
part of the figure represents an absorption (280 ran)
scan from the top (left) to the bottom (right) of the
tube. The lower part represents the first derivative
of this scan.

appeared to be 7.1 s, while for pore liver uncase (Mr 125 000)
this value appeared to be 6.8 s (12). The isoelectric point was
found to be 4.3 at 40C (Fig. 4) . During a 16 h run uncase precipitated after being concentrated at the isoelectric point,
and the activity recovered was only about 5 to 10% after such
long runs.
The molecular weight of uncase was determined by means of
Sephadex G-200 gel filtration and found to be 145 000 to 150 000.
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Determination of the isoelectric point of uncase by
column isoelectric focusing as described under Materials
and Methods. The volume of the fractions amounted to
7.5 ml. Symbols used: uncase activity (·), pH (o) .

The elution pattern of uncase nearly coincided with that of
yeast alcohol dehydrogenase (M

150 000 to 152 000). Disc gel

electrophoresis in the presence of urea (Θ M) or sodium dodecyl
sulphate (0.1%) showed the presence of two kinds of subunits m
the native molecule (Fig. 2). The molecular weights of the subunits were estimated to be 36 000 and 39 000, respectively. The
native molecule appears to consist of four subunits, probably
two of both kinds each, because the bands in the disc gel showed
nearly equal density.
The absorption spectrum of the purified uncase, as measured
in a Gary 118 С spectrophotometer, exhibited only one peak lo
cated at 279 to 280 nm. No distinct irregularities were observed,
which indicates the absence of bound coenzymes like flavines.
Since some uncase are reported (13,14,15) to be metallo-enzymes
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containing Cu

2+

or Fe

3+

, our uncase was also studied in this

aspect. EPR-measurements of 15 mg lyophilized protein did not
show any detectable amount of paramagnetic copper. The presence of very weak signals in the EPR-spectrum indicated that
traces of other paramagnetic metal ions were present in the
sample. Atomic absorption measurements on a sample of purified
uricase showed that the copper: uricase ratio was 1 : 7, and
the iron: uricase ratio 1 : 50, which results suggest that
2+
3+
and Fe
ions do not act as functional cofactors.

both Cu

The amino acid composition of the uricase molecule is given
in Table II. No detectable amounts of cysteine could be found
by amino acid analysis nor by the DTNB-method.
The enzyme was crystallized according to the method of
Jacoby (16). At 40% (NH ) SO

saturation the enzyme crystal-

lized after three days as long needles (up to 40 \im) , which
are shown in Fig. 5. Even after three months of storage of the

JH
Î

Fig. 5

Crystals of uricase.
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Table II.

Amino acid

Amino acid composition of purified uncase

Weight percentage

Amount of amino acid resi
dues per intact molecule

Ala

6.4

Arg

6.4

130 - 135
59 -

62

133 - 138

Asx

10.6

Cys

N.D.a

Glx

14.3

160 - 166

Gly

4.0

101 - 105

His

2.θ

29 -

31

lie

4.6

59 -

61

Leu

7.0

89 -

93

Lys

6.1

69 -

72

Met

1.2

13 -

14

Phe

7.θ

76 -

80

Pro

2.2

33 -

34

Ser

5.0

83 -

86

Thr

6.4

91 -

95

Trp

1.9

14 -

16

„ ь

6.7

59 -

62

Туг
Val

6.3

92 -

96

a
N.D., not detectable
Trp and Tyr were determined spectrophotometncally (7).
crystals in the (NH ) SO

solution at 0 to 4 С nearly all ac

tivity (95 to 100%) was retained.

56
Enzymatic characterisation of uncase. The enzymatic ac
tivity is optimal at pH 9.0 to 9.5 for the uncases of all
strains of B. fastidiosus tested. The effect of pH on the ac
tivity of purified uncase of B. fastidiosus SMG Θ3 is given
in Fig. 6. The optimal temperature for the activity of the
purified uncase was found to be 30 to 35 С (Fig. 7) , while
it was 40 С for B. fastidiosus NCIB 10372, in accordance with
the results of Mahler (4) . Äs is shown in Fig. 8, uncase of
B. fastidiosus SMG 83 is heat-stable up to temperatures of at
least 53 C. Stability tests at this temperature in the presence
of u n e acid yielded similar results. Therefore, the steep
о
drop of enzyme activity at temperatures above 35 C, which
Л mol uric acid converted
1
5

4
3
2
1
О

Fig. 6

75

J
85

ι
95

105

РИ
Effect of pH on the activity of uncase. The reaction
mixture (2.5 ml) contained 4.7 ¿mol uric acid and 13
yg purified uncase. Incubation was at 30oC for 10
min. The buffer systems used were: Tris-HCl buffer (•),
DEA-HCl buffer (·), borate buffer (о) and glycine-NaOH
buffer (D), all 0.1 M.
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μ mí ure acid converted i

30

Fig.

7

U)

SO
60
temperaturt l°C)

Effect of the temperature on the activity of uricase.
The reaction mixture was as described in Fig. 6, but
buffered with 0.1 M borate buffer (pH 9.0).
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Fig. 8

IX)
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20
30
preincubation tim? (mmJ

Stability of uncase at various temperatures. A solu
tion (0.7 ml) of purified uncase (26 yg/ml) was in
cubated in preheated tubes at various temperatures
for the indicated time intervals. Then a sample (0.5
ml) was added to 2 ml uric acid solution and so the
same reaction mixture was created as in Fig. 7. The
activity test was performed at 30oC. All activities
are expressed as percentages of the activity of^ntreated uncase. Incubation was performed at 30 С
(о), 53°C (χ), 60oC ( + ) and Ы0С (·).

results even into the absence of activity at 53 С (Fig. 7) ,
can not be the result of denaturation of the enzyme in the
presence or absence of uric acid, but must be attributed to
conformational changes in the enzyme molecule, which result
into a reversible loss of activity.
The К -value of the purified enzyme for uric acid was
m
-4
found to be 1.8 χ 10 M, when tested in atmospheric air,
-4
which value is comparable with that (1 χ 10 M) reported for
the uncase of B. fastidiosus NCIB 10372 (4) . The К -value
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for molecular oxygen was found to be 1 χ 10

M.

The enzyme exhibits a very limited action spectrum. The
uric acid analogues, hypoxanthine, xanthine, 8-azaxanthine,
3-methyluric

acid, 7-methyluric acid, 9-methyluric acid,

3,7-dimethylxanthine

(theobromine) and

1,3,7-trimethylxanthine

(caffeine) were not attacked by the enzyme of B. fastidiosus.
Some of these analogues are known to act as strong competitive
inhibitors. The strongest effects are exerted by oxonic acid
(2,4-dihydroxy-6-carbohydroxy-l,3,5-triazine)
(19,20) and 8-azaxanthine

(17,18), xanthine

(21). The inhibiting effect of a

number of analogues is given in Table III. Besides the above
mentioned inhibitors, also 9-methyluric acid is very effective.
The К -values for xanthine, 8-azaxanthine and o x o m c acid are
2 χ 10~

M, 1.85 χ 10

Μ and 3.6 χ 10

M, respectively, and

the competitive character of the inhibitors is shown in Fig. 9.
Müller and Miller reported the К -value of 3.2 χ 10

M oxonic

acid for uncase of Acanthamoeba (18). Urea, allantoin, uracil
and thymine did not exert any inhibiting effect, even at the
10~

M level.
Inhibition experiments with metal ions were performed in

0.1 M Hepes buffer (pH 7.5) in order to avoid complexation of
the cations with the buffering substances. The enzyme was par
tially inhibited in the presence of various cations and the
2+
2+
2+
2+
inhibiting effect decreased in the order Zn , Ni , Co , Cu ,
2+
3+
2+
2+
2+
Cd , Cr , Μη , Pb , Fe
(Table IV). No inhibition was
exerted by Hg

, Fe

, Ca

, and Mg

tested at the 10

M lev

el. Similar results were observed in 0.1 M borate buffer (pH
9.0) .
The enzyme activity was affected only slightly or not at
all by chelating agents and by compounds which are known to
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Table III.

Inhibition of uricase by uric acid analogues. Uric
acid and its analogues were present in equimolar
concentrations (1.5 m M ) . The experiments were per
formed at 30 С in borate buffer (pH 9.0) as de
scribed in Fig. 7.

Uric acid analogue
None

Residual activity
100

3-methyluric acid

74

7-methyluric acid

60

9-methyluric acid

23

Hypoxanthine

70

3,7-dimethylxanthine

92

1,3,7-trimethylxanthine

89

Xanthine

17

8-azaxanthine

8

Uracil

100

Thymine

100

Oxonic acid

0

(%)
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Table IV.

Activity of u n c a s e in the presence of various
metal ions. The experiments were performed in
0.1 M Hepes buffer (pH 7.5). Other conditions
were as described in Fig. 6.

Metal salt
-5
10
M cation

Activity of uncase
-4
10
M cation

a
-3
10

M cation

CdCl 2

97

60

19

CoCl 2

Θ8

64

28

CrCl

104

97

67

CuSO,,
4
FeCl 2

72

66

48

100

104

82

MnCl 2

94

84

88

NiSO„
4

70

19

5

Pb(N03)2

99

95

86

ZnSCK

37

10

7

Activity is expressed as the residual activity (%) in the
presence of the metal Ions as compared with the activity
the absence of the metal ions.

m

62

(mm M-'I

ff*-')
Fig. 9

Competitive inhibition of uricase by xanthine (2.6 χ
Ю - 4 M) (·) , 8-azaxanthine (1 χ ΙΟ - 4 M) (•) and oxonic
-4
acid (1 χ ΙΟ Μ) (о). The reaction mixtures contained
2.4 yg uricase per ml, and were buffered with 0.1 M
o
borate buffer (pH 9.0) . Incubation was at 30 C for one
min. The open circles (o) symbolize the results of ex
periments without the analogues.

react with carbonyl, sulfhydryl and disulfide groups (Table V ) .
Sodium sulfide and sodium dithionite, known as reducing agents,
seem to inhibit the enzyme, but, as will be discussed below,
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Table V.

Inhibition of uricase by chelating agents, carbonyl
reagents, cyanide and sulfhydryl reagents. The ex
periments were performed in 0.1 M borate buffer
(pH 9.0) as described in Fig. 7.

Compound added (10

M)

None

Activity of uricase (%)
100

Bathophenantroline (neocuproin)

90

α,α'-Dipyridyl

88

Hydroxychinoline

91

Dietyldithiocarbamate

85

EDTA
KCN

100
0

NaN,

100

Phenylhydrazine

100

Hydroxylamine

93

p-Chloromercuribenzoic acid

90

N-Ethylmaleimide

95

Reduced glutathione

119

Dithiotreitol

118

Cysteine

104

Ascorbic acid

100
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these effects are probably due to artifacts. The strong inhibi
tory effect of cyanide was previously ascribed to complexation
of an essential metal ion in the catalytic center of the enzyme,
where cyanide would interfere with the binding site of mole
cular oxygen (13,15). This view is not tenable for uncase of
B. fastidiosus, since this enzyme does not contain essential
metal ions and is almost insensitive to various chelating
agents. Incubation of 1 mg uncase in 5 ml cyanide (10

M)

solution for 3 h and dialysis against 0.1 M Tris-HCl buffer
(pH 8.ОТ during two days resulted into a complete recovery of
the original enzymatic activity. This result indicates that
no permanent covalent modification of the tertiary of quater
nary structure of the enzyme was induced by the presence of
cyanide, which possibility was mentioned by Truscoe (22).
Our experiments on the inhibiting action of cyanide did not
reveal a distinct picture. A competing effect of cyanide with
molecular oxygen for the binding site of oxygen, should it
occur, can not be the only effect exerted, since the results
expressed in Fig. 10 show an uncompetitive character for the
inhibiting effect. The К -value for cyanide was calculated to
be 5 χ 10

M in these experiments. The uncompetitive effect

may be thought to be composed out of a competitive component
due to competition with oxygen and/or competition with uric
acid, and/or a noncompetitive one, which can be caused by
changes m

the tertiary or quaternary structure of the enzyme

due to interactions with cyanide. If the disappearance of
uric acid was measured instead of that of oxygen, cyanide ap
pears (Fig. 11) to exert a competing effect with uric acid.
The experimentally found deviations in the curves may be caused
by inhibiting products of side-reactions, in which the hydro
gen peroxide produced is involved. However, cyanate will not
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mm Μ'Ί
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2
1

г

Fig. 10

э

Inhibition of u n c a s e by cyanide. The reaction mixture
contained 20 mM uric acid and 6.7 yg u n c a s e per ml
0.2 M borate buffer (pH 9.0). The amount of dissolved
molecular oxygen was 0.19 mM at the start of the ex
periment and was measured during the experiments in a
Gilson oxygraph as described under Materials and Meth
ods. Incubation was at 33 0 C. The potassium cyanide
concentrations used were: 0 M (curve 1 ) , 2.5 χ 10
M
(curve 2 ) , 5 χ I O - 5 M (curve 3 ) , 8 χ 10~ 5 Μ (curve 4 ) ,
-4
and Ι Ο
M (curve 5 ) .
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ι

• ι/
• ι/у
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У/!

0

1

2 , 3

Inhibition of uricase by cyanide. The conditions were
as described in Fig. 9, and the disappearance of uric
acid was measured. The potassium cyanide concentrations
were: 0 Μ (ο), 5 χ Ι Ο - 5 M (·), 8 χ Ι Ο - 5 M (χ) and ΙΟ" 4 M
( + )-

be such an inhibiting product, since it exerts no effect even
-2
at a concentration of 10
M.

DISCUSSION

The properties of various uricases were recently reviewed
(3). The enzymes of Alcaligenes eutrophus (Hydrogenomonas H 16)
(23), Micrococcus denitrificans (23) , Pseudomonas aeruginosa
(23,24) and Pseudomonas testosteroni (24) are firmly bound to
structural components of the cell, whereas the enzymes of
Arthrobacter pascens (15,25) and Fusarium oxysporum (26) are
soluble. Also the uricase of B. fastidiosus appeared to be
soluble and located intracellularly. An extracellular nature
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was reported by Màhler (4), but his results may be due to lysis
of the cells, since we could detect variable amounts of uricase
only in old culture liquids of all strains tested, inclusively
that one used by him. Lysis occurred easily with cells derived
from the stationary phase of growth, especially with those of
strain 1051.
The specific activity of pure uricase of B. fastidiosus
was found to be 75 to 80 as based on measurements of the initial rates in solutions saturated with air and containing 1.5 χ
10

M uric acid. This value is 4 to 10-fold higher than those

reported for other purified uricases (3). About 50% of the
intracellular soluble protein consists of this one enzyme when
cells were grown on uric acid medium under conditions which
limit the oxygen supply. The regulation of the enzyme synthesis
will be described elsewhere (27).
The molecular weight of the intact uricase of B. fastidiosus
SMG Θ3 amounted to 145 000 to 150 000, which value is rather
high as compared with other uricases, whose molecular weights
vary from 93 000 to 125 000 (3). The native molecule consists
of four subunits with molecular weights of 36 000 and 39 000
and probably present in a 1 : 1 ratio. Pitts and Priest (12) re
ported also four subunits for the uricase of pore liver, but
all with a molecular weight of 32 000. The interactions between
the subunits of the enzyme from B. fastidiosus are probably in
fluenced in a reversible way at temperatures between 40 and
о
60 С. A temperature treatment within this range results into
a reversible abolishment of the enzymatic activity.
The isoelectric point of the intact molecule is 4.3, which
value is lower than those found for uricases from pore liver
(28), Aspergillus flavus (29) and Candida utilis (14), which
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exhibit values of 6.3, 6.2 and 5.4, respectively. In accordance
with the low isoelectric point, it may be expected that about
one quarter of the amino acids of the molecule consists of
aspartic and glumatic acid. No detectable amounts of cysteine
were found in the enzyme. In accordance with this result, the
enzyme is hardly or not at all sensitive to heavy metal ions
and sulfhydryl reagents, even not to sodium sulfide and sodium
dithionite, although the results (not shown) do suggest so.
The effects observed in the presence of these latter two compounds are considered to be artifacts. Sodium dithionite
causes a momentaneous lowering of the oxygen concentration,
which then becomes a limiting factor. Sodium sulfide lowered
the oxygen concentration only slowly. However, the inhibitory
effect of sulfide may be due to effects similar to dithionite,
which may be formed from sulfide under the influence of hydrogen peroxide, a product of the uncase reaction.
The action spectrum of u n c a s e is very narrow, because
uric acid appears to be the only convertable substrate. A comparison of the structures of the potent competitive inhibitors,
oxonic acid, xanthine, 8-azaxanthine and 9-methyluric acid,
suggests that, although no inhibiting effect was exerted by
uracil and thymine, especially the six-membered pynmidine
moiety of uric acid is engaged in the enzyme-substrate binding.
EPR- and atomic absorption studies, and experiments with
2+
chelating agents revealed no evidence for the presence of Cu ,
3+
Fe
or other functional metal ions. It remains an interesting
question how an enzyme, which appears to act in the absence of
cofactors and bound or free coenzymes, can perform such a complex reaction sequence, like u n c a s e does, viz. electron transfer to oxygen and reactions involving the decarboxylation and
hydrolysis of uric acid and intermediary product(s) (30).
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CHAPTER

5

"Uricase of Bacillus fastidiosus. II. Regulation
of its synthesis"
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SUMMARY

Uricase synthesis is
allantoate, even m

repressed

by allantoin and

the presence of uric acid,

which compound may induce uricase synthesis. Molecular oxygen is an important environmental factor
in the control of uricase synthesis, probably due
to its effect, as cosubstrate in the uricase reaction, in assessing the cytoplasmic concentration
of allantoin.

INTRODUCTION

In various microorganisms uricase synthesis is regulated by
components of the growth medium. Kaltwasser (1,2) observed
an increase of uricase activity in Alcaligenes eutrophus
(Hydrogenomonas H 16), Pseudomonas aeruginosa and Micrococcus
d e m t n f i c a n s after transfer into media containing uric acid.
Rouf and Lomprey (3) reported that the ability to degrade
uric acid and to use it for growth is an inducible property
in Aerobacter aerogenes, Klebsiella pneumoniae, Ps. aeruginosa, Pseudomonas fluorescens, Serratia marcescens, Serratia
kiliensls. Bacillus subtills and an undetermined Bacillus
species. According to Scazzocchio and Darlington (4) uricase
of Aspergillus nidulans is induced by uric acid, after enzymatic conversion of it to the real intracellular effector
or after transport of it to an effective location within the
cell. A more detailed study on the control of uricase formation in a Streptomyces species was performed by Watanabe et
al. (5). Enzyme formation was inhibited in growing cells and
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the inhibition ceased under conditions of nitrogen or carbon
limitation. The inhibition required the presence of both
nitrogen and carbon sources. It was suggested that in this
organism uricase formation may be controlled by a repression
in which a metabolite derived from both the nitrogen and
carbon sources may participate. The biosynthesis of uricase
in Bacillus fastidiosus was reported to be induced by uric
acid (6,7). However, with both uric acid and allantoin
present, an increase in uricase activity was followed by a
decrease, suggesting the possibility that the presence of
allantoin suppressed further uricase formation (6). The
amount of uricase in cells of B. fastidiosus may rise to 50%
of the intracellular soluble protein on growth in media con
taining uric acid as the sole organic substrate (Θ).
This study deals with the regulation of uricase syn
thesis in B. fastidiosus, which can grow well only at the
expense of uric acid or its degradation products, allantoin
and allantoate.

MATERIALS AND METHODS

Strains and culture media. All B. fastidiosus strains used
were described in a previous paper (7). If not indicated
otherwise, B. fastidiosus SMG 83 was used in this study.
Batch-cultures of cells were grown at 37 С in an environ
mental incubator with rotary shaking (200 rpm) or in a 14 1.
P.E.C. Fermentor (Chemap) heavily aerated (17.5 1 air per
min) and stirred (1100 to 1200 rpm). The growth medium con
tained per 1 12 g allantoin or 8 g uric acid, and 8 g Brain
Heart Infusion broth (BHI; Oxoid) in trace element phosphate
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buffer according to Kaltwasser (6). In batch-cultures the
pH raised up to pH 9.0 to 9.2, whereas in the fermentor
cultures the pH was controlled and kept constant at pH 8.0
by automatic neutralisation with 1 N HCl solution. Continuous
growth was performed in a medium containing pe 1 1.5 g allantoin and 0.2 M sodium potassium phosphate buffer pH 7.4 (9).
Cells were harvested, washed and disrupted in the way de
scribed elsewhere (7.9).
Biochemical methods and techniques. All biochemical
methods and techniques used in this study are described else
where (7,8) .

RESULTS
As reported previously (8) the specific activity of the
pure uncase is 75 to 80 (pmol uric acid degraded per mg pro
tein per m m ) when the amount of protein was determined on
a dry weight basis and when the enzyme was tested essential
ly according to Mahler (10). The specific activity of crude
extracts of B. fastidiosus cells grown under particular con
ditions, at 37 С in an uric acid medium with limited air
supply, was only 2 to 3 times lower than that one of pure
uncase. The excessively high uricase content (30 to 50% of
the soluble protein) of these extracts is also apparent in the
elution patterns obtained on Sephadex G-200 gel filtration of
crude extracts of cells grown either on u n e acid or allantoin (Fig. 1) and from gel electrophoretic studies of these
patterns (Fig. 2). The uricase content of cells grown in
well aerated (Fig. 3) batch- or continuous culture was much
lower (Table I). Sephadex G-200 gel filtration patterns
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Table I

Uricase activity in cells of В. fastidiosus SMG 83
grown under various conditions.

a
Growth medium

Uric acid (0.8%) + BHI (0.8%)

Conditions

Specific
activity

E

36#4

Uric acid (0.8%) + BHI (0.8%)

F

1.5 - 3.5

Uric acid (S.=0.15%; S =0.00%)C
ι
e

С (D=0.11)

3.0 - 4.5

Allantoin (0.6%) + BHI (0.4%)

E

0.00

Allantoin (S.=0.15%; S =0.00%)

С (D=0.14-0.38)

0.10 - 0.40

Allantoate (0.6%) + BHI (0.4%)

E

0.00

Allantoate (0.6%)

E

0.10 - 0.30

a

The preparation of the media is given under Materials and
Methods.

b

E refers to 500 ml cultures in 1 1-Erlenmeyer flasks placed
in an environmental incubator with rotatory shaking (200 rpm).
The dissolved molecular oxygen was a limiting factor in a
culture growing at the expense of uric acid;
F refers to heavily aerated (17.5 1 air/min) cultures (10 1)
which were strongly stirred (1100 - 1200 rpm) in a 14 1 P.E.C.
Fermentor ;
С refers to well-aerated (60 1 air/h) continuous cultures
(V=850 ml) with a dilution rate (D; h-!) as indicated.

с

Si indicates the concentration of the substrate in the in
fluent and S e the concentration of the effluent.

d

No correlation was detected between the dilution rate and
the specific activity.
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Sephadex G-200 gel filtration of crude extracts of
B. fastidiosus SMG 83 cells grown with rotatory
shaking (200 rpm, 370C) either in uric acid medium
(open symbols) or in allantoin medium (closed
symbols). The patterns indicate the protein content
(circles) and uricase activity (squares) of the
collected fractions.

and disc gel electropherograms of extracts obtained from a
well aerated fermentor culture and from a batch-culture are
given in Fig. 3 and Fig. 4, respectively. It is evident that
the amount of dissolved molecular oxygen is an important
environmental factor in the control of uricase synthesis of
B. fastidiosus.
The repressive effect of allantoin on uricase synthesis
mentioned by Kaltwasser (6) is apparent from studies on both
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?rs »Hfl
Fig. 2

Disc gel electrophoresis of some of the fractions
(indicated by analogous numbers) of the relevant
fractions obtained by the Sephadex G-200 gel filtration shown in Fig. 1. The prominent band present
only in the gels obtained from cells grown on uric
acid is located at the same place at which pure
uricase is found. Moreover, urlease activity could
be demonstrated in this band, by incubation of
slices of the gel in an uric acid solution in the
same way as in the uricase assay.

growth and concomitant degradation of uric acid by cells precultured on allantoin

(Fig. 5 ) . The consumption of uric acid,

but not the growth rate, is strongly retarded, if allantoin
is present together with uric acid. The effect is less pronounced, when allantoate is present instead of allantoin.
The data presented suggest that especially allantoin is an
important factor in the control of the uricase synthesis.
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activity

I«nits/traction
250

fraction number

Fig. 3

Sephadex G-200 filtration of crude extracts of B.
fastidiosus SMG 83 cells grown in an uric acid medium
in a well-aerated fermentor (closed symbols) and in
an 1 1-Erlenmeyer flask batch-culture at 200 rpm
(open symbols) both at 37 0 C. The patterns indicate
the protein content (circles) and uricase activity
(squares) of the collected fractions.

Uricase is present in relatively low amounts or absent
in cells grown in the presence of allantoin or allantoate
(Table I ) . Some strains can grow scarcely on complex media,
such as BHI. Cells of these bacteria contain an amount of
uricase, which is higher than that one obtained in similar
media containing also allantoin (Table II) except for those
of B. fastidiosus NCIB 10372.

J
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A
26
Fig. 4

A

3

cra;le
extracts

Π
26

Disc gel electrophoresis of crude extracts and of
the fraction 26 after Sephadex G-200 gel filtration
(Fig. 3 ) . The samples were from a well-aerated
culture in a fermentor (A) or from a batch-culture
in Erlenmeyer flasks incubated at 200 rpm (B) both
at 37 0 C. The prominent band present in all gels is
located at the same place at which pure uricase is
found.
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Consumption of uric acid (dashed lines) and growth
(full lines) after inoculation with B. fastidiosus
SMG 83 cells precultured in an allantoin/BHI-medium.
The cells were inoculated in media containing 17.2
mM uric acid (Fig. 5a), 17.2 mM uric acid and 26.0
raM allantoin (Fig. 5b), and 17.2 mM uric acid and
23.0 mM sodium allantoate (Fig. 5c). Growth was
followed spectrophotometrically at 600 nm (open
squares). Growth of cells was also measured in media
containing only allantoin or allantoate (closed
squares). Incubation was at 37 0 C and 200 rpm. Uric
acid was determined at 283 nm after filtration of
the samples and subsequent dilution in 0.15 N HCl
solution.
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Table II

Specific activities of uricase in crude extracts
of some strains of B. fastidiosus grown in various
media, viz., (a) 0.4% uric acid and 0.4% BHI,
(b) 0.6% allantoin and 0.4% BHI and (c) 3% BHI.
The cultures were incubated at 37 С and 200 rpm in
500 ml-ErLenmeyer flasks.

Specific activity of uricase
B. fastidiosus
strain

(ymol/min per mg protein)
uric acid + BHI

allantoin + BHI

BHI

6.4

0.00

0.15

1051

16.3

0.00

0.25

SMG 83

36.4

0.00

0.20

NCIB 10372

16.0

1.6

1.2

E.l
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DISCUSSION

Kaltwasser reported that uricase of B. fastidiosus SMG
Θ3 is induced by uric acid, but presented also evidence for
a suppressive role of allantoin on the synthesis of this
enzyme (6). The following data reported now have to be con
sidered with respect to the control mechanism of uricase
synthesis in B. fastidiosus. (i) The highest amounts of
uricase, up to 50% of the intracellular soluble protein con
tent, was found in cells growing under limited oxygen supply
in media containing uric acid as the main substrate. Under
these conditions the physiological activity of uricase is
reduced by a shortage of the second substrate, molecular
oxygen, (il) When neither oxygen nor uric acid limits growth,
or when only the amount of uric acid is limiting, as in con
tinuous cultures, small amounts of uricase were formed, (iii)
Cells grown in the presence of non-limiting amounts of allan
toin or allantoate are devoid of the enzyme, except for B.
fastidiosus NCIB 10372. (iv) Cells grown under conditions
in which the supply of allantoin or allantoate limits growth,
contain small amounts of uricase. (v) The enzyme is present
in small amounts in cells grown in media devoid of detectable
amounts of uric acid, allantoin and allantoate.
Uricase synthesis appears to be induced by uric acid,
but is repressed in a dominant way by allantoin and to a
lesser extent by allantoate. The low uricase level found in
the absence of uric acid, allantoin and allantoate, reflects
the non-controlled synthesis of uricase. Nearly the same
situation is achieved at low rates of substrate supply in
continuous cultures. The influence of molecular oxygen, which
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can limit the conversion rate of uric acid into allantoin,
can be considered as a regulatory one by assessing the
cellular concentration of uric acid and allantoin.
So B. fastidiosus is well equipped for instantaneous
and fast growth when uric acid is present in its environment.
It may profit optimally from local deposits of uric acid and
allantoin present in the urine of various animals or formed
from purines by various microorganisms.
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CHAPTER

6

"Mechanisms of Uncase Action"

86
SUMMARY

Uncase (urate: oxygen oxidoreductase, EC
1.7.3.3) exposes a positional and s t e n c specificity in the enzymatic conversion of urate to allantoin. The C-2 atom of urate is recovered as the
C-2 atom of aliantorn. By the consecutive oxidation
and hydrolysis reactions a levorotatory intermediate
is formed, presumably

(-)-2-oxo-4-hydroxy-4-carbo-

hydroxy-S-ureido-imidazoline (OHCUI). The absorption and optical rotation dispersion spectra of the
intermediate were established. In the presence of
borate buffer (-)-OHCUI is transformed to (+)alloxanate. The decay of (-)-OHCUI depends on general base and acid catalysis. RS(+)-allantoin is
formed by chemical decarboxylation and S(+)-allantoin by enzymatic decarboxylation.

INTRODUCTION

Uncase (urate: oxygen oxidoreductase, EC 1.7.3.3) catalyzes the oxidation of uric acid to allantoin, carbon dioxide
and hydrogen peroxide, but in the presence of borate buffer
alloxanate and urea are the main products (1). The enzyme was
studied extensively (for a recent review see (2)) since its
discovery about seventy years ago (3,4,5), but a definite
description of its mode of action is not yet available. Since
various uncases have been obtained in pure and homogeneous
form (2), the above given reaction must be ascribed to one
enzyme. In 1956 Mahler (6) presented a reaction mechanism
(Fig. 1) accounting for most of the available data at that
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moment. Since the pK

of uric acid is 3.89 and the order of

acidity of the hydrogen atoms is H-9 > H-3 > H-7 > H-l (7),
the urate anion, deprotonated at the N-9 atom, is the most
probable substrate for uncase at physiological pH values.
Bentley and Neuberger (Θ) established that the enzymatic oxi
dation involves a two-electron transfer to molecular oxygen,
which is transformed into hydrogen peroxide.
Various lines of evidence led to the proposition of a
symmetric intermediate for the chemical and enzymatic oxi
dation of uric acid: (a) the carbon dioxide evolved from urate
is derived from the C-6 atom of uric acid (6,8); (b) only 3methylallantoin was formed during the chemical oxidation of
both 1- and 7-methyluric acid and only 1-methylallantoin was
obtained from both 3- and 9-methyluric acid (9); (c) an equal
distribution of the

N-label of (1,3-

N)-uric acid among the

ureido- and hydantoin-moiety of allantoin, formed by non-enzymatic oxidation was reported by Cavalieri and Brown (10).
The symmetric intermediates were supposed to be 1-carbohydroxy-2,4,6,8-tetraaza-3,7-dioxo-4-ene-bicyclo·(3,3,0)·

octane

(the so-called "Compound I") (6,11), in which rapid protonexchange between N-4 and N-6 may be expected to occur, and/
or

l-carbohydroxy-2,4,6,8-tetraaza-3,7-dioxo-5-hydroxy-bicyclo·

(3,3,0)-octane (the so-called "Behrend compound" or "hydroxyacetylene-diureido-carboxylic acid" (HDC)) (1,8,12,13) shown
in Fig. 15.
In the formation of allantoin carbon dioxide originates
from C-6 of urate. Therefore, a ring contraction by a rear
rangement reaction was postulated to occur. This could also
explain the urate-C-6 origin of the carbohydroxy group in
alloxamc acid (8). According to the reaction sequence pro-
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posed by Mahler (6) Compound I is converted into racemic allantoin via a decarboxylated symmetrical Compound II (Δ ' -ene2,4,6,8-tetraaza-3,7-dioxo-bicyclo·(3,3,0)«octane)

in the ab

sence of borate buffer, while in its presence alloxanate is
formed via UIDC

(2-oxo-4,5-dihydroxy-4-carbohydroxy-5-ureido-

imidazolidine) (1).
However, the following observations do not fit into the
given model: (i) C-5 of urate is completely converted into C-4
of allantoin during oxidation of urate by potassium permanga
nate in alkaline solution (9,14,15,16); (ii) Uricase converts
urate into optically active S(+)-allantoin (17,18); (iii)
Canellakis and Cohen observed that the C-2 atom of urate is
recovered completely in alloxanate on hydrolysis of the UIDCborate complex prepared in borate buffer by uricase-catalyzed
oxidation. This hydrolysis was performed by addition of phos
phate buffer to the isolated complex, whereas C-8 is recovered
in urea (1). Since very rapid exchange of a proton may be ex
pected to occur between N-4 and N-6 of Compound I, Mahler's
proposal (Fig. 1) for the recovery of C-2 of urate in allox
anate is hardly tenable.
The steric and positional specificity of the uricase reac
tion is investigated now. Evidence is presented that in addi
tion to UIDC, one of the intermediates in Mahler's scheme
(Fig. 1 ) , not Compound II, but the dehydrated form of UIDC
(2-oxo-4-hydroxy-4-carbohydroxy-5-ureido-imidazoline

(OHCUI)

may be involved in the production of both alloxanate and allan
toin, thus being a common intermediate in the urate degrada
tion towards both endproducts.
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MATERIALS AMD METHODS

Bacterial strains. Bacillus fastidiosus strain SMG 83, kindly supplied by H. Kaltwasser (Laboratory of Microbiology, University of Saarbrücken, Germany) and used in previous studies
(18,19,20), served as source of pure u n c a s e (20). The ureasenegative B. fastidiosus strain C.6.A, described previously (18),
14
was used for experiments on the degradation of (2- C)-urate.
U n c a s e . All experiments were performed with purified
uncase of B. fastidiosus strain SMG 83, prepared as described
in a previous paper (20). The enzyme preparation (specific activity 53 units/mg protein) used in this study did not contain
proteins other than u n c a s e , as judged on basis of data obtained
by ultracentrrfugation, disc gel electrophoresis and disc gel
isoelectric focussing.
Substrate solutions. To obtain phosphate-buffered substrate
solutions 0.3 g of uric acid was dissolved m

85 ml of 0.1 N

NaOH. The pH was lowered to 7.2 - 7.4 with 10% KH PO

solution,

and water was added to achieve a final volume of 100 ml. To obtain Tns-buffered substrate solutions, 0.3 g uric acid and
0.4 g NaOH were dissolved in 20 ml water, and 20 ml 1 M Tris
was added. The solution was neutralized carefully to pH 7.5 with
concentrated hydrochloric acid, and water was added up to 100 ml
final volume. Solutions buffered in other systems were obtained
by replacing Tris by the desired buffering substances. The subo
strate solutions were kept at 30 С to prevent crystallization of
uric acid, and were freshly prepared every day. Solutions with
lower concentrations of uric acid were prepared by dilution with
buffer solution.
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С-label counting. (2-

С)-uric acid (56.7 mCi/mmol) was

obtained from the Radiochemical Centre Amersham,
14
Buckingshamshire, England.

C-label present on Sartorius cel

lulose nitrate filters (11307) after drying at 60 С was counted
in a scintillation mixture containing per liter toluene, 3.2 g
PPO and 0.3 g POPOP, by use of a Packard Liquid Scintillation
Counter.
Polarimetrie measurements. Optical rotations were measured
at 365, 436, 546 and 578 nm in a Perkin Elmer, model 141, Polar
imeter. The mixtures (10 ml) were incubated in 100 ml Erleno
meyer flasks in a shaking (120 rpm) waterbath at 30 C. Samples
were poured into 10 cm quartz cuvettes, thermostated at 30 C,
and were measured immediately.
Optical Rotation Dispersion measurements. Optical rotation
dispersion (ORD)-spectra were recorded with a Jasco Optical
Rotation Dispersion Recorder model ORD/UV-5 in a 1 cm quartz
cuvette. Reaction mixtures contained 1 μιηοΐ uric acid and 15 pg
of protein per 5 ml.
Spectrophotometric measurements. Spectra were recorded with
a Gary 118 С spectrophotometer. Reaction mixtures containing
-4
7.5 χ 10 M uric acid at the start of the reaction were compared
to similar mixtures in which the substrate was absent. Although
the concentration of molecular oxygen in the reaction mixture
was limited, the changes of the spectra indicated that all uric
acid present in the cuvette could be degraded due to diffusion
of additional oxygen from the gas phase into the liquid mixture.

RESULTS
14
Degradation of (2- C)-urate. According to Canellakis and
Cohen (1) C-2 of urate is directed to alloxanate, but not to
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urea, when the uricase reaction is performed in borate buffer.
In early studies (6,8,10,13,16,21) it was commonly accepted
that C-2 of urate is distributed equally among both the
hydantoin and the ureido moiety of allantoin, when urate is
degraded enzymatically in the absence of borate ions. Since the
experimental and analytical procedures used by previous authors
do not preclude the introduction of artifacts we tested the
14
degradation of (2- C)-urate by whole cells of B. fastidiosus.
This organism contains S(+)-allantoinase (allantoin amidohydrolase, EC 3.5.2.5) which converts only one of the stereoisomers
of allantoin to allantoate, which is subsequently converted by
allantoate amidohydrolase (allantoate amidinohydrolase (decarboxylating), EC 3.5.3.9) into S(-)-ureidoglycolate, ammonia
and carbon dioxide (Fig. 2) (18). Since the absolute configu
rations of S(+)-allantoin and S(-)-ureidoglycolate are known
(22,23) the fate of the carbon atoms of the hydantoin and
ureido moiety of allantoin can be followed in this process, if
a urease-negative strain of B. fastidiosus is used in the ex
periment. When C-2 of urate appears in the hydantoin ring of
allantoin by the action of uricase, it will be excreted as CO
by these bacteria, and, when this atom will be present in the
ureido moiety of allantoin, it will be converted to urea. The
results shown in Fig. 3 demonstrate that 94% of the label of
14
(2-

С)-urate disappeared from the incubation mixture as gas

eous carbon dioxide within 10 min. The remaining radioactivity
may be due to unconverted urate, to carbon dioxide trapped and
present on the filter as a bicarbonate salt, and to products
which may result from spontaneous chemical conversion of
14
(2- C)-urate (24). Thus C-2 of urate appears to be converted
to C-2 of the hydantoin ring of allantoin, and consequently,
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Degradation of urate to glyoxylate and urea in
B. fastidiosus Сб.A (18) .
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Fig. 3

14,
Disappearance of the "C-label
of (2-*14.
*C) -urate from
an aerated incubation mixture m the presence of
B. fastidiosus strain C.6.A. The incubation mixture
at room temperature contained per ml 80 pmol phos
phate buffer (pH 6.6), 88 nmol (2- C)-urate (spe
cific activity 56.8 Ci/mol) and urate-grown cells
of B. fastidiosus C.6.A whose protein content was
equivalent with 145 yg protein. 10 μΐ samples were
placed on dry filters, dried immediately at 60 С and
counted. Counting efficiency was 80%.

the slx-membered ring of urate is converted into the fivemembered one of allantoin by the action of uncase.
Optical rotation during uncase action. The production of
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S(+)-allantoin by u n c a s e

(18) in well-aerated reaction mix

tures is accompanied by the temporary accumulation of an inter
mediate with a strongly negative optical rotation (Fig. 4 ) .

о

io

го

эо
tmt fmnj

Fig. 4

Production of a levorotatory intermediate by u n c a s e
and disappearance of this intermediate after aeration
has been stopped. The reaction mixture at 30 o C con
tained per ml 15 umol urate, 75 μπιοί phosphate buffer
(pH 7.5) and 0.3Θ mg u n c a s e . Solid lines represent
the alteration of the optical rotation at 365 ran in
a reaction mixture supplied with oxygen by shaking.
Dashed lines demonstrate the alterations after trans
fer of a sample to a cuvette which was closed to
prevent the entry of air. The increase of the halflife time of the intermediate is due to a slight
acidification which is caused by the production of
the intermediate.
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When the aeration is stopped, this intermediate is no longer
produced and disappears (t, about 180 sec after Ih min and
t, about 270 sec after Tb min) by further conversions. Then a
slightly positive rotation becomes detectable. The ratio of
the positive optical rotations at 365, 436, 546 and 578 nm is
1:0.65:0.37:0.34 which result corresponds well with that
measured for optically active allantoin (22) . When borate buffer
is added at the moment at which the oxygen supply is stopped,
the levorotatory intermediate disappears much faster (t, about
40 sec) (Fig. 5 ) . The presence of the borate buffer appears to
enhance the decay of this intermediate. Accordingly much less
of it is detected, when borate is present from the start of
the experiment on (Fig. 6 ) . Under these circumstances also a
dextrorotatory compound is formed beside or out of the levoro
tatory intermediate. The ratio of the optical rotations of this
compound at 365, 436, 546 and 578 run is 1:0.57:0.31:0.27. These
values differ substantially from those observed for allantoin
and indicate that another product must be present, which is
most probably (+)-alloxanate. These results indicate that
uricase converts the urate anion primarily into a levorotatory
intermediate which can not be Mahler's Compound I or Compound
II, but may be supposed to be UIDC or some related compound.
Apparently, the intermediate is converted into S(+)-allantoin
and, in the presence of borate buffer, also into (+)-alloxanate.
Spectrophotometrical measurements. The enzymatic degradation
of urate is reported to proceed via a number of unstable inter
mediates, whose presence may be detected by study of the ultra
violet absorption spectrum (6,25). In neutral solutions (pH 7.0
to 7.5) urate exhibits absorption maxima located at 292 nm and
235 nm with molar absorption coefficients being 12.0 χ 10 M

cm
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Effect of borate buffer on the disappearance of the
levorotatory intermediate produced during uricase
action. The conditions are as described in Fig. 4.
The aeration was stopped after 3 min, and borate
buffer, to a final concentration of 10"^ M, or
distilled water was added. Symbols: •, borate buffer
added; o, water added.
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levorotatory intermediate during the uricase reaction.
The rotation at 365 ran observed in the reaction mix
tures after 5 min incubation under aerobic conditions
is given as a function of the concentration of borate
buffer which was present from the start of the reac
tion on. The conditions are as described in Fig. 4.

and 10.2 χ 10

M

cm

, respectively. At the same wavelengths the

molar absorption coefficients of allantoin are extremely low
and amount to zero and 0.33 χ 10

M

cm

, respectively (26).

During rate degradation by uricase at pH 7 to θ spectral peaks
are observed at 302 nm, as was observed previously too (6,25,
27), and at 222 nm (Fig. 7 ) . The peaks appear both in the
presence and in the absence of borate buffer and disappear on
further incubation. Both peaks are attributable to one and the
same intermediate, on the basis of the following observations:
(a) the intensity of both spectral peaks exhibits a similar
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Spectra of a reaction mixture in which uric acid
(6 χ 10-5M) is degraded by uricase (50 yg/ml). The
compounds were present in 0.1 M Tris-HCl buffer
(pH 7.5) and were incubated at room temperature.
The spectra were recorded after 0 ( ) , 4 (
),
8(
) and 10 (
.-·-.) minutes of incubation.

course in time, when measured at pH 8.0 as well as at pH 7.0
(Fig. 8); (b) in the presence of borate ions the disappearance
rate of the spectral peaks is much higher, but again identical
for both peaks (data not shown); (c) The time-dependent changes
in the spectral peaks coincide with those observed for the
optical rotation of the levorotatory intermediate (Fig. 9).
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Changes of the spectral peaks as measured at 320 and
222 nm in time, at pH 7.0 () and pH 8.0 (
) in
50 mM Tris-HCl buffer. Further conditions are as given
in Fig. 7. Measurements were performed at 320 nm
instead of 302 nm to avoid interference by urate.
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Changes in the optical rotation at 365 ran and in the
absorption at 320 nm. The conditions applied for
incubation are as described in Fig. 4. For spectrophotometric measurements samples were diluted 20fold in 0.1 M Tris-HCl (pH 7.5) containing oxonate
( 1 0 - 4 M ) , a potent competitive inhibitor of uricase,
and measured immediately.

Hence, the spectral peaks at 222 nm and 302 nm might be attributed to this levorotatory compound.
Detailed spectral data were derived from scans at various
time intervals during urate degradation by uricase. The results
are shown in Fig. 10.
The optical activity exposed by the intermediate renders
UIDC to a likely candidate. However, the absorbance above 300
nm can not be explained well on the basis of the structure of
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Molar absorption spectra of urate (full line) and the proposed intermediate (dashed line).
Spectral scans were made of urate in 0.1 M Tns-HCl buffer (pH 7.0) and of reaction mixtures
con taming per ml 0.075 μπιοί une acid and 50 μ% uncase m 0.1 M Tns-HCl buffer, at vano us
tune intervals. Simultaneously the residual amount of urate was determined according to
Mahler (28). The proposed intermediate does not interfere in this détermination since this
compound is hydrolyzed rapidly under the acidic conditions applied. The contnbubon of urate
to the absorption was subtracted from the recorded spectra. The contnbution of allantoin to
the absorption spectrum could be neglected, because of its low absorption coefficient. The
absolute values given for the proposed intermediate are approximations, since part of it will be
degraded at the moment of the measurement. To avoid this interference as much as possible
short incubation penods and relatively high amounts of uncase were applied. The molar
absorption spectrum of urate does not fully agree with that given in the literature. This is due
to the rapid scanning.
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UIDC. This objection does

not hold for the dehydrated form of

UIDC (OHCUI). Therefore, this compound is proposed as the main
and most stable intermediate in the degradation of urate by
uricase. In some experiments indications were obtained for the
occurrence of a second intermediate, which may be UIDC itself.
A weak absorption peak at about 275 nm is observed when the
uricase reaction is performed at pH 9.0 in 0.1 M glycine-NaOH
buffer (Fig. 11).
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Spectra recorded during urate degradation by uricase
in 0.1 M glycine buffer (pH 9.0). Further conditions
are given in Fig. 7. The spectra were taken before
addition of the enzyme (
) and 3 min (- - -) and
5 min (
) after addition.
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Kinetic experiments. The disappearance of the proposed inter
mediate was studied spectrophotometrically at 320 nm to avoid
interference by uric acid, allantoin and alloxanate. The compound
was formed by the action of uncase on urate, which was stopped
-4
by the addition of oxonate (final concentration 10

Μ ) , when ap

propriate amounts of the intermediate were present. Oxonate
does not interfere during the measurements, in contrast to
cyanide, also an inhibitor of u n c a s e , as was observed in our
studies. The decomposition of the proposed intermediate appeared
to obey first-order kinetics. The rate of this decomposition was
studied as a function of pH, buffer molarity and ionic strength
of the incubation mixtures, and of the nature of the buffers
applied.
The catalytic action of borate buffer is only weakly influ
enced by pH (Fig. 12). The reaction rate is linearly dependent
on the concentration of borate, tested from 0.05 to 0.75 M
(data not shown), and obeys the equation:
ν = k. . (Borate) . (Proposed intermediate)
b

-1
in which ν is the rate of decomposition and к is 0.21 l.mol
, -1
mm
. The decrease of the rate at higher pH indicates that
boric acid (pK

H BO , 9.24) is the real catalyst in the de

composition.
The rate - pH profiles in the other buffers given in Fig. 12,
indicate that both protons and hydroxide ions catalyze the
reaction. However, the reaction rates are not linearly dependent
on the concentration of these ions. Moreover, the concentration
of the buffering substances strongly affects the reaction rate
(Table I ) . This is not due to alterations of ionic strength of
the solution since the addition of 0.5 M KCl did not exert any
effect. These results strongly suggest that the decomposition
reaction displays a general acid and base catalysis in these
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Rate-pH profiles of the decomposition of the proposed
intermediate in various buffers. This intermediate
was produced in a reaction mixture containing per ml
10 μιηοΐ of urate and 200 yraol of Tris-HCl (pH 7.5 to
7.7). Incubation was at 30 o C and 120 rpm in a shaking
waterbath. After 5 m m 0.1 ml was added to 2.9 ml
of the desired buffer, in which oxonate (10~4M) was
present. Absorption at 320 ran was recorded immediately
in а Сагу 11 С spectrophotometer. (A) represents the
rate-pH profile as measured in 0.1 M phosphate buffer
(o - o ) , 0.4 M phosphate buffer (· - ·) or 0.01 M
borate -0.1 M phosphate buffer (x - x ) . Similar results
were obtained for the decay in 0.01 M borate -0.1 M
phosphate buffer and 0.01 M borate -0.1 M Tris-HCl
buffer both tested at pH values between 7.1 and 9.0.
(B) represents the rate-pH profiles recorded in 0.2 M
acetate buffer (Δ - Δ ) , 0.1 M Tris·HCl buffer ( D - D )
and 0.2 M glycine-NaOH buffer (• - • ) .
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Table 1

Influence of buffer concentration on the half-life
time of the decomposition of the proposed inter
mediate.
The conditions are as described in Fig. 12

Half-life time (sec) at the
indicated buffer molarity5
Buffer

pH

0.1M

0.2M

0.4M

Acetate

5.0

HO

100

100

Acetate + 0.5 M KCl

5.0

-

100

100

Tris-HCl

7.4

200

105

70

Tris-HCl

Θ.Ο

100

55

32

Tris-HCl + 0.5 M KCl

Θ.Ο

-

55

-

ТЕАЬ-НС1

8.0

250

185

160

Tris-HCl

8.5

70

45

29

Glycine.NaOH

8.5

205

105

70

The relation between the half-life time and the reaction
constant is given by the formula к =

ь

S
Triethanolamine
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buffers. The rate-concentration profiles of the decomposition
of the proposed intermediate in phosphate buffers expose a
complex effect based on two actions of phosphate ions. At
first, phosphate ions appear to protect the proposed intermediate against the catalytic action exerted by protons and
hydroxide ions (Fig. 13). Probably, the protective effect is

MVMC-7
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5

2

Fig. 13
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I

I I
01

05
[pmphtti] ¡HI

Reaction rate constant of the decomposition of the
proposed intermediate as a function of the phosphate
concentration at pH 7.5 (o
o) and pH 5.5 (·
·).
The measurements were performed as described in Fig.
12.

due to the formation of a complex between phosphate and the
intermediate. The optical rotation dispersion (ORD)-spectra,
which will be discussed below, yield further evidence for the
occurrence of such a complex. Secondly, phosphate buffers,
when tested at concentrations above 0.1 M exert a general acid
and base catalysis like other buffering substances (Fig. 13).
No special effects can be attributed to either one of the phosphate ions most prominent in the pH region from 4 to 9 (Fig. 12).
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Optical rotation dispersion (ORD) measurement. ORD-spectra
were recorded during urate degradation at pH 7.5 in three
buffer systems (Fig. 14). Levorotatory peaks (at about 320 and
260 n m ) , dextrorotatory peaks (at about 290 and 230 nm) and
isosbestic points with nearly zero rotation (at 307 and 272 nm)
were recorded when a Tris-buffered system was used. The shifts
with time to higher wavelengths (from 225 to 237 nm) observed
in the ultraviolet region are probably due to the formation of
S(+)-allantoin (22). The interpretation of the changes in the
other peaks is hampered by the fact that besides S(+)-allantoin
three possible intermediates may attribute to the ORD-spectra,
viz. (i) the levorotatory form of the proposed intermediate
OHCUI and (ii) two stereoisomers of UIDC, both with the same
steric configuration around C-4, but with different configuration around C-5. Especially the fact that the isosbestic points
are located at the same wavelengths where maximal absorptions
are observed spectrophotometncally requires further studies.
The differences between the spectra m

Tns-HCl buffer

and Tris-HCl-borate buffer (Fig. 14) are due to the special
catalytic action exerted by boric acid on the decomposition of
the proposed intermediate. The contribution of this compound or its hydrated forms - to the spectrum between 275 and 365 nm
disappears rapidly. Moreover, the resulting positive rotation
peak shifts to a higher value (248 nm instead of 237 n m ) , and
an overall positive rotation at higher wavelengths is observed
when borate buffer is present in the reaction mixture. Both
phenomena are due to the formation of (+)-alloxanate instead
of S(+)-allantoin under these conditions.
The variations of the ORD-spectra in phosphate (0.1 M)
buffered reaction mixtures are quite different (Fig. 14). The
pattern characteristic for the levorotatory intermediate(s)
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ORD-spectra recorded durmg urate degradation by uncase. The reaction mixtures (5 ml) contamed 1 /imol of urate and 15 Mg of uncase m the indicated buffer system. ORD-scans were
started 5.5 (
) , 10 (
) and 15(
) mm after the start of the expenment. Scanning tune
for one spectrum (from 365 nm to 200 nm) was 2.5 mm. The following buffer systems were
used (A) 0.05 M Tris-HCl (pH 8 0), (B) 0.1 M phosphate buffer (pH 8.0), (C) 0.05 M
Tns-HCL (pH 8.0) supplied with 0.01 M borate buffer at the start of the uncase action.
Oxonate (10 M) was added at 5 mm after the start of the reaction to stop the uncase action.

по
is recognized as long as long as the uricase action in phos
phate buffer is not inhibited by oxonate or cyanide. The sub
sequent results indicate that the spectral differences in phos
phate buffer, in comparison with the Tris-buffered system, are
caused by a secondary reaction of the intermediate(s) with
phosphate ions. Addition of phosphate (final concentration
0.05 M) and oxonate to a reaction mixture in which the uricase
reaction had proceeded in Tris-HCl buffer causes a shift from
the normal spectrum, ascribed to the levorotatory intermedia
te (s), to that observed in phosphate buffer. Most probably, phos
phate forms a complex with UIDC.

DISCUSSION

Uricase exhibits a stringent specificity regarding both the
electrondonor and -acceptor. No coenzymes or cofactors appear
2+
3+
to be involved although sometimes Cu
and Fe
are present in
pure preparations (2). The reaction mechanism of the enzyme is
still not fully understood. At one hand a rather complex reaction
must be explained which involves an oxidative, a decarboxylative
and a hydrolytic step, in all of which a high degree of posi
tional and stereochemical specificity is maintained (1,17,18).
At the other hand, possible intermediates can be expected to be
rather unstable and detectable only by physicochemical methods.
To elucidate the reaction mechanism the following ways can be
taken: (i) determination of the positional and the stereochemi
cal specificity of the reaction under various conditions; (ii)
evaluation of the possible reactions on basis of reaction mech
anisms known in organic chemistry and enzymology; (iii) inter
pretation of data obtained by physicochemical methods, e.g.
spectrophotometric, polarimetrie and ORD-data.
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The known data relevant to the positional and stereochemi
cal specificity of the uricase action are given in the Intro
duction. In this study we demonstrate the in vivo conversion of
C-2 of urate into C-2 of allantoin, and the occurrence of a
strongly levorotatory intermediate which is transformed into
dextrorotatory products. Under physiological conditions S(+)allantoin is formed, but in the presence of boric acid another
dextrorotatory compound is produced, which is most probably
identical to (+)-alloxanate (1). The measured half-life time
of the levorotatory intermediate in the presence or absence of
borate buffer (0.01 II in 0.1 M Tris-HCl at pH 7.5) are 32 and
150 sec, respectively. These values correspond to those report
ed by Mahler et al. (6) for the decomposition of Compound I.
However, the data presented now yield evidence that OHCUI, in
stead of Compound I, is the common and the most stable inter
mediate in the production of both allantoin and alloxanate by
the action of uricase. The next series of events are supposed
to occur during the degradation of urate by uricase (Fig. 15).
Oxidation and hydrolysis. Uricase catalyzed the transfer
of two electrons from urate to molecular oxygen. As a result
an unstable carbonium ion is created, which may be directed by
the enzyme specifically to (-)-OHCUI. It is supposed that, by
an intramolecular rearrangement, a new bond between N-l and
C-5 of urate arises, while the bond between N-l and C-6 is
broken. In the newly created intermediate. Compound I of Mahler,
a proton exchange between N-4 and N-6 is expected to occur very
easily, making the compound achiral. Since optically active
intermediates are formed, however, it is suggested that the
apparently regiospecific hydrolysis of the C-l to N-θ bond in
Compound I occurs during a chiral interaction of this compound
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из
with the enzyme. An alternative route for the hydrolysis is
given in Fig. 15. It involves the hydration of Compound I to
HDC. Subsequent hydrolysis of HDC during chiral interaction
with the enzyme surface should lead then to one of the
stereoisomers of UIDC.
The transformation of the carbomum ion, formed m

the oxida

tion by u n c a s e , to one of the stereoisomers of UIDC may also
occur as given below for the chemical oxidation of uric acid
and as depicted in Fig. 16.

However, in such a pathway the

enzyme must catalyze a specific ring closure between one of
the ureido-mtrogens (N-l of urate) and one of the carbonyl
groups (C-5 of urate) of diureido-hydroxypyruvic avid.
Hydration and dehydration. The products formed in either
one of the possible hydrolytic reactions of uncase can be
transformed chemically in each other by a hydration/dehydration reaction, in which the steric configuration on C-4 is
conserved, in contrast to that on C-5 in UIDC. On the basis of
the results obtained in the spectrophotometnc and polarimetrie
studies (Fig. 7 and Fig. 10) it was concluded that (-)-OHCUI
is a very serious candidate for the levorotatory intermediate,
which accumulates during the uncase reaction. The absorption
bond located at about 300 nm can certainly be attributed to an
intermediate, in which a conjugated carbonyl function is pres
ent (0=C-N=C-). In OHCUI this system is enlarged with the lone
pair on N-6 and with the carbonyl function of C-7, both in
the ureido moiety. The very weak absorption observed at about
275 nm under special conditions (Fig. 11) is thought to be
due to UIDC, which compound lacks the conjugated system. The
general acid-base catalyzed disappearance of (-)-OHCUI, as
measured at 320 nm, is most probably due to the hydration/

114

о

ΗΝ

H

II

-с' © .

cr\.с=о

Η*

ψΚΐ
ι
ι

ΗΝ
Ι,

Х

И

нн^ С ? \
ι.
ι с=о

Y

ο

dehydrounc acid
Η,Ο

О
и

ΗΝ'Ν*"
Η
alloian

LUUH

Η

Η ι
;„
И;

N'ï^NH-C-NH,
H H
u '
Il

L-ZH,!
η

ион
I.

η

Μ

r'pNH-c-NH,
PNH-C-NHi
ιι
н он
ΙΙ
II
ο

! *Λ
I
"/ί
ΗΗ,-C-NH-C-NH-C-NH
,11
I #11
• О
ОН .' о

li

allantom

HN-y^NH о
I.,
Ι ιι
0

g
II
HII''«/,'4NH

H
суапипс acid

CD,

4r

.»ι-Ν.
ΗΝ */¡ ΝΗ
tx

0* N*

,С-С(ЮН

oionic acid

л.

Η он

ν

NHj*H,0

ΗΝ^ν,^ΝΗ О
U,
I II

^CÚ. ^с-с-соон

О'

Ν

·

(Z.li-dihydroii-US-tnaiyl)
-glyoiylic acid

Fig.

16

Probable, successive reactions after chemical oxida
tion of uric acid or oxidation catalyzed by biologi
cal systems different from u n c a s e .

dehydration reaction. The only other possible acid-base cata
lyzed reaction should be the decarboxylation. However, this
reaction seems more likely specifically acid-base catalyzed.
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General acid-base catalysis is also observed in phosphate
b u f f e r s , when present in high concentrations. However, at lower
concentrations this activity is covered by the stabilizing e f 
fect exerted by phosphate against the hydrolytic decay of O H C U I .
T h i s effect is probably due to the formation of a complex b e 
tween phosphate and U I D C . As is known for some types of n u c l e 
otides phosphate can function as a bridge between vicinal diol
groups.
Decarboxylation. In a buffer which does not contain boric
acid UIDC will be decarboxylated
allantoin

to form the enol-form of

(Fig. 17) which form was postulated by Vogels et a l .

(26) to be involved in the racemisatlon of allantoin. It will
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The conserted mechanism involved in the decarboxy
lation of UIDC. The proton-acid is symbolized by
H-Α, the proton-base by :B.

be converted into RS(±)-allantoin by tautomensation. The
decarboxylative decay of UIDC will proceed optimally with the
cis-diol as indicated in Fig. 15. This isomer may be formed
directly from OHCUI or out of the trans-diol form by a dehydration/hydration reaction. Phosphate is supposed to give rise
to a phosphate-intermediate complex in which a cyclic phosphate
ester moiety protects slightly the intermediate against decom
position. The ultimate product is, however, the normal decar
boxylation product allantoin.
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In the presence of u n c a s e , but xn the absence of borate
S(+)-allantoin is formed, which strongly indicates that the
enzyme too is involved in a decarboxylation reaction and imposes
a stereoselectivity upon it. Probably (-)-OHCUI is the substrate
in this decarboxylation reaction, since this compound accumulates
in substantial quantities as a product of the hydrolysis during
the chiral interaction with the enzyme surface. However, one of
the stereoisomers of UIDC cannot be fully ruled out as a possible substrate (Fig. 15). Part of the allantoin produced by the
in vitro, and possibly also by the m

vivo uncase system may

be in the RS-form due to the chemical decarboxylation besides
the enzymatic reaction and to chemical racemisation of S(+)allantoin which is most effective at high pH values

(26).

Production of alloxanate and urea. In the presence of boric
acid (considering the effect of pH on the catalytic action
(Fig. 12) and the pK

value of boric acid it is justified to

attribute specific effects to boric acid) (+)-alloxanate is
formed both in the presence and absence of an active u n c a s e ,
Cis-diols can react with boric acid; the primary adduct can
react again to the so-called spiro-compoundñ, as indicated in
Fief. 15. One of the stereoisomers of UIDC contains such a vicinal diol structure and is, therefore, a likely candidate to
be involved in a reaction with boric acid. In such a complex
UIDC is protected against the normal decomposition to allantoin.
Upon a nucleophilic attack of a hydroxide ion or - in view of
the pH dependence of the reaction (Fig. 12) - more likely a
water molecule, the ureido moiety will behave as a leaving
group and alloxanate is formed. In these chemical reactions
the specific configuration around C-4 is conserved and is identical in (-)-OHCUI, in UIDC and in (+)-alloxanate. This explains
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that only one of the isomers of alloxanate is formed.
In summary, the reactions may be described as follows. Urate is
oxidized by u n c a s e and two electrons are transferred to molecular oxygen under formation of hydrogen peroxide. The primary
oxidation product will be transformed into S(+)-allantoin via
a number of conversions, in which chiral interaction with the
enzyme surface occurs. In vitro, however, not all urate is converted to S(+)-allantoin. A levorotatory intermediate accumulates by release from the enzyme surface. This intermediate is
decomposed in a chemical way to racemic allantoin in the absence
of boric acid. In its presence, (+)-alloxanate and urea are
formed from the levorotatory intermediate by quite different
chemical events.
Chemical oxidation of uric acid. Generally allantoin is the
main product of the chemical oxidation of uric acid. However,
in several chemical and biological procedures substantial
amounts of other products are formed. Fig. 16 presents the chemical reactions, by which these products may arise, and the distribution of labeled atoms in the reaction sequences.
Since carbonyl and imino groups destabilize a carbonium ion
and NH-groups stabilize it, the cation formed in the non-enzymatic oxidation will rather have the mesomenc iminium structure.
Such an ion will deprotonate and yield dehydrouric acid, which
can be transformed further, in a way dependent on the applied
conditions. A hydrolysis of the C-5 to N-7 bond in the fivemembered ring may occur, yielding 2-hydroxy-4,5-dioxo-6-ureido4,5-dihydro-pyrimidine, which may be hydrolyzed again to yield
diureido-hydroxypyruvic acid. By an intramolecular attack of
one of the ureido-nitrogens on one of the carbonyl groups - a
similar type of reaction is involved in the conversion of
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alloxan into alloxanic acid (29) - , two quite different products may arise.
The reaction scheme of Fig. 16 is constructed on the basis
of the following observations: (i) Griffiths (30) found that
uric acid is oxidized by cytochrome £ at pH 7.9 and by an alka2+
line Cu -solution to dehydrounc acid, in which compound the
purine ring system is still intact; (n) Alloxan was found by
Struck and Elving (31), Vamno (32) and Soberön (33) as a product of the oxidation of uric acid; (ni) Fndovich (34) showed
the spontaneous appearance of oxonate in an alkaline solution
of uric acid on standing. The oxidation may be caused by dissolved molecular oxygen. Brandenberger and Brandenberger (35)
reported the production of oxonate from urate in alkaline hydrogen peroxide or KMnO. solution. This observation was confirmed by Canellakis and Cohen (36); (iv) The production of
cyanunc acid (2,4,6-trihydroxy-l,3,5-triazine) from uric acid
was reported by Canellakis et al. (37) ; (ν) Cyanunc acid was
also obtained by Brandenberger and Brandenberger (35) on oxi
dation of oxonic acid. Biltz and Giesler (3B) reported a method
for the production of both oxonic acid and cyanunc acid from
allantoic acid, which is formed by hydrolysis of allantoin.
Although it is generally accepted that these two s^tnazine
derivatives, obtained by oxidation of uric acid (34,35,36,37),
were derived primarily from allantoin, just on the fact that
they can be prepared from allantoic acid, it is obvious now
that they may be derived from uric acid also directly; (vi)
The s-tnazine ring of oxonic acid and cyanunc acid contained
the atoms 2, 3, 4, 9, θ and 1 or 7 from uric acid, while the
carbohydroxy group of oxonic acid was derived from C-5 of uric
acid (34). C-6 of uric acid is lost by decarboxylation
during the formation of cyanuric acid (34).
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This reaction sequence may explain also the products found
in biological systems different from u n c a s e . Canellakis et
al. (37) reported on several non-unease systems, of which the
catalase - ethyl hydrogen peroxide system was most active and
produced a broad spectrum of oxidation products, which all can
be derived from the intermediary products given in Fig. 16. The
equal distribution of the

N-label of (1,3-

N)-uric acid over

the hydantoin and the ureido moiety of allantoin as encountered
in vivo in rats (21) cannot be explained on the basis of a
u n c a s e system but may result from a cytochrome-oxidase system
(30). The urea derived from labeled uric acid administered to
humans, which lack uncase (39), can be formed along similar
routes.
Uncase versus other biological systems which oxidize uric
acid. Various biological systems (reviewed in (2)) are able to
oxidize urate, but all yield dehydrouric acid, which may subsequently be transformed to the products given in Fig. 16. In
future studies care must be taken to differentiate these biological systems from the uncase reaction. U n c a s e catalyzes an
oxidative transformation of urate. The subsequent hydrolytic
and decarboxylative steps probably occur during chiral interaction of the intermediate with the enzyme, so yielding still
an optically active product, S(+)-allantoin. Such a reaction
sequence can be explained on basis of the reactions presented
in Fig. 15.
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SUMMARY

The introduction of this thesis presents a survey on the
natural occurrence of nitrogenous waste products, which result
from the degradation of purines. Microorganisms play an essential role in the mineralisation of these substances. Bacillus
fastidiosus occupies a distinct position among these organisms.
Since it can grow well only at the expense of uric acid, or its
degradation products allantoin or allantoate as carbon, nitrogen
and energy source.
This thesis deals with the results of a study on the metabolic, physiological and enzymological aspects of the uric acid
degradation by B. fastidiosus.
Chapter 2 describes the isolation of new Bacillus strains,
which can grow well on uric acid but not or only scarcely on
complex media. On the basis of the description of Den Dooren de
Jong, as given m

1929, and the similarities with known strains,

the new strains were identified as B. fastidiosus. Together
with some known strains they were used in this study.
In Chapters 2 and 3 the degradation and utilisation of uric
acid and its degradation products by B. fastidiosus are described.
For the uptake of uric acid, allantoin and allantoate energy is
needed. The uptake of allantoate is under control of the components present in the growth medium. In the presence of molecular oxygen uric acid is converted by uncase into S(+)-allantoin,
carbon dioxide and hydrogen peroxide. S(+)-allantoin is converted to allantoate by S(+)-allantoinase. R(-)-allantoin becomes available for degradation after transformation into S(+)allantoin by allantoin racemase. This enzyme is produced especially during growth on racemic allantoin. Allantoate is degraded by allantoate amidohydrolase to carbon dioxide, ammonia
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and S(-)-ureidoglycolate, which m

turn is converted into

glyoxylate and urea. Some strains possess urease and produce
carbon dioxide and ammonia from urea. Due to the production of
ammonia the pH of the medium may rise up to pH 9.
A similar amount of energy is obtained by B. fastidiosus
from uric acid, allantom and allantoate and it is derived
from the degradation of glyoxylate. In the presence of vitamins
and amino acids the energy requirements for monomer synthesis
is lowered and more energy becomes available for polymer synthesis and cell growth. Thus, the rate and yield of growth is
enlarged.
The second part of this thesis deals with the synthesis of
u n c a s e (Chapter 5 ) , its properties (Chapter 4) and its mechanism of action (Chapter 6 ) . The synthesis is repressed by intracellular allantom and allantoate. In the absence of these
compounds uric acid may induce the synthesis. As cosubstrate in
the uncase reaction, molecular oxygen determines the physiological rate of the conversion of uric acid into allantom and
the intracellular concentrations of these compounds. Thus, the
oxygen present in the medium strongly influences the rate of
uncase synthesis.
From crude extracts with high specific uncase activities
the pure enzyme was obtained in a two-step procedure. This
enzyme (molecular weight 145 000 - 150 000 daltons) is composed
from two subumts with a molecular weight of 36 000 daltons and
two with a molecular weight of 39 000 daltons, and it does not
contain detectable amounts of cysteine, coenzymes or functional
metal ions. The enzyme is competitively inhibited by the uric
acid analogues xanthine and 8-azaxanthine, by oxonic acid and
by cyanide.
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Uricase catalyses the transfer of two electrons from the
urate anion to molecular oxygen, by which event hydrogen peroxide and a cation arise. During chiral interaction with the
enzyme this cation is subjected to chemical changes resulting
in the production of S(+)-allantoin. The six-membered ring of
uric acid is converted to the hydantoin ring of allantoin. In
vitro the oxidized urate is partially released as a levorotatory intermediate, presumably

(-)-2-oxo-4-hydroxy-4-carbohy-

droxy-5-ureido-imidazoline, which is transformed by non-enzymatic reactions into racemic allantoin in the absence of boric
acid, and into (+)-alloxanate and urea in its presence.
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SAMENVATTING

De inleiding van dit proefschrift geeft een overzicht van
de dierlijke en plantaardige uitscheidings- en afbraakprodukten, welke gevormd worden bij de afbraak van purines, en het
voorkomen van deze produkten in de natuur. Mikro-organismen
spelen een essentiële rol bij de mineralisatie van deze stoffen. Bacillus fastidiosus neemt onder deze mikro-organismen een
bijzondere plaats in, omdat deze bakterie alleen maar goed kan
groeien als urinezuur of de daaruit gevormde afbraakprodukten,
allantoine of allantoaat, aanwezig zijn als koolstof-, stikstof- en energiebron.
Dit proefschrift beschrijft de resultaten van een onderzoek naar de metabolische, fysiologische en enzymologisch aspekten van de urinezuur afbraak door B. fastidiosus.
In Hoofdstuk 2 wordt de isolatie beschreven van enkele
nieuwe Bacillus stammen, die goed op urinezuur, doch niet of
slecht op komplexe media kunnen groeien. Op grond van de door
Den Dooren de Jong in 1929 gegeven beschrijving van B.
fastidiosus en de overeenkomsten met de reeds bekende stammen
van dit organisme werden ze geïdentificeerd als stammen van B.
fastidiosus. Zij werden tezamen met enkele bekende stammen in
dit onderzoek betrokken.
In de Hoofdstukken 2 en 3 wordt de opname en de afbraak
van urinezuur en de daaruit gevormde produkten beschreven. Voor
de opname van urinezuur, allantoine en allantoaat is energie
nodig. Het transport van allantoaat wordt door de samenstelling
van het groeimedium gereguleerd.
Urinezuur wordt door uricase in aanwezigheid van zuurstof
omgezet in S(+)-allantoine, kooldioxide en waterstofperoxide.
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S(+)-allantóme wordt door S(+)-allantoinase omgezet in allantoaat. R(-)-allantóme komt voor verdere afbraak beschikbaar na
omzetting in S (+) -allantóme door allantóme racemase. Dit enzym blijkt vooral gevormd te worden bij groei op RS-allantoine.
Allantoaat wordt door allantoaat amldohydrolase omgezet in
kooldioxide, ammoniak en S(-)-ureidoglycolaat, dat op zijn
beurt omgezet wordt m

glyoxylaat en ureum. Enkele stammen be-

vatten urease en vormen uit ureum kooldioxide en ammoniak,
waardoor de pH in het medium stijgt tot pH 9.
De hoeveelheid energie, die de bakterie betrekt uit urinezuur, allantóme of allantoaat is gelijk en is afkomstig uit de
afbraak van glyoxylaat. Vitamines en amino-zuren verhogen de
groei-snelheid en de groei-opbrengst, omdat zij de synthese
van monomeren gedeeltelijk overbodig maken, waardoor meer
energie beschikbaar komt voor polymeer-synthese en voor celgroei.
Het tweede gedeelte van het proefschrift behandelt de synthese (Hoofdstuk 5), eigenschappen (Hoofdstuk 4) en werkingsmechanisme (Hoofdstuk 6) van uncase. De synthese van dit enzym wordt gerepresseerd door de intracellulaire concentraties
van allantóme en allantoaat. In afwezigheid van deze stoffen
kan urinezuur de synthese induceren. Molekulaire suurstof bepaalt, als co-substraat in de uricasereaktie, de fysiologische omzettingssnelheid van urinezuur naar allantóme en de
intracellulaire concentraties van deze stoffen. De zuurstof
concentratie in het medium heeft daardoor een sterke invloed
op de synthese-snelheid van het enzym.
Uit ruwe extrakten met een hoge specifieke uncase aktiviteit kon het zuivere enzym preparaat m

twee zuiveringsstappen

bereid worden. Dit enzym (molekuul gewicht 145 000 - 150 000
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daltons) blijkt te bestaan uit twee sub-eenheden met een molekuul gewicht van 36000 daltons en twee met een molekuul gewicht van 39000 daltons, en bevat geen aantoonbare hoeveelheden
van cysteine, co-enzymen of funktionele metaal ionen. Het enzym wordt kompetitief geremd door unnezuur-analoga, zoals
xanthine en 8-azaxanthine, door oxonzuur en door cyanide. Remming vindt ook plaats in aanwezigheid van bepaalde metaal ionen.
U n c a s e katalyseert de overdracht van twee elektronen van
het uraat-anion op molekulaire zuurstof, waardoor waterstofperoxide en een kation ontstaan. Gedurende chirale interaktie
met het enzym ondergaat dit kation chemische veranderingen, die
uiteindelijk leiden tot S(+)-allantóme. De zes-ring van urinezuur wordt gedurende deze omzettingen veranderd in de hydantoine ring van allantóme. In vitro komt een deel van het geoxideerde uraat vrij als een linksdraaiend intermediair, waarschijnlijk

(-)-2-oxo-4-hydroxy-4-carbohydroxy-5-ureido-imida-

zoline, waaruit via met-enzymatische reakties in afwezigheid
van boorzuur racemisch allantóme en in aanwezigheid van deze
stof (+)-alloxanaat en ureum ontstaan.
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