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The purine degradation pathway in humans ends with uric
acid, which has low water solubility. When the production of
uric acid is increased either by elevated purine intake or by
impaired kidney function, uric acid will accumulate in the
blood (hyperuricemia). This increases the risk of gout, a
disease described in humans for at least 1000 years. Many
lower organisms, such as the yeast Arxula adeninivorans,
possess the enzyme, urate oxidase that converts uric acid to
5-hydroxyisourate, thus preventing uric acid accumulation.
We have examined the complete purine degradation
pathway in A. adeninivorans and analyzed enzymes involved.
Recombinant adenine deaminase, guanine deaminase, urate
oxidase and endogenous xanthine oxidoreductase have been
investigated as potential additives to degrade purines in the
food. Here, we review the current model of the purine
degradation pathway of A. adeninivorans and present an
overview of proposed enzyme system with perspectives for
its further development.

Introduction

Foods of animal and vegetable origin contain different
amounts of RNA, DNA, nucleotides, nucleosides and free
purines. These complex compounds from exogenous sources as
well as from cell turnover are broken down via free purine bases
to uric acid, the end product of the human purine degradation
pathway.1 Approximately 80% of uric acid excretion is through
the kidneys and impairment of their function and/or elevation of
uric acid production leads to hyperuricemia – a condition charac-
terized by a concentration serum urate above its saturation
level.2,3 Hyperuricemia is a risk factor for gout,4 an inflammatory
arthritis caused by monosodium urate crystals forming in joints.5

The disease is characterized by excruciating pain, swelling and

warmth of the affected joints called a gout attack.6 Prevalence of
gout is increasing in the population worldwide and it is believed
to be caused by rising obesity, diet rich in purines and alcohol
consumption.4

Treatment of gout depends on the clinical phase of the disease
and the patient’s specific risk factors (high serum urate, body
weight, alcohol consumption).7 Acute gout attacks are treated
with non-steroidal anti-inflammatory drugs (NSAIDs), colchi-
cine or in rare cases with corticosteroids and interleukin-1b
inhibitors. The goal of the treatment at this stage is pain relief
and elimination of inflammation in the joints. During the second
stage (between the attacks), drugs lowering urate concentration
are given to the patient (uricostatics, uricosurics or uricolytics),
which help to prevent future attacks.7-9

Despite various pharmaceutical options, a reduction in
intake of purine-rich foods is recommended as a basis of
gout therapy.3 Patients should avoid eating meat and organ
meats, seafood, legumes and other high-purine-content food.
The intake of alcohol should also be restricted. These dietary
changes are essential and enhance the effectiveness of every
pharmaceutical treatment.3,4

To provide patients with better control of the disease with
reduced symptoms and frequency of gout attacks, a novel
enzyme system decreasing the purine concentration of food
products has been developed.10-13 This system is an enzyme
mixture that, at present, consists of 4 purine-degrading
enzymes: adenine deaminase, guanine deaminase, xanthine oxi-
doreductase and urate oxidase, which simultaneously break
down purines to a water-soluble 5-hydroxyisourate. The goal of
this article is to give an overview of the composition and appli-
cation of this enzyme system.

Enzymes and Their Role in the Purine Catabolism
in A. adeninivorans

The studies of purine degradation pathway in various organ-
isms have shown that this process can end at different stages in
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the enzymatic degradation pathway, and thus leads to an excre-
tion of various end products.14,15 The analysis of A. adeninivor-
ans genome revealed a presence of almost all necessary genes
essential for purine degradation to CO2 and NH3 (Fig. 1).
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The degradation starts with the 5’-nucleotidase that hydroly-
ses purine nucleotides (AMP, GMP, IMP and XMP) to nucleo-
sides and phosphate. Adenosine, inosine, xanthosine and
guanosine are then cleaved with purine nucleoside phosphorylase
to free purine bases (adenine, hypoxanthine, xanthine and gua-
nine) and ribose-1-phosphate. Adenine and guanine are deami-
nated to hypoxanthine and xanthine, respectively, by the
enzymes, adenine deaminase and guanine deaminase. Hypoxan-
thine and xanthine are both substrates for xanthine oxidoreduc-
tase, which oxidises them to uric acid, the last common product
of purine degradation in all organisms and the final product in
humans. Further degradation of uric acid varies from species to
species.15

In most organisms, except for primates, reptiles, birds and ter-
restrial insects, uric acid undergoes degradation to allantoin.
Kahn and Tipton17 suggested that allantoin is not the true prod-
uct of the urate oxidase oxidation in soybean and further investi-
gation led to the identification of 2 new enzymes that participate
in formation of allantoin. The complete pathway of uric acid
degradation involves urate oxidase, which produces 5-hydroxyi-
sourate (HIU); 5-hydroxyisourate hydrolase (HIU hydrolase),
which yields 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline
(OHCU); and OHCU decarboxylase that leads to formation of
(S)-allantoin and CO2.

18

The sequence analysis of A. adenini-
vorans genome did reveal the presence of
HIU hydrolase but it is not known
whether the OHCU produced by this
enzyme is degraded enzymatically or
degrades spontaneously, because the
appropriate gene has not be found to
date.

All of the characterized enzymes, ade-
nine and guanine deaminases, xanthine
oxidoreductase and urate oxidase have
been shown by qPCR and enzyme analy-
sis to be inducible.10-13 The expression
of all genes was monitored over time
with different concentration of inducers
using SYBR Green fluorescent dye for
double-stranded DNA quantification.
The mRNA accumulation was strongly
enhanced by the presence of hypoxan-
thine and adenine in cultivation medium
(2 times higher mRNA level for hypo-
xanthine than adenine in case of adenine
deaminase, guanine deaminase and xan-
thine oxidoreductase); uric acid also
strongly induced the urate oxidase gene
(Fig. 2). The results are in agreement
with measured enzyme activities, which
were highest when the hypoxanthine was

present in the cultivation medium (data not shown). Only in
case of urate oxidase was the induction of its gene equally good
with adenine as it was with hypoxanthine.10-13 Clearly, the
mRNA relation between every inducer is reflected here in the
enzyme activity, however, the amount of accumulated transcript
does not translate into the amount protein synthesized. The very
high (up to 3,500, Fig. 2) relative expression level of xanthine oxi-
doreductase gene was not related with the actual protein accumu-
lation. However, as shown by Vogel and Marcotte19 the mRNA
level corresponds to the level of protein in only around 40%, the
remaining 60% being dependent on post-transcriptional, transla-
tional and degradation regulation.

These and other genes coding for remaining enzymes from
purine degradation pathway were recently analyzed for adenine
inducibility using microarray technology.16 The results demon-
strated that adenine positively influences expression of all the
genes in the pathway except the urea amidolyase gene. Adenine
however, does not directly induce the genes. It has been shown
using a strain lacking xanthine oxidoreductase activity that the
true inducer of urate oxidase gene is in fact uric acid. Thus ade-
nine, as well as other purines, must be first converted to uric acid
before they can act as an inducer.11 An analogous situation may
apply to other enzymes of the pathway (allantoinase, allantoicase,
ureidoglycolate hydrolase), as is the in case of Aspergillus nidulans
and Neurospora crassa20, 21 where all genes are activated with uric
acid. The true inducers of A. adeninivorans enzymes of the path-
way will be tested once appropriate knockout mutants are
available.

Figure 1. Schema of proposed purine degradation pathway in A. adeninivorans. The presence of
OHCU decarboxylase has not been confirmed yet.
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It has been shown in A. nidulans,
that the purine degradation pathway is
regulated by a UaY transcription fac-
tor, which mediates uric acid induc-
tion. A blast search of A. adeninivorans
genome shows that the AUAY gene has
been identified which has similarity to
the positive regulators of purine utili-
zation. Like the positive regulators it
belongs to the zinc finger transcription
factors, which have a ZnII2Cys6 DNA
binding motif. This class of binuclear
zinc proteins is found only in fungal
kingdom and is involved in the regula-
tion of many pathways.22 The best-
known and first-described protein of
this class is Gal4p.23 The inducibility
of A. adeninivorans AUAY gene was
analyzed by qPCR in yeast samples
grown on adenine, hypoxanthine and
uric acid as nitrogen sources. It was
shown that uric acid functions as an
inducer almost as well as hypoxan-
thine, whereas the adenine induction
effect is about half that of hypoxan-
thine (at 3 mM). Again, it is possible
that the only “true” inducer of this
transcription factor is uric acid as in
case of urate oxidase (AUOR) gene.
The inducibility of all the characterized
enzymes of purine degradation path-
way in A. adeninivorans is presented in
Fig. 2. The same induction pattern
can be observed for all genes suggesting
that it can be modulated by the same transcription factor, as
shown for A. nidulans.22

Production of Low-Purine Content Food with use
of A. adeninivorans

A. adeninivorans belongs to the phylum Ascomycetes and
exhibits some unusual properties. The yeast is tolerant to high
salt concentration (up to 20% NaCl) and to high temperatures
(grows up to 48�C). As a dimorphic organism, it undergoes a
morphological change from budding cells to a mycelial form
when cultivated above 42�C.24 Moreover, A. adeninivorans can
use an extraordinarily large number of C and N sources as n-alka-
nes, starch, polyalcohols and organic acids, tannins and tannic
acid as a carbon source and nitrate as nitrogen source.25-27 In
addition, this yeast can grow on purines, such as uric acid, ade-
nine and hypoxanthine as a carbon and/or nitrogen source.28

Due to its robustness, outstanding growth parameters and broad
C-and N-source spectrum, A. adeninivorans is an ideal organism
for various biotechnological applications.

The aim of this project was to develop a method to degrade
purines in food products in order to prevent hyperuricemia.
From preliminary investigations it was known that A. adeninivor-
ans LS3 grows on purines as the sole N-source and the genome
sequence analysis revealed presence of all genes from purine

Figure 2. The influence of nitrogen source on transcript accumulation of (A) AADA, (B) AXOR, (C) AUAY
(D) AGDA, (E) AUOR. The A. adeninivorans cells were cultivated in yeast minimal medium with glucose
(1%) as carbon source and various purines as nitrogen sources at different concentrations for 24 h.
The transcript was analyzed by qPCR. Used markers: (&) adenine, (~) hypoxanthine, (�) uric acid.

Table 1. Comparison of the properties of purified recombinant adenine
deaminase (Aada6hp), guanine deaminase (Agda6hp), urate oxidase
(Auor6hp) and wild-type xanthine oxidoreductase (Axorp)

Property Aada6hp Agda6hp Axorp Auor6hp

pH optimum 6.5 6.5 8.5 9.5
pH range* 5.5–7.5 6.0–8.0 7.5–9.5 8.0–10.0
pH stability* 7.5–8.5 6.5–8.0 8.0–10.5 8.0–10.0
Temperature optimum 40�C 55�C 43�C 35�C
Temperature range* 34–46�C 40–60�C 35–50�C 30–45�C
Temperature stability/1h* 30�C 30�C 30�C 50�C

* Temperature, pH range and stability were defined as the temperature and
pH at which over 80% of the initial activity was retained. pH stability was
measured after incubation for: 24 h for Aada6hp, 4 h for Axorp, 1 h for
Auor6hp and Agda6hp.
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degradation pathway. The products of those genes, adenine
deaminase (Aadap), guanine deaminase (Agdap) and urate oxi-
dase (Auoxp), were successfully synthesized in transgenic A.
adeninivorans cells using the Xplor�2 transformation/expression
platform as described by Jankowska et al.10 and Trautwein-
Schult et al.12,13 The productivity of each transformant strain
was optimized by modification of the medium, temperature and
carbon source concentration. The highest productivity for gua-
nine deaminase and urate oxidase was obtained in yeast minimal
medium supplemented with 1% glucose after 24 h of cultiva-
tion at 30�C whereas for adenine deaminase the conditions
were yeast minimal medium with 2% glucose for 5 h at 37�C.
Eventually, the activity attained was up to 15,000 U g‑1 dcw
(dry cell weight) for adenine deaminase, up to 73 U g‑1 dcw for
guanine deaminase and up to 25 U g‑1 dcw for urate oxidase.
However transformants exhibiting recombinant xanthine oxido-
reductase (Axorp) activity have not yet been obtained. The culti-
vation procedure for this enzyme in the wild-type strain was also
optimized; yeast minimal medium with 1% glucose and
2.5 mM hypoxanthine, 5 h of shaking at 30�C. The yield
attained was 22 U g‑1 dcw, which is similar to the yield for
urate oxidase.11

All four enzymes have been purified and biochemically
characterized. The cells were first mechanically disrupted to
release intracellular proteins. Recombinant adenine deaminase,
guanine deaminase and urate oxidase all had a sequence coding
for His-tag at the C-terminus of the gene which enabled puri-
fication using Ni2C-charged His-bind resin. The wild-type xan-
thine oxidoreductase was partially purified on an ion exchange
column followed by the size exclusion chromatography. The
mass analysis of the purified enzymes in the native and dena-
turing conditions confirmed the monomeric structure of both
deaminases and dimeric structure of xanthine oxidoreductase
and urate oxidase, that were assumed based on the gene
sequence.

The optimal pH was determined by measuring enzyme activ-
ity in different buffers in the pH range of 2–12. For determining

the optimal temperature, the enzymes and
other assay solution were equilibrated in
chosen temperatures for 5 min before
start of the reaction. The pH and thermal
stabilities were assessed after incubation of
enzymes under given conditions for set
times (described by Jankowska et al.,10,11

Trautwein-Schult et al.12,13). The optimal
assay conditions and pH and temperature
stabilities were similar enough to enable
the enzymes to work well when mixed in
a single solvent of fixed pH and tempera-
ture (pH 8.0 and 40�C – Table 1).

Three of 4 enzymes are highly specific
for their substrates, whereas xanthine oxi-
doreductase is more versatile and can oxi-
dase other purines and purine analogs
using NADC as an electron acceptor. All

KM values for the natural substrates are in the micromolar range
starting with 26 mM for guanine (with guanine deaminase) to
660 mM for adenine (with adenine deaminase). The turnover
number (kcat) is the lowest for recombinant guanine deaminase,
1.5 s¡1, and increases in adenine deaminase - 20.8 s¡1, and urate
oxidase - 121 s¡1. This constant could not be determined for
xanthine oxidoreductase because of low purity of the wild-type
enzyme.

Application of Enzymes for the Production
of Low-Purine Content Food

Initial experiments to test the functionality of an enzyme mix-
ture (adenine deaminase, guanine deaminase, xanthine oxidore-
ductase and urate oxidase) were carried out on a solution
containing equal amounts of xanthine, hypoxanthine, adenine,
guanine and uric acid. For all purines a significant reduction in
concentration was detected.

For tests with beef broth and yeast extract, both constituents
of a variety of processed foods, single enzymes or enzyme mixes
were applied. Adenine deaminase and urate oxidase were able to
completely remove adenine and uric acid from beef broth when
added as sole enzyme.10,12 Guanine deaminase and xanthine oxi-
doreductase were tested in a mixture with the remaining 2
enzymes on both beef broth and yeast extract leading to a sub-
stantial decrease of purine concentration in those products
(Fig. 3).11,13

The results of analysis of rolled fillet of ham are shown in
Table 2. The untreated food contained 21.1 mg/l guanine and
smaller amounts of hypoxanthine (9.4 mg/l), adenine (1.4 mg/
l), xanthine (1.1 mg/l). Uric acid was not detected. The incuba-
tion of dissolved rolled fillet of ham over 240 min with the
enzyme mixture (0.2 U/ml adenine deaminase (Aadap) 0.2 U/
ml guanine deaminase (Agdap), 0.2 U/ml urate oxidase (Auorp)
and 0.2 U/ml xanthine oxidoreductase (Axorp)) caused a reduc-
tion in each of the purines.

Figure 3. Production of food with low purine content using beef broth as an example. Presented is
the profile of the beef broth before (thick line) and after (thin line) enzyme treatment with (A) 4.2 U
adenine deaminase (Aadap) for 20 min and (B) an enzyme mixture containing 1 U of xanthine
dehydrogenase (Axorp) and 0.125 U of adenine deaminase (Aadap), guanine deaminase (Agdap)
and urate oxidase (Auorp) respectively plus 3 mg ml¡1 NADC for 240 min. Peaks: 1 – adenine, 2 –
hypoxanthine, 3 – xanthine, 4a,b – guanine, 5 – uric acid.
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Conclusions and Further Perspectives

The present approach for reduction of purine content in food
consists of 4 enzymes, of which 3 were recombinant. The experi-
ments with those enzymes performed on food constituents pro-
vided evidence of the potential of the approach and support the
value of further work on the system.

The next step already undertaken to expand the range of the
system to nucleosides and products of urate oxidase action is pro-
duction of 2 additional enzymes. Purine nucleoside phosphory-
lase will hydrolyse adenosine, inosine, xanthosine and guanosine
and provide substrates for already existing enzymes, and
5-hydroxyisourate hydrolase will process 5-hydroxyisourate,
which is synthesized from uric acid.

Once all enzymes are available, their yield will have to be
increased. All cell cultivations in the described experiments were
carried out in shake flasks as a batch culture, however, it has been
shown for tannase produced in A. adeninivorans29 that continu-
ous cultivation in a fermenter results in a higher cell density and
thus a more efficient protein production. The over-expression
and/or modification of the transcription factors (e.g., UaY) can
also provide a higher yield, resistance to stress and promote the
cell growth without production of new, unwanted compounds.

For a wide application of the enzymes in the food industry, it
is necessary to develop a method by which the foods are treated
prior to consumption. The food could be depleted of purines
during the production process in the factory; however a more
convenient way would be an addition of enzymes to spice mix-
tures which are applied to food during preparation. Another pos-
sibility is to produce encapsulated enzymes to be consumed
before a meal which then act on the food during digestion in the
intestines. Two similar projects aiming in lowering purine con-
tent in the food have been reported in the literature to date. In

1978, Sakai and Jun30 proposed to use Pseudomonas synxantha as
an enzyme producer for food industry. However the progress of
this approach is not known. In 2013 Cheng et al.31 presented an
alternative approach using a common inhabitant of human intes-
tinal tract, Lactobacillus bulgaria. The urate oxidase gene from
Candida utilis was cloned into the L. bulgaria with the intention
to colonize human gut with this bacterium in order to degrade
uric acid before it reaches the blood stream. However further
work on this approach has not been published.

Depending on the chosen mode of action, every application
requires the enzymes to be in an appropriate form that preserve
their activity and allow for storage for long periods. Thus, before
the system to hydrolyse purines in food products using A. adeni-
nivorans will be commercially available, further research must be
done to develop a commercially relevant system. The most chal-
lenging problem will be to produce the enzymes in a form that
preserves their activity in a way that is compatible with food and
allows for storage for long periods.
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