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Abstract
Isolation and Characterization of

Human Liver Guanine Deaminase
by

Narendra K. Gupta
Advisor: Professor Morton D. Glantz

Guanine deaminase (E.C.3.5.4.3, guanine aminohydrolase [GAH]) was
purified 3248 fold fram human liver by a cambination of ammonium sulfate
fractionation, DEAE-cellulose, hydroxylapatite and affinity chramatography
to the homogeneity. The enzyme is a dimer protein of the molecular weight
of 120,000 with each subunit of 59,000 as determined by gel filtration
and SDS-gel electrophoresis. GAH is an acidic protein as evidenced
by the amino acid analysis and isoelectric focusing with a pI of 4.76,
and is enriched with glutamic acid, aspartate, alanine and glycine. It
shows a sharp pH-optimum of 8.0 and was very sensitive to p - hydroxy-
mercuribenzoate inhibition. A Ki of 5 x 10™M and 1.53 x 10~5M was
cbtained for 5 - aminoimidazole - 4 - carboxamide and p - hydroxymercuri-
benzoate respectively demonstrating strong inhibition. The inhibition
with idoacetic acid showed only a 7% loss in the activity at 1 x 10~4M and
24% loss at 1 x 10™3M concentration after 30 minutes of incubation. Guanine
was the substrate for GAH in all the inhibition studies. p - Hydroxymercuri-

benzoate incubation for 30 minutes, however, resulted in a loss of 91% of
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the activity at a concentration of 1 x 10™4M. Enzyme was found to be

stable up to 40°C but lost almost all of its activity at 650C at 30

minutes incubation. Km value of 2 x 1074M for 8 - azaguanine was cbtained
at pH 6.0, vhile a Km of 1.538 x 10™5M was cbtained for guanine as substrate
at pH 7.0. The two pKa values obtained in the pH studies were 5.85 and 8.0.
The plots of log Vmax/Km vs. pH, Vmax vs. pH and pKm vs. pH were made. The
N-terminal amino acid was found to be valine while the C-terminal residue

was alanine.
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Introduction

A. Biological Significance

Purines are intricately interwoven into human intermediary
metabolism as substrates, cofactors and regulatory molecules. Specialized
functions of these campounds include a role in cell energy transport,
nucleic acid synthesis, vasodilation, neurotransmission and platelet
aggregation. .

Purine metabolism refers to a camplicated series of enzyme
reactions vwhich synthesize, catabolize and transform purine campounds.
These pathways have attracted great interest in clinical medicine as a
result of their relevance to a number of disease states. Hyperuricemia
and gout, which afflict as many as 1 - 2% of the NonﬁthAmerican population,
are most likely related to disorders of purine metabolism in a large
proportion of cases. The description and elucidation of inborn arrors (Table 1)
of purine metabolism have added a wealth of information concerning the
function and regulation of these pathways in man. Drugs used for cancer
chemotherapy or immmosuppression such as azathiopurine, 6 — mercapto-
purine and methotrexate, inhibit one or more reactions of purine bio-
synthesis. Guanine deaminase (Guanine Aminchydrolase or GAH or guanase
EC 3.5.4.3) catalyzes the conversion of guanine to xanthine. Free
guanine comes wither from the diet or fram the breakdown of guanine
monophosphate (GMP) and consequently either it is recovered by the salvage
pathway enzymes, or eliminated as uric acid by catabolism to xanthine
with guanine deaminase. ’



Fig 1.

Purine catabolism (86). Three major pathways lead from nucleotides

to uric acid: (A) inosine is converted to hypoxanthine, xanthine

and uric acid; (B) =xanthosine is converted to xanthine and uric
acid; (C) guanosine is converted to guanine, xanthine and

uric acid. (1) dephosphorylation reaction by 5'-nucleotidase or
nonspecific _phosphatase; (2) 2AMP deaminase; (3) adenosine deaminase;
(4) purine nucleoside phosphorylase; (5) guanine deaminase;

(6) =xanthine oxidase.






TAELE 1

‘Inborn Errors of Human Purine Metabolism (86)

Camponents of Purine Metabolism

Purine biosynthesis de novo

Nucleotide interconversions

Salvage pathways

Purine catabolism

a)

b)

a)
b)
c)

a)

b)

c)

Inborn Errors

PRPP synthetase mutant
Glutamine PRPP amidotrans-
ferase mutant

None known

Lesch-Nvhan syndrame

Partial HG-PRT deficiency
Partial A-PRT deficiency
Adenosi.ﬂe deaminase deficiency
in canbined immno deficiency
disease

Xanthinuria

Elevated xanthine oxidase



This network of reaction is of interest because of the chemotherapeutic
activity of 6 - thioguanine and 8 - azaguanine (1). When 6 - thioguanine
is administered, it is incorporated in DNA and the result is a cell that
is viable but cannot replicate DNA. When 8 - azaguanine is administered,
it is incorporated into RNA, which causes errors in protein synthesis.
However, the effectiveness of both drugs is limited because guanine
deaminase converts 6 - thioguanine to 6 - thioxanthine and 8 - azaguanine
to 8 - azaxanthine, biologically inert campounds which have no growth
inhibiting effect. Kanzawa (2) has shown that by inhibiting guanine
deaminase with 4 - amino - 5 - imidazole carboxamide, the antitumor
activity of 8 - azaguanine was enhanced, therefore, the importance of
the deaminating enzymes of the nucleic acid system cannot be underestimated.
The abnormal cell growth of cancer tissue may be atributed to the absence |
or possible destruction of one or more of these enzymes in the cancerous
tissue of the animals. It has been postulated that. because of the absence
or low level of these deaminating enzymes and of the xanthine oxidase
and uricase in cancer tissue, there is a continuous recycling of uncatabolized
purine fragments into the pool of synthetic substancgs of nucleic acids (3).
Guanine deaminase (GAH) appears to play a role in the normal
metabolism of guanine. According to Brown, et al. (4), when guanine
(14C-8) is given orally or intraperitoneally to Sherman strain white rats,
there is recovery of over 90% of the radicactivity in the urine, plus
high activity of the urinary allantoin which could be at least
partially attributed to the abundance of GAH in the tissue. Balis (5)



however does not consider this as enough evidence for the GAH playing
a rate determmining step in the utilization of exogenous guanine. However,
4 - amino 5 - imidazole carboxamide, an inhibitor of GAH, increases the
incorporation of guanine into nucleic acid.

Since the neoplastic tissues are reported to have decreased
levels of catabolic enzymes, the disorder of the guanine catabolism in
tumor cells which are able to retain their metabolites in a utilizable
form, pramotes a recycling of these metabolites, and causes an increased
synthesis of nucleic acids due to a larger pool of the precursors. The
studies of De Lamirande (3) with rat liver bearing hepatoma revealed that
the catabolism of purines is completely blocked at the level of xanthine and
hypoxanthine suggesting their recycling. The activities of guanine-
deaminase are greatly reduced. KXidder (6) noticed a difference in the
utilization of guanine between normal and tumor tissues, indicating that
the tumor cells might require a purine for nucleic acid synthesis. Mandel
and Carlo (7) found insignificant incorporation of guanine (!4c-4) into the
tumor nucleic acid of CAF mice bearing sarcama 37 while incorporating
significant amounts into the liver which has a rapid turnover of nucleic
acid. Tumor cells have a rapid cell division too, but his results showed
a very poor incorporation of guanine in the RNA and DNA fraction of the
tumor. Balis (8), however, concluded from his studies that the tumors
do possess the enzymatic machinery for the incorporation of exogenous
guanine into nucleic acid. The difference between normal and tumor tissue
lies in the concentration of guanine. Tumors in the host utilize
exogenous guam‘.ne at a mach 1o;ner fraction of their potential than do
normal tissues.



Moore and Le Page (9) demonstrated that thioguanine in normal
tissues shows a parallel between incorporation into nucleic acids and
catabolism to thlourJ.c acid while in tumor cells, it primarily goes
into nucleic acid synthesis.

The level of catabolic activities in tumors was indirectly demon-
strated by Bennett et al (10), by studying the rate of disappearance of
labelled guanine in actively growing tumors suggesting further a recycling
hypothesis. There was no significant loss of administered labelled nucleic
acid precursor. This was further supported by the studies of De Lamirande,
et al (3), thus suggesting that the balance between anabolism and
catabolism in tumor cells was criented towards anabolism and that the in-
creased synthesis of nucleic acid in tumors might be due to the large pool
of the precursors. In the case of 8 - azaguanine, its carcinostatic
action is reversed by administration of guanine (11l). The action of the
drug does not destroy the tumor, but suppresses the nucleic acid synthesis
and hence cell proliferation is inhibited (12).

In the Lesch - Nyhan Syndrame (13), the salvage pathway enzyme
HGPRTase is missing or not functioning, which results in severe mental
retardation, muscular spasm and excessive build up of uric acid. This
can very well demonstrate that the irregularities at this point of
guanine metabolism can greatly effect the organism. Hence because of the
key role of GAH in the guanine metabolism, investigation into the
biochemical nature of the enzyme are of great interest.



B. Historical Background
In 1904 Walter Jones (11) observed that autolyzed thymus or

kidneys form xanthine and hypoxanthine, while acid hydrolysis produces
adenine and guanine. Shortly afterwards, Jones and Partridge (12)
noted that pancreas contains guanine deaminase enzyme, which converts
guanine to xanthine. They named it ";;uanase". Although Schittenﬁelm (14)
took up further studies a few years later, a brief period of inactivity
followed because of the lack of specific methodology for characterization.
With the work of Jorpes and Myrback (15), a revival of interest
in the purines occurred as they became interested in the identification
of the individual components of nucleic acid systems. Their method was
based on the determination of the m'.trogen content in mixtures of silver
and copper precipitated purines. Micro-procedures based on the principle
of Jorpes were later developed by Graff and Maculla .(16) for the
determination of guanine and adenine in nucleic acids. The work of
Schmidt (17) in 1933 introducing enzyme spec;i.ficity as an analytical
tool, laid the foundation of the modern methods in the identification of
nucleic acid constituents. He used the rabbit liver as a source of '
guanine deaminase, estimating ammonia release by deamination. He further
showed that guanosine or GMP could not act as substrate for guanine
deaminase and that it was different from guanylic acid deaminase. However,
Hitchings and Falco (18) in 1944 tried to purify the enzyme fram rabbit
liver acetone powder extract by dialyzirg and using alumina absorption
colum. However, they did not achieve the purification successfully.



In 1947 Kalckar (19, 20) succeeded in cambining the enzymatic method
with the spectrophotametric method for the micro estimation of individual
purines. This was a tremendous advance for it was then possible for
one to follow the course of enzyme activity. Kalckar estimated the
concentration of various purines with considerable specificity by
measuring spectral changes in the UV region caused by specific enzymes
on purine substrates. He determined the activities of guanine
' deaminase in preparations fram rat liver and muscle by recording
spectral changes in time caused by transformation of guanine as
substrate to xanthine as product. He was also able to partially purify
the enzyme by ammonium sulfate fracticnation and cold ethanol
precipitatien.

In 1948 Vischer and Chargaff (21) cambined paper chramatographic
separation of purines with spectrophotometric analysis. A mixture of
butanol: ethylene glycol: water in 40:40:20 ratio was used as solvent
and the purines were eluted with the aid of guide stips on the basis of
their Rf values, and subjected to ultraviolet spectroscopy. Their
success in this preliminary experimentation led to the application of the
method to the quantitative estimation of the camposition of nucleic
acids both in animal tissues and yeast hydrolysates.

In 1948 Kream and Charqaff (23) continued the study of the
metabolic inter-conversions of purines on the basis of enzyme specificity.
At the same time Charqaff and Vischer (21) worked on the isolation,
purification and properties of the deaminating enzymes. In 1950, Rousch
and Norris (22) spectrophotometrically assayed guanine deaminase at
245nm, differentiating between guanine and xanthine absorption.
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8 -~ azaguanine also was shown to be a substrate for the enzyme.

In 1952, an extensive study of the deaminating enzymes was made by
Kream (23) in collaboration with Chargaff. Extracts of acetone powder
preparations of rabbit liver were utilized as the enzyme source. In
1955 Rakosky, et al. (24) reported the isolation of an enzyme similar
in several respects to guanine deaminase from Clostridum acidiurici,

showing xanthine as an isolable intermediate, in the anaercbic
dégradatim of guanine. The studies of De Lamirande and Allard (3),

of the purine metabolizing enzymes in normal and tumor of rat liver
tissue brought much information in cancer research. Their studies on
the increased incorporation of guanine or its derivatives in tumor RNA
revealed an impairment in the catabolism of guanine or its derivatives
promoting a recycling of these metabolites into nucleic acids. They
found that unlike normal rat liver tissue, tumor is either deficient or-
devoid of xanthine oxidase and uricase activity, indicating that purine
catabolism is blocked at the stage of xanthine and hypoxanthine.

C. Guanine Deaminase in Brain Tumors and Various Human Organs

Camparative activity of the guanine deaminase was studied by
Norstrand (55) in human viscera using autopsy material in spinal fluid,
blood, in various levels of spinal cord, normal brain and in two
malignant brain tumors. |

The report (55) suggested that the values for the liver were the
highest of all organs, followed closely by the brain. In three out of four

autopsies, guanine deaminase was highest in liver. The one case in which
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liver was exceeded by brain was that of a Laennec's cirrhosis, where
part of the liver was replaced by fibrous tissue. Even then, the
value for guanine deaminase was high.

Guanine deaminase activity in organs of experimental animals.

In spite of the fact that guanine deaminase activity of
experimental animals has been investigated, the existing data are
conflicting and do not as yet provide a clear picture as to the
distribution and the role of this ferment in metabolism.

Dixon and Webb (77) listed detemminations which had been
pexformed on siJ; organs of the rat and mouse in the following order of
decreasing activity: ~Rat: = brain, spleen, liver, kidney, pancreas,
skeletal muscle. Mouse: = thymus, spleen, small intestine, kidney,
liver and brain. Although the findings in the rat were somewhat similar
'to this report the high activity in the spleen does not campare with
the low activity seen in these cases.

The values given for the normal mouse by Hirschberg, Kream and
Gelhorn (78) for three organs (brain-4.18; liver-2.42; and kidney-0.56)
are the reverse of those given by Dixon and Webb. In the tumor-bearing mice of
Hirschberg et al.there was extraordinarily high activity in the intestine
(greater than 16). These results are not in agreement with findings in
the human, where no activity was seen in the large intestine, and only
rather low activity (45.2uM) found in the small intestine. The latter
authors found significant deaminase activity of mouse blood, with activity
only associated with erythrocytes.

Greenstein (79) et al. found no guanine deaminase in mouse pancreas

but considerable amounts in rat pancreas. There was, however, no



12

outstanding difference between the appreciable guanine deaminase content
of other tissues of the two species.

Korotkoruchko (80) et al, studied deaminase activity in tissues
of narmal mice, rats, rabbits, dogs, cattle, horses and clots of human
blood, and of mice with Ehrlich's carcinama (ascitic and hard tumor forms).
Data showed that guanine deaminase activity is present in brain, liver
and muscles of healthy and carcinamatous mice, with highest activity found
in brain tissues, and lower in muscle tissue. These authors also found
the activity of guanine deaminase to be higher in extract of hard tumors
than in the muscles of healthy and of carcinomatous mice, and in
ascitic tumors, in which the ferment is located in cells. Block and
Johnson (81) found that rat skin homogenates converted guanine deam.inase
to xanthine. Among rabbit tissues investigated by Hirschberg, Kream and
Gelhom (78) only liver and intestinal mucosa exhibited measurable
activity. There was no demonstrable activity in rabbit blood, serum,
kidney, testis or spleen.
Guanine deaminase ‘activity in human viscera and body fluids.

1. Normal human viscera:

As mentioned previously, data on the activity of the enzyme
guanine deaminase in human organs are scarce and fragmentary. Gellhorn
(82) who determined the concentration of guanine deaminase in two biopsy
specimens of human liver obtained at laparotomy fram patients without
malignant or liver diesase found the enzyme to be abundant. (Two and a
half times that of rabbit liver, and four times that of mouse liver.)

Another human tissue assayed for its 8 - azaguanine deaminase

content is skin, which, unlike rat skin has none. Enzyme assays of split
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thickness grafts of nomal human skin removed at the time of plastic
surgery revealed no guanine deaminase activity (81, 82). This is of
interest since the major toxicity of 8 - azaguanine is manifested by skin
rashes due to the fact that the tissue, unprotected by the detoxifying
agent guanine deaminase is unable to metabolize 8 - azaguanine to the
b:.olog:.cally inactive 8 - azaxanthine.

According to Hirschberg et al. (78) hamogenates of adult human
brain exhibit the highest deaminase activity of any animal tissue which
has been studied. This was not the case, however, in this report where
the enzyme was highest in liver in all cases but one.

2. Human body fluids:

a. Spinal fluid

In the sixteen spinal fluids taken at random fram patients
with various disease of the nervous system or with no disease, the values
were all negligible, and far below the limits of sensitivity of the method,
ranging from 0.072uM in a patient with multiple sclerosis and cerebral
metastases due to a bronchogenic carcinama, to 0.996uM in a patient with
amyotrophic lateral sclerosis. The average value of the four normal
patients was 0.207uM.

b. Blood

Plasma: - No detectable guanine deaminase was found in
the plasma of 12 cases studied (4 normals, 4 individuals with far-advanced
multiple sclerosis, one case & multiple cerebral :Lnfarct:l.ons due to
carebrovascular disease, and three cases of far-advanced Laennec's
cirrhosis).

Red cells: - In the red cells fram the above cases,
however, the values were hardly detectable (average 25.1 uM/ml of red

—_T N
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The above findings are in agreement with those of Thamas
Passananti (83) who observed no guanine deammase activity J.n sera of
55 normal individuals, and in 230 patients with various nonhepatic
disease. In contrast to leucine amino peptidase, guanine deaminase activity
is not elevated in any stage 'of pregnancy. Nor is it elevated in cases of
salicylate intoxication, acute infectious m:;nonucleosis, with hepatomegaly,
mascular dystrophy, gout, pancreatitis, or infiltration of the liver caused
by carcinama, leukemia or lymphama.

Failure to find any guanine deaminase in the plasma of
three' cases of far-advanced Laemnec's cirrhosis is likewise in agreement
with the results of Passananti (83) who found that the sera from 90
patients with cirrhosis or obstructive jaundice displayed very little or
no guanine deaminase activity. On the other hand, sera of 30 patients
with infectiocus hepatitis or hamologous serum jaundice has 100%
conversion. To date no false positive or false negative tests have been
reported in the cases of infectious hepatitis stud:‘;ed by Passananti. It
is conceivable that the acute necrosis of liver cells that occurs with
infectious hepatitis, with release of enzyme into the blood stream is an
explanation for the high serum values in this condition. In cases of
far-advanced Laemnec's cirrhosis, on the other hand, where a considerable
portion of the liver has been replaced by fibrous tissue one would
expect to find the enzyme in the blood. As mentioned previously, Hirschberg
et al. found significant deaminase activity in mouse blood, with activity
only associated with erythrocytes, but no demonstrable activity in rabbit .
blood.

3. Human brain tumors:

In contrast to the high values in normal brain, hamogenates of
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glioblastama multiforme, a highly malignant brain tumor have been found to
be devoid of measurable azaguanine deaminase by Hirschberg (78) et al.

The two cases studied (55) were both malignant infiltrating tumors; - one,
an astrocytoma, Grade ITII, of the left occipital lobe, and the other, a
glioblastama multiforme of the right cerebral hemisphere. In the astrocytoma
Grade III, an autopsy case, there was considerable guanine deaminase
activity (105uM), possible due to admixture with adjacent normal brain,
with deaminase values, however, only one third those in the narmal right
occipital lobe Similarly, homogenates of portions of a glicblastama
multiforme removed at operation also contained a fair amount of enzyme
(54.7uM), about 64% as much as portions of the surrounding normal brain
tissue. (Because ;)f the infiltrating nature of the tumor, it is very
difficult to obtain a pure specimen of the neoplasm.) '

Gelhorn (82) et al. have shown that, although human malignant
.gliamas can be destroyed in vitro by 8 - azaguanine, no apparent therapeutic
benefit has been observed in vivo in humans given 8 - azaguanine intravenously
at New York Neurological Institute by Pool et al. (84). They suggested that
this was due to the rapid metabolism of the drug which prevents maintenance of
effective blood and tissue concentration of the campound. These observations
are strong indications that the deaminating enzyme must be abundant in
normal tissues in addition to the brain.

D. Distribution of the Enzyme

Guanine deaminase is abundantly found in various animal organs,
particularly in the liver, kidneys, spleen and pancreas. Enzyme has been
found in the liver of mouse (25, 26, 27), guinea pig (25), and rabbit
(28 - 35), brain of mouse (29 - 33), rat (29, 33, 34, 36), hamster (33),
guinea pig (29), rabbit (33), sheep (36), dog (38), pig (39), and man

(30, 33, 40, 41).



16

The enzyme has been found in lupine seedlings (43). It has been
found in bacteria (15, 44), insects (44, 46), f£ish (47, 49) ;’md molluscs (50).
The level of enzyme in fish muscle is high in ling cod muscle. Low level
of the enzymes was found in the serum of rat (29, 30), hamster (30), guinea
pig (29, 30) and mouse (29, 30, 33), and absent fram the serum of rabbit
(30, 51), sheep (51) and man (33, 51). Elevated levels of enzyme were
present in hepatitis (29, 30). It is absent fram the human and rabbit
heart (30). Low levels of enzyme were detected in the human skin (52),
intestine (30), lung of rat (34), and pig (39). A study of the distribution
of the enzyme in various parts of the central and peripheral nervous
system of monkeys and rats (53), indicated that guanine deaminase activity
was highest in the thalamus, and fairly abundant in most of the cerebral
cortex regions. No detectable activity was observed in the cerebellum, the-
optic nerve, medulla and spinal columm.

Studies of the distribution of guanine deaminase within the sub-
cellular region have been conducted (3). Soluble fractions seem to have
the highest concentration but reports on subcellular fractions are
conflicting. De Lamirande (3) et al. reported no activity present in the
nuclear, mitochondrial or microsamal fractions, with all the activity
associated with the soluble fractions. Jordan (37) found more than 60%
of the enzyme activity of the rabbit brain in the soluble fraction and
about 20% in the microsames with very little in nuclei and mitochondria.
Kumar, et al. (34) have reported the enzyme activity in rat brain and liver
distributed among all subcellular fractions and greater part of the activity
in the soluble fractions. Triton X-100 released enzyme activity from sub-
cellular particles. They also noticed an inhibitor of guanine deaminase
in the heavy mitochondria of rat liver and brain which seemed to be a
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protein. A cawarative study of the distribution and level of guanine
deaminase in human organs and tissues after post mortem was conducted by
Norstrand (55), showing a similar pattern to that in the other mammalian
systems studied.

E. Isolation and Properties of the Enzyme

Mansoor, et al. (53), reported an 80 - 100 fold purification of
rat and sheep brain guanine deaminase using ammonium sulfate (NH4) 250,
fractionation, calcium phosphate gel treatment and DEAE chramatography.

8 - azaguanine and 6 - thioguanine were other substrates for the‘ enzyme.

A broad optimum pH was determined as 6.5 - 9.0. Lewis (56) purified the
rabbit liver enzyme 15 fold by DEAE chromatography with acetone powder
extract of rabbit liver. Kumar, et al. (54), reported residual activity of
the rat liver and bra:.n enzyme in the particulate fractions from differential
centrifugations of the homogenate, suggesting its occurrence in more than
one intracellular site. In the same year Roy (47, 485 , purified guanine
deaminase from ling cod muscle 200 fold by ammonium sulfate fractionation
and DEAE chramatography plus a heat denaturation step. Two guanine deaminases
in ling cod muscle were suggested, because of the difference in the pH
activity profile for different preparations.

Currie (29) purified rabbit liver enzyme 200 fold with 20% yield
using ammonium sulfate fractionation, DEAE sephadex G-200, and hydroxylapatite
colum. The Km for guanine was 1.05 x 107 and pH optimm 5.9 with
molecular weights of 170,000 and 525,000. Kumar, et al. (54), reported
a 600 fold purification of the rat brain enzyme. A 360 fold purification

of the soluble fraction of rat liver was resolved into two isozymes. However,
there was a variation in the properties of the enzyme depe;ld.ing upon the

tissue and fractions. Panzica (57), also was able to purify the rat liver
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enzyme to 20 fold, but the yield was very low, 5%, an optimum pH determined
at 8 and Km at this pH of 4.9 x 107,

Baker and Siebeneick (59), utilized affinity chromatography using
9 - p - aminoethoxyphenyl guanine and obtained a 200 fold purification
of the rat liver enzyme. Hertig (63) also purified human brain enzyme 45
fold using ammonium sulfate fracticnation, dialysis with RNase and DEAE
colum chromatography. pH optimum was obtained at 8.5, with a molecular
weight of 200,000.

In 1972 Kumar, et al. (58), reported a 360 fold purification of
rat liver from soluble fraction, a 182 fold purification of mouse liver
enzyme and a 15 fold purification of mouse brain enzyme.

Lewis and Glantz (31 - 33), for the first time reported the
purification of guanine deaminase from rabbit liver to homogeneity with
a 9000 fold purification and 10% yield, using repeatéd ammonium sulfate
fractionations and DEAE chramatography. The pH optimm was found to be
6.8 with a Km for guanine 1.25 x 10 M at pH 7 and 3.33 x 10~%M at pH 6
for 8 - azaguanine. The enzyme was found to be a single polypeptide chain
with a 55,000 molecular weight. They also studied the deuterium isotopic
effect with a KDzO/KH.‘_,O = ,58, at saturating substrate concentration,
while at nonsaturating concentration of guanine, ratio was 1.46, at
20% Dy0. A mechanism was proposed showing a proton shuttling through
histidine and cysteine for protonating the amino group of guanine which upon
deamination gives rise to a covalent intermediate. Parachloramercuri-
benzoate inhibited the enzyme and the kinetic parameters were studied.

Kanzawa (2) studied the inhibition of guanine deaminase with
the derivatives of 5 amino - 4 - imidazole carboxamide and found these

to be potent inhibitors. Prodarnov (60) found changes in the guanine
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deaminase activity in lungs and serum of guinea pigs with anaphylactic shock.
Fogel and Bieber (34, 35) used affinity chramatography on 9 -
p - aminoethoxyphenyl) guanine-sepharose-4B to purify rabbit liver GAH
1250 fold, with 50% recovery of activity. After homogenization and one
ammonium sulfate fractionation, they perfonmed affinity chramatography.
Molecular weight of 100,000 was cbtained. 8DS studies revealed two bands
of 48,500 and 26,000 molecular weight. The enzyme showed activity over a
wide pH range with an optimm at 8.00 Km for guanine was 5.6 x 107% at pH
8.0. Day (61) also used the affinity chromatography on 9 —(p - aminoethoxyphenyl)
guanine-sepharose. Day purified the enzyme 136 fold with 10% yield and obtained
a molecular weight of 102,000 and Km of 6.06 x 1076M. In 1979 Bergstram and
Bieber (62) reported the purification of rabbit liver enzyme using the 9 -
(p - amincethoxyphenyl) guanine-sepharose affinity ligand. A molecular weight
of 110,000 was cbtained for the enzyme. Fluoride ion inhibited the enzyme
in a noncamwpetitive manner. The p - chlorgtercuribenzoate and rose bengal
inactivated the enzyme completely. They also proposed two plausible mechanisms
for the reaction catalyzed by GAH. ‘
Currently, a very limited depth of knowledge and information is
present on a highly purified guanine deaminase. Lewis and Glantz (31, 33)
were the first to report to purify the enzyme to homogenity, although they
used a tedious purification scheme with repeated ammonium sulfate
fractionations and ion exchange and hydroxylapatite chramatography. The yield
was also low. Besides most of the studies have been made with crude hamogenates
or partialiy purified preéarati.cns. Fogel and Bieger and Bergstram, et al.
(62) were the next group to report studies on a purified enzyme.
However, a great deal of variation in the physical and chemical

properties exists in the literature with very little information on the
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characteristics of the enzyme. Particularly the information on Km,
sub unit molecular weight, and the mechanism of the catalyzed reaction
have conflicting reports.

Because of the key position of guanine deaminase in the purine
metabolism, and its relations to the cancer etiology and because the
project involved a human enzyme, this work was undertaken to purify the
guanine deaminase and study same of its properties, to gain a better
understanding of this highly important purine metabolic enzyme.

F. Survey of Assay Methods

The methods utilized for determination of the catalytic activity
of guanine deaminase involve the hydrolytic cleavage of the primary
amino group of the purine substrate molecule by the enzyme, with subse-
quent formation of the hydroxyl derivative of the substrate (xanthine), with
release of free ammonia into the medium. A quantitative est:';nation of
catalytic activity of the enzyme may then be made by directly determining:
(2) 'The disappearance in absorbance of the substrate‘ at 245mm, or, (b) The
increase in absorbance of the product at the wavelength of their maximal
absorbance in the ultraviolet region at 270nm.

Indirectly, catalytic activity may be estimated by estimation of
ammonia released as a result of deamination of the substrate.

The following methods, in original form, were used by various
investigators of guanine deaminase activity:

(1) Titrimetric Method - This method was devised by Schmidt (17)
and is still utilized in conjunction with more classical methods. By this
method the activity of guanine deaminase was indirectly determined by the

anrunt of ammonia liberated fram an aliquot of excess substrate, by a
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known amount of enzyme protein, within a certain reaction pericd.
The author reacted guanine deaminase with a colloidal suspension of
guanine gelatin, at 40°C for 30 minutes, at pH 8.7. The ammonia
formed was liberated with concentrated base, and ae.raﬁed into a known
volume of standard acid, which was then back-titrated to determine the
equivalents of neutralization by ammonia. The guanine deaminase unit
of the author was the amount of the enzyme protein required to fomm 0.1 mg of
ammonia in 30 minutes at pH 8.7.

(2) " Nesslerization Method - This was another assay method
of Schmidt (17). The procedures are the same as for the titrimetric
method, except that the liberated ammonia was aerated into a known
volume of Nessler's reagent for determmination of ammonia nitrogen.
Standard ammonium sulfate solution was utilized as standard.

(3) Spectrophotometric Method - The spectrophotametric method
was introduced by Kalckar (19, 20). He introduced the micro-estimation
of the enzymatic degradation of purines by spectrophotametric analysis.
He measured the spectral changes in the ultraviolet region, induced by
specific enzymes on purine substrates. This method allowed for estimation
with a high degree of specificity.

Kalckar measured the absorbance of 54 ganma of guanine substrate
in solution, on the Beckman DU model Spectrophotameter at 270nm. He
then added 0.4 gamma of guanine deaminase protein preparation and 0.04 gamma
of xanthine oxidase preparation, and measured both the decrease in
absorbance at 270 nm and the increase in absorbance at 290 nm, with respect
to the reaction:

xanthine

Guanine quanine deaminase,  xanthine oxidasg‘ uric acid
- (270nm) (290rm)
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(4) Chramatography - Spectrophotametry - The chromatographic
method was developed by Kream and Chargaff (23), This me‘thods consisted
of incubating enzyme and substrate on moist filter paper, followed by
chramatography with a butanol-ethylene glycol-water solvent. Purine spots
were then located by ultraviolet radiation, and their nature and quantity
were then determined by elution and spectrophotometry at 245nm.

(5) Pre-incubation, Dilution and Spectrophotametry - This
method of analysis was utilized by Mitchell and McElroy (76). It
consisted of incubating an aliquot of enzyme solution containing 0.2 mg
protein per ml. with an equal volume of M/15 phosphate buffer (pH 7.0)
containing an excess of substrate (1.98mg/ml.) at 40°C. At intervals of
0, 10, 20 and 120 minutes, samples were removed and diluted 1:100 with
phosphate buffer for analysis at 245nm.

(6) Direct Spectrophotametry — Rouch and Norris (22) took
advantage of the large difference in absorbance of guanine and xanthine
and of 8 ~ azaxanthine at 245 nm to make direct observations of changes
in absorbance produced by enzymatic activity. 0.1 ml. of enzyme solution
was mixed with 3.0 ml of substrate in 0.05 M phosphate buffer at pH 7.0.
The decrease in substrate concentration in time, was observed at 245 nm,
as a change in optical density. This method has been adopted, sametimes
with minor modifications, as the routine method for estimation of the

catalytic activity of guanine deaminase.

G. Mechanistic Analysis

Lewis and Glantz (31) proposed a mechanism for catalysis by
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guahi.ne deaminase which involved general acid base catalysis by

histidine and cysteine. Cysteine in its normal state at the active

site of the enzyme, as proposed by them, shares the acidic hydrogen

of histidine. When the enzyme is activated in the presence of substrate,

the acidic proton is abstracted by or released to cysteine to form

free sulfhydryl. Protonation of substrate is achieved by free sulfhydryl

with subsequent alkylation of the substrate by sulfide at carban atom 2.

The transient tetrahedral anmonium intermediate I, dissociates with

the release of ammonia, with formation of the purinyl-enzyme intermediate II.
The transition of histidine fram base to acid by abstraction of

protons from the solvent releases hydroxyls for nuclebphilic displacement

of sulfur isthe rate determining step. The association of the basic

sulfide of cysteine, with the acidic hydrogen of histidine is resumed,

and the catalytic process is repeated. The role of hydroxyl as

nucleophile and of proton transfer fram solvent were deduced by them

fram deuterium isotope studies. They concluded that the functional

hydroxyl at C6 of the substrate may serve the role of anchorage of the

substrate through hydrogen bonding with the enzymes. Their proposed

mechanism is shown here.
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Fig. 2 Proposed intermediates in the catalysis of guanine deaminase.
Intermediate I is a short-lived intermediate resulting from concerted
protonation and aklylation of the substrate by cysteine in initiating
the deamination of the substrate.

Intermediate II is the enzyme purinyl intermediate formed upon the
deamination of the substrate which is subject to nucleophilic attack
by the hydroxyl in the rate determining step of catalysis.

Reproduced fram Lewis and Glantz (31).
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Bergstrom and Bieber (62) recently proposed the mechanism

. for guanine deaminase, which is being reproduced as follows. They
proposed that the reaction catalyzed by guanine deaminase is a substituticn
reaction where an hydroxyl group replaces an amino group. The reaction
being taken place on an aramatic group and species removed and substituted
are nucleophiles with the presence of cysteine as nucleophilic. Thus they
proposed a nucleophilic aramatic substitution reaction. The nucleophile
attacks at the substitution site with formation of a tetrahedral
intermediate that can be stabilized by resonance. In their report (62)
they indicated tha.t two nucleophilic groups, an enzyme sulfhydryl and
hydroxide ion, may participate in the enzymatic reaction. They

presented two plausible mechanisms. In the first one, where they showed the
formation of a covalent enzyme intermediate, guanine is converted at N-3
and the sulfhydryl group serves as the nucleocphile that ;attames C-2 by
the second nucleophilic reagent, hydroxide ion. Cleavage of the bend
between the purine ring and the sulfur atom 1ead§ to formation of xanthine
and subsequent regeneration of enzyme by addition of a proton. In the
other mechanism hydroxide ion was shown as the initial nucleophile to
attach the C-2 of the enzyme-bound guanine moiety to form a tetravalent
intermediate that is not covalently attached to the protein. The
sulfhydryl group was shown as the acceptor of a proton from N-3, allowing
the unpaired electrons of N-3 to be utilized to displace the amino group
from C-2. This results in the formation of the 2-enol tautcmer of

xanthine, which can be released at the second product. The camon
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featt;es of both proposed mechanisms were (1) protonation of N-3,
(2) displacement of the amino group by hydroxide ion and (3)
participation of an enzyme sulfhydryl group in the reaction. They also
showed some resonance forms that could serve to stabilize the proposed
tetrahedral intermediates by delocalization of electrons throughout the
purine ring. |
Based upon the possibilities of the involvement of aspartate,
histidine, and cysteine, as evidencedby the pKa values obtained in the
pH studies in hly thesis, Professor William F. Berkowitz, member of my
Supervisory Camitte, proposes a mechanism very similar to the mechanism
of chymotrypsin. The mechanism suggests the involvement of histidine
residue as a freei:ase (pKa 6), and is being produced here by his kind

permission (Figure 4a).
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Fig. 3. ' Proposed mechanism for catalysis by guanine
deaminase with the formation of a covalent
enzyme intermediate.

Reproduced fram Bergstrom and Bieber (62).
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Fig. 4, Second mechanism proposed by Bergstram and Bieber
(62) without formation of a covalent enzyme
intermediate.

Reproduced from Bergstram and Bieber (62).

Fig. 4a. Mechanism proposed by Professor William Berkowitz.
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Materials and Methods

Source of Materials and Equipment:

Human liver tissue was provided very kindly by Dr. Iris
Norstrand, M.D., Ph.D, of the Neurology Department of Veterans
Administration Hospital, Brooklyn, New York. The tissue was from
nomal human liver, quickly removed and frozen. ‘Chratatogi‘aphy
colums were cbtained from Pharmacia Chemical Campany, New Jersey.
DEAE cellulose was purchased from Bio Rad Laboratories, Richmond,
California. Protein standards, ovalbumin, aldolase, RNase,
chymotrypsinogen, Sephadex and blue dextran were also purchased from
Pharmacia, while Soyabean trypsin inhibitor, bovine serum albumin
and Rase were obtained fram Pierce Chemicals, Rockford, Illinois.
Guanine and carboxypeptidase A and B were obtained from Sigma
Chemicals, St. Louis, Missouri. PTH amino acid standard kit was obtained
from Pierce Chemical Company.

LKB Constant Power Supply #2103 was used for isoelectric
focusing. Electrophoresis Cell was a Model 1502 of the Bio Rad
Laboratories, and Model 1200 of Canalco. Disc gel electrophoresis
power supply was from Savant Instruments, New York, Model 420, with
a Canalco safety interlock. Amino acid analyzer used was Model 116,
Serial #202, of the Beckman Instruments Company. Agarose hexane
guanine triphosphate was bought from P.L. Biochemicals, Milwaukee,
Wisconsin. Phosphate buffer was prepared from di and mono basic
sodium phosphate. Tris buffer was made from Tris base and hydrochloric
acid. Deionized distilled water was used in preparations of all

buffers. All buffers contained 2-mercaptoethanol unless otherwise
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stated. Enzyme assays were determined with a Gilford UV-Visible
Spectrophotometer Model 240. Iodoacetate was purchased from Mann

Research Labaratory, New York and para hydroxymercuribenzoate, |

5 - aminoimidazole - 4 - carboxamide and 8 -~ azaguanine were bought fram
Pierce Chemical and citrate buffer for the amino acid analyzer was

bought from Beckman Instruments Company, Inc., Palo Alto, California.
Ampholines were fram LKB, Rockville, Maryland. Acrylamide, bis - acrylamide,
riboflavin, ammonium per sulfate, Coomassie blue were from Bio Rad.

Sodium mono and di phosphate were from J.T. Baker Campany, New Jersey. A
Sorvall Model RC-22B refrigerated centrifuge was used. Rainin Repipet System
of Rainin Instrument Campany, Inc., Woburn, Massachusetts was used for all
the assays and operations. A Waring blender was used for hamogenization.

All other chemicals were of reagent grade supplied either by Baker or

Fisher Chemical Company of New Jersey. Fraction collector used was Model 2112,
LKB Instruments, Inc., Rockville, Maryland. Iyophilization was done on
autamatic freeze-dryer of Virtis Campany, New York, Model #10-010.
Ultrafilatration Cells of 90 mm and 25 mm were of Millipore, Bedford,

Massachusetts.
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Enzyme Assay
Activity measurements were performed using the modified method

of Rousch and Norris (22). One unit of enzyme activity is defined as

the amount of the enzyme that hydrolyzes one microamole of guanine in one
minute at 30°C. The assay mixture contained 2 x 10~ 9M guanine, 0.01M
Tris-HCl, pH 8.0, in a final volume of 3.0 ml. The reaction was
initiated by the addition of enzyme solution: (20 - 100 microliters) and
was followed by the decrease in absorbance at 245 mm. The difference

in molar absorptivity between guanine and xanthine was 3.70 x 103cmly-L,
Guanine at 2 x 10~ concentration gave an absorbance of 2.260

which after the addition of 20 - 100 ul. of the enzyme solution decreased
fram 0.025 - 0.140 spectrophotametric units.

Protein Assay

A modified microbiuret method of Zamenhof was used for protein
estimation with bovine serum albumin as the standard (64). Biuret
reagent was prepared with dropwise addition of 80 ml. of 1% copper
sulfate to 300 ml of 40% sodium hydroxide. A standard curve was
constructed with the known amount of bovine serum albumin and the
absorbance was measured at 310 nm (Figure 5).

quification of Guanine Deaminase

All procedures were carried out at 0 - 4°C unless described otherwise.

Preparation of DEAE-Cellulose Colummn

10 - 20 gm of Cellex-D was suspended in 500 ml of 0.05M phosphate
buffer at pH 7.0 with gentle stirring. It was allowed to settle for
15 minutes, then decanted and the coudy supernatant was discarded. An
additional 400 ml of the buffer was added to the precipitate, stirred
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Fig. 5. Protein standard curve. Bovine serum albumin was used as the

standard protein and the absorbance was measured at 310nm.
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and allowed to settle again for 15 minutes. The supernatant was again
discarded. The settled Cellex was resuspended in a small volume of buffer
and the colum was poured all at once. Packed colum was then equilibrated
against several colum volumes of 0.05M phosphate buffer, pH 7.0

containing 5 x 10™3M dithiothreitol. A small amount of Sephadex G-10

was poured on the Cellex bed surface to avoid the-bed surface disturbance.

Method
Guanine deaminase was purified by using a cambination of
anmonium sulfate fractionation, 'DEAE-cellulose chramatography,
hydroxylapatite chromatography and affinity chromatography on agarose
hexane guanine triphosphate. Frozen liver tissue was thawed, cut into
pieces and hamogenized in a Waring blender with two volumes of sodium
phosphate buffer 0.08M, pH 5.0 containing 0.005% phenylmethylsulfonyl
fluoride ard SnM dithiothreitol. The homogenate was stirred for one
and a half hour and then centrifuged for 40 minutes at 20,000xg in a
Sorvall refrigerated centrifuge at 0°C. The clear supernatant was
adjusted to pH 6.5 and this was filtered through a cheese cloth to
remove fat and other floating particles.. The precipitate was discarded.
The supernatant was brought to 40% saturation by adding solid ammonium
sulfate slowly and with constant stirring along with the adjustment of
pH with 1IN NaOH. This was again subjected to centrifugation for 40
minutes and the supernatant was taken to 80% saturation with ammonium
sulfate with the maintenance of the pH, and vigorous stirring. The
precipitated proteins, containing nost of the enzyme activity, were

recovered after two hours of stirring, followed by céntrifugation. The
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DEAE-cellulose elution profile. The colum was pre-equilibrated

with 0.02M phosphate buffer, pH 7.5, containing 5 x 10™°M

dithiothreitol and was eluted with 0.04 - 0.3M phosphate buffer

~gradjent, pH 7.5. Protein absorbance is shown as (wssssm) and

enzyme activity is represented with ( eses ),
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Fig. 7. Hydroxylapatite chramatography. The colum was pre-equilibrated
with 0.02M phosphate buffer, pH 7.0, and eluted with phosphate
buffer 0.045 - 0.15M gradient, pH 7.0. Protein absorbance is
shown as (messs) and enzyme activity is represented with (=== ).
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precipitate cbtained was redissolved in a minimal volume of 0.02M sodium
phosphate buffer, pH 7.8, containing 5 x 10 9M allopurinol and 5 x 107°M
dithiothreitol. This was dialyzed against the same buffer containing
dithiothreitol and allopurinol until all the ammonium ions were removed
(approximately 6 changes of 4 liters oﬁ buffer). The pH of the solution
‘was brought to 6.5 and the precipitate formed during the dialysis was

removed by the centrifugation. A DEAE-cellulose column was prepared as
described earlier and equilibrated with 0.02M phosphate buffer pH 7.5 and

5 x 10™°M dithiothreitol. The enzyme solution was applied to the column

(42 x 3.8cm) and the colunn was eluted with three colum-volumes of 0.02M
phosphate buffer, pH 7.5, followed by two colum-volumes of 0.04M phosphate
buffer pH 7.5. The enzyme protein was removed by gradient elution with

0.04M - 0.3M phosphate buffer pH 7.5. Fractions of high specific activity
were pooled and were brought to 45% saturation with solid ammonium sulfate

pH 7.0 and subjected to centrifugation for 45 m:.nutes at 20,000xg. The clear
supernantant was brought to 75% saturation with the addition of solid ammonium
sulfate at pH 7.0 and was subjected to centrifugation at 20,000xg. The
precipitate containing the active enzyme was dissolved in a minimal volume of
0.02M sodium phosphate buffer pH 7.0 containing 5 x 10~4M allopurinol and

5 x 10~3M dithiothreitol. This was dialyzed against the same buffer with
several changes and applied to a previously equilibrated hydroxylapatite
colum 42 x 3.8cm., prepared with the same method as DEAE-cellulose, with
0.02M phosphate buffer pH 7.0. The colum was washed with three column-
volumes of 0.35M phosphate buffer, pH 7.0 containing 5 x 107°M dithiothreitol.
The colum was finally eluted at a low rate with 0.1M phosphate buffer pH 7.0.
The fractions showing most of the enzyme activity were pooled, concentrated

with 80% saturation of ammonium sulfate and dialyzed. The enzyme solution was
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Elution profile of affinity chramatography on agarcse hexane
guanine triphosphate. The enzvme was eluted with a sodium
glycine buffe.r 0.008 - 0.1M gradient ét pH 9.0 containing
dithiothreitol (5 x 107M) allopurinol (5 x 10~4M). ' Protein
absorbance is shown as ( === ) and the enzyme activity is

represented with wemes
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then applied to the same colum and eluted with a 0.045 - 0.15M phosphate
gradient at pH 7.0. Active fractions of the enzyme were pooled and
concentrated in a Millipore ultrafiltration cell.

An agarose hexane guanine triphosphate colum (29 x 1.7cm),
containing 50 ml of this affinity material, was used for the affinity
chramatography. The colum material was washed with the distilled water
and the colum was pre-equilibrated with two colum volumes of 0.02M sodium
phosphate buffer pH 7.8 containing 5 x 101 allopurinol and 5 x 1073M
dithiothreitol. The enzyme solution was applied to the colum and the
column was washed with four colum volumes of the same buffer followed by
three colum volumes of 0.09M sodium pyrophosphate pH 9.0. The colum was
then eluted with 0.008M - 0.1M glycine - NaOH buffer p 9.0 containing
5 x 10~3M dithiothreitol and 5 x 10~4M allopurinol. Fractions eluted from the
colum showing high enzyme activity were pooled, concentrated by 85% ammonium
sulfate and again passed through the colum. Pure enzyme fractions after
elution from the colum were then concentrated and stored. Freezing of
the pure enzyme was found to be a more satisfactory and preferred method
of storing the enzyme than refrigerating.

Criteria of Purity

Disc gel electrophoresis, SDS polyacrylamide gel electrophoresis
and isoelectric focusing were used as the criteria of the purity of the

enzyme.
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Purification - Flow Sheet

All the buffers had 5 x 10 oM dithiothreitol.

Tissue.

Homogenize in 2 volume of sodium phosphate buffer

0.05M pH 5.0 containing 0.005% phenylmethylsulfenyl f£luoride
and 5 x 1073M dithiothreitol.

4

Stir for one and a half hour.

J
Centrifuge 40 mimites at 20,000xg.

y

\
Supernatant filter through cheese cloth and pH adjusted
to 6.5. Discard the precipitate.

-
40% ammonium sulfate saturation (maintain pHj .

N7
Centrifuge 40 minutes. Discard precipitate.

(20,000xg)

4
Supernatant to 80% saturation with ammonium sulfate.

Stir two hours. Maintain pH.

4
Centrifuge (20,000xg).
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- Precipitate dissolve in a minimal volume of 0.02M
phosphate buffer pH 7.8 (5 x 10™% allopurinol,

5 x 10™> dithiothreitol).

1

Dialyze against buffer, adjust pH to 6.5, remove
precipitate by centrifugation (if any).
Apply to DEAE-cellulose column (pre—-equilibrated

with 0.02M phosphate buffer pH 7.5 and 5 x 10~3M
dithiothreitol).

Wash with 3 column-volumes of 0.02M phosphate buffer

pH 7.5 followed by 2 colum-volumes of 0.04M buffer

pH 7.5.

Elute with 0.04 - 0.3M phosphate buffer pH 7.5

|

Only high specific activity fractions collected,

gradient.

brought to 45% saturation with ammonium sulfate pH
7.0.

J
Centrifuge 45 minutes (20,000xg) .

4
Supernatant to 75% saturation pH 7.0.

Precipitate: dissolved and dialvzed as earlier.
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Apply to a pre-equilibrated hydroxylapatite column
(0.02M pH 7.0).

l
J

Wash colum with 3 colum~volumes of 0.035M buffer

l

Slow elution with 0.1M phosphate buffer pH 7.0.

l

Only highly active fractions pooled, concentrated by 80%

pH 7.0 (DTT).

saturation, and dialyzed as above. Applied to the same
column, eluted with phosphate buffer gradient (0.045 - 0.15M
pH 7.0) and concentrated.

Put on agarose hexane guanine triphosphate affinity colum
(pre~equilibrated with 2 column-volumes of buffer 0.02M

pH 7.8 containing 5 x 10™3M DTT and 5 x 10~ allopurinol).
Wash with 4 colum-~volumes of same buffer and 3 colum~volumes

of 0.05M sodium pyrophosphate pH 9.0.

.|
4
Elute with 0.008 - 0.1M sodium glycine buffer pH 9.0

(DTT and allopurinol).

| R

Collect only high activity fractions, concentrate with 85%
ammonium sulfate and reload on the same affinity colum and

elute.
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Pure enzyme, Concentrate with Millipore ultrafiltration

device and store in freezer.
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Polyacrylamide Disc Gel Electrophoresis

A modified version of the disc gel electrophoresis method
as outlined by Canalco (65) was followed. 24ml of INHC1l, 18.1 gm of
Tris and 0.12 ml of TEMED were mixed in a total volume of 100ml using
distilled water. This was Part A. Part B was prepared by mixing 28 gm
of acrylamide, 0.735 gm of Bis and diluting to volume of 100ml with
distilled water. Both Part A and Part B were kept in dark-colored
bottles. Acrylamide is a neurotoxin and the possible contact with the skin
mist be avoided. Ammonium per sulfate (3mg/ml) was prepared in distilled
water. All the solutions were filtered. Ammonium per sulfate was prepared
. fresh. One part of A and one part of B were miXed with two parts of
amonium per sulfate which acts as a catalyst, quickly deaerated and poured
in the glass tubes (9 x 0.5cm) and set in the preparation racks. Glass
tubes were washed thoroughly after soaking in cleansing solution for a few
hours or preferably overnight and dried in the oven at 110°%. A stock soluticr
of glycine buffer was used for the electrophoresis which was diluted out
1:10. Stock solution contained 6gm Tris and 28.8gm glycine per liter at
pH 8.6 and was stored at 0 - 4°C.

Preparation of ‘the Gels and Sample Application

Stock solutions of Part A and B were allowed to cool at room
temperature and mixed with the ammonium per sulfate as described above.
The glass tubes were sealed at the bottom with parafilm and were very
carefully filled up to the desired height with the above solution (usually
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3/4 of the height of the tube) and distilled water was gently overlayed
with the aid of a microliter pipet. The tubes were allowed to stand for
30 to 60 minutes for polymerization and the water fram the top was removed
with a disposable pipet. A stock solution of 40% sucrose and 0.1% bromo-
phenol blue was prepared in the glycine buffer (prepared as above). This
was mixed with equal volume of enzyme solution (50 - 80 ugm) in a small |
test tube and it was gently overlayed on tiue gel top after removing the
previously overlayed water layer. The tubes were filled to the top with
electrophoresis buffer after the sample was applied. The gels were placed
in the electrophoresis buffer after the sample was applied. The gels were
placed in the electrophoresis apparétus and ;';1 current of 2.5mA/gel tube was
applied until the dye (bramophenol blue) appeared at the end of the tube.

Protein Staining _
Gels were stained with Coamassie blue (2gm/liter in 7.5% acetic

acid and in 5% methanol). The gelswre removed from the glass tubes
with the aid of a syringe and stained for 30 to 60 minutes in the above

staining solution.

Protein Destaining

A destaining solution of 7.5% acetic acid in 5% methanol was
prepared and an electrolytic destaining cell was used to destain the gels

requiring fram one to one and a half hour.

SDS Gel Electrophoresis
The subunit molecular weight was determined by the method of

Weber and Osborn (66). The standard proteins used were soyabean tyrpsin
inhibitor (22,000), bovine serum albumin (68,000) and RNase with three
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different molecular’ weight subunits (o subunit 39,000, @ subunit
155,000 and B/ subunit 165,000). All the proteins were preincubated in
a solution containing 1% SDS and 1% mercaptoethanol in 0.2M phosphate
buffer. A current of 8mA/tube was applied until the dye reached the end
of the tubes. Gels were stained and destained as described above.

Detennihation of N-Terminal Amino Acid

A modified procedure of Bdman degradation (67) was followed
to determine the N-terminal amino acid. 0.2mg of enzyﬁe was dissolved
In 200 microliters of the coupling buffer (dimethylallylamine) to which
10 microliters of the concentrated PIIC (phenylisothiocyanate) was
added. After flushing with nitrogen for 30 seconds, it was stoppered
immediately and the solution was mixed thoroughly for 30 seconds on a
Vortex. The tube was placed in 50°C water bath and it was removed at
intervals of 5 minutes and mixed on the Vortex for 15 seconds and
returned to the water bath. This process was continued for 30 minutes.
At the completion of coupling, thei:ube was removed from the water bath
and 0.6ml of benzene was added. This was placed for 30 secands on a
Vortex mixer. The tube was placed in a table top centrifuge and the
camponents were separated. The upper organic layer was discarded. This
extraction procedure was repeated three more times. The traces of the
benzene were removed with a gentle stream of nitrogen blown over the
surface of the aqueous (lower) layer. This layer was frozen by
Immersing into an acetone dry ice mixture. The solution was spread over
the lowest quarter of the tube by rotating and tilting the tube as it
froze. This reaction tube was covered with parafilm in which several
small holes were made with a needle. The tube was placed in a Virtis
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flask attached to the lyophilizing apparatus until the sample was dry.
Anhydrous trifluorcacetic acid (0.1ml) was added to this dried
phenylthiocarbanyl peptide. This was flushed with nitrogen for 3b
. seoonds, directing the nitrogen stream onto the wall of the tube and not
cnto the surface of the acid to avoid evaporation. The tube was stoppered
irmediately and mixed on the Vortex for 15 seconds and then placed in a
water bath at 50°C for 7 minutes. Trifluoroacetic acid was dried

with a gentle stream of nitrogen making sure that the sémple dries as a
thin film on the lower quarter of the tube wall. |

To the dried sample, 0.Gml of butyl chloride was added. It was

mixed gently and the butyl chloride removed and transfered to another
tube. This contained the thiazolinone derivative of the cleaved protein.
This extraction was repeated and both extracts combined. This extract

was dried with a stream of nitrogen. INHCl (0.2ml) was added to the dried
butyl chloride extract which was then flushed with nitrogen for 30

seconds and stoppered immediately. It was mixed on the Vbrtex for 15
seconds and placed in a water bath at 80°C for 10 minutes. The aqueous
HCl solution was extracted twice with 0.7ml of ethyl acetate by mixing

the phases i:horoughly for 30 seconds. The layers were separated by
centrifugation. The upper organic layer was extracted and dried with
nitrogen stream. 50 microliters of ethyl acetate was added to this dried
layer and mixed on the Vortex. This extract was used for the thin layer
chramatography identifkation. The solvent system used for TIC was 90ml
of ctﬂorofoﬁn and 10ml of methanol of which lower phase was used. The PTH
amino acid spots were identified under UV Light.
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Determinaticn of C—Tennmaimum ‘Acid

The method of Ambler (68) to detemmine C-terminal amino acid was
used. The method was modified as follows:
The enzyme was denatured by performic acid oxidation as outlined by Hirs(87).
A mixture of 5 volumesof 30% hydrogen peraxide and 95 volumes of 99%
formic acid was permitted to stand in a closed bottle at 25°C for two
hours. The titer of per acid reached a maximum at about this time and
decreased slowly thereafter. Only freshly prepared reagent was‘used.
Img of the enzyme protein in sodium phosphate buffe.f (0.1M) was incubated
with Ilml of the performic acid reagent, 0.lml of methanol and 0.5ml of
99% formic acid. All the solutions were cooled in a bath at 0 - 5°C for
30 minutes before adding together. The reaction was permitted to proceed
at the same temperature for 150 mimutes. Methanol prevents freezing when
the formic acid is almost anhydrous. This solution was diluted with 50ml
of prechilled distilled water and subjected to lyophilization. Pe_rformic
acid condensates are corrosive and the coils of lyophilizers were carefully
washed with the distilled water after the lyophilization was complete. The
process of lyophilization was repeated twice on the sample after addition of
another 50ml of cold distilled water. The denatured protein was dissolved
in Sml of 0.2M N-ethylmorpholine-acetate pH 8.5 and the solution was
divided in five test tubes equally. DFP-treated carboxypeptidase A and B
(0.4my each) were added to these tubes. A blank was prepared containing
all the constituents except the enzyme.protein. The ;nixtures were incubated
at 37°C and the reaction was terminated by the addition of sufficient
acetic acid to bring the pH lower to 2.5 - 3. This was-mixed for 15 minutes,

centrifuged, and the supernatant was avplied on Silica TIC plates for
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the identification of the cleaved amino acid together with standard
amino acids. Samples at the intervals of 5, 10, 15, 20 and 25 minutes
were withdrawn and chromatographed on TIC plates.

Amino Acid Analysis

Amino acid analysis was performed by the method of Moore and
Stein (69). 4mg of pure enzyme was lycphilized and was then treated
with 6 ml of constant boiling HCl along with 1% mercaptoethanol. The
solution was transferred to cambustion tubes which were connected to a
vacuum pump and frozen by immersing into a liquid nitrogen bath and sub-
jected to air evacuation. It was repeated five times and the tubes were
sealed by a flame torch at the constriction point. The tubes were then
placed in an oven for 24 hours at 120°%C + 29%C. After the digestion, tubes were
bmken at the tip and the KCl was dried at 40°C by a gentle xiitroga'l stream.
4ml of sample citrate buffer (Beckman Company) pH 2.2 was used to dissolve
the digested peptide. The samples were kindly injected and analyzed by
Miss Joanne Waldstreicher under Dr. Glantz's supervision on Beckman 116
amino acid analyzer which was operated according to the instructions of the
Beckman instruments. Peaks were integrated by an Infotronics
integrator. Standards were run on the machine a few times before

injecting the sample.

' Native Molecular Weight\Debem:huatl\m by Gel Filtration

The general method of Andrews (70) was followed to determine the
molecular weight of the guanine deaminase. Sephadex G-100 was swollen for
five hours at 90°C in 0.05M sodium phosphate buffer pH 7.0 containing

5 x 1073 mercaptoethanol. A 60cm X lan column was then packed and
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equili.brated with the same buffer. The void volume of the colum was
determined by blue dextran. Protein standards used were bovine serum
albumin (68,000), chymotrypsin (25,000), RNase (13,700), Ovalbumin
(45,000) and aldolase (158,000) each 3mg/ml in a total volume of 2 ml.
The emergence of the peaks was measured at 280nm. Guanine deaminase

was followed by assaying the enzyme activity.

Isoelectric Focusing

Isoelectric facusing was performed in polyacrylamide gels. A
modified version of the Vestérberg procedure (71, 72) was followed which
is described below:
0.41ml Bis acrylamide (30gm acrylamide and lgm Bis per 100ml)
0.41lml TEMED (0.2ml TEMED/100ml)

50 microliters ampholines (pH 4 - 6)

0.688ml protein (50 - 100mg) in 20% glycerol

0.1lml riboflavin (15mg/100ml), prepared freshly, stirred for 45 minutes
and filtered.

This composition is for 1 gel tube (9 x 0.5 cm ID)
and was multiplied by the number of the tubes used. The glass tubes
were soaked overnight in cleaning solution and were rinsed thoroughly
with distilled water then oven dried. Ampholines (pH 4 - 6) were cooled

at 5% pefore using. Riboflavin was added in the last after mixing the
rest of the solutions described above. The solutions, after mixing,
were édded to the gel tubes gently with a Pasteur pipet at the same mark
height and gently overlayed with distilled water. The gels were allowed
to stand for 15 minutes before putting them under fluoroscent light for

polymerization. All the solutions were deaerated to prevent cracking in
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the §els. The polymerization was allowed to continue for two hours

after which the distilled water fraom the top of the gels was removed .
with a Pasteur pipet and the top of the gels were overlayed with the
buffer. Top of the gel was anode While pottam was made cathode. Anodic
solution was sulfuric acid (0.0l8moles/liter) and the cathodic solution
was monoethanolamine (0.033moles/liter). The tubes were set at the same
height in the bath. A constant power supply of 0.5W/tube was used with

a constant voltage maximum of 500. The current cut off was set at the
maximum. After four hours of voltage maximum, the tubes were removed and
stained to check for the campletion of focusing. This was done at one
half, three quarters, one and two hour intervals. The staining was done
by the LKB instruments method by dissolving 0.7gm of Coomassie stain
(G-250) in 59 ml of concentrated perchloric acid and was diluted to

one liter (filtered). The gels were incubated at 37°C in the staining
solution and bands were located. This required one to one and a half
hours. The gels were then transferred to the desta:.n:mg solution. Isoelectric
point was determined by slicing the gels and checking the pH on pH meter.

Determination of Km

The Km was determined by varying the concentration of guanine
and by following a decrease in absorbance at 245nm. The absorbance values were
converted to the micramoles guanine hydrolyzed per minute. Double reciprocal

plot (73) was constructed to determine the value of Km.
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Effect of pH on the Kinetics of the Enzyme

Effect of pH was studied on the kinetic parameters of the enzyme.
Km and Vmax were measured fram pH 5.5 to pH 9.0 at each 0.5 pH
increments. Eight varying guanine concentrations were used. Buffers
used at different pH were pH 5.5 - 6.5 sodium citrate, pH 7 - 7.5 sodium
phosphate and pH 8 - 9.0 Tris buffer. Fram the data obtained, double
reciprocal piots were constructed and Km and Vmax values were calculated.
The relationship of - log Km(pKm) to the pH changes was plotted (74).
The log of the ratio of the maximal velocity (Vmax) to the binding constant
(Km or Michaelis constant) as a function of hydrogen ion concentration
was also plotted. To determine the optimum pH, maximum velocity vs.

different pH was plotted.

Heat Inactivation of the Enzyme

Temperature stability of the enzyme was studied by J.ncubatmg the
enzyme at 450C, 55°C and 65°C. The enzyme was incubated at these
temperatures and at the intervals of five minutes an aliquot was removed
from the incubation mixture and assayed. The percentage of the remaining

activity was plotted against the time.

8 - Azaguanine Effect Study

Effect of 8 - azaguanine was studied on the enzyme at pH 6.0 , the

- optimum pH for 8 - azaguanine, at varying concentrations of 8 - azaguanine.
Michaelis constant (Km) and maximum velocity were determined fram the
double reciprocal plots. Km and Vmax were also measured with guanine at

pPH 6.0 and pH 8.0 for the camparison with 8 - azaguanine.
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Inhibition by Para Hydroxymercuribenzoate

The effect of para hydroxymercuribenzoate on the guanine deaminase
was studied at pH 8.0. The enzyme was dialyzed again 0.02M sodium phosphate
buffer at pH 8.0 to remove dithiothreitol. The inhibitor concentrations
used were x 10~ and 5 x 10~%M. Varying guanine concentrations were used
to determine the inhibition constant.

The time inactivation of the p - hydroxymercuribenzoate was also
studied at 1 x 10~%M concentration with guanine (2 x 10-4M) at pH 8.0.

The enzyme was incubated with para hydroxymercuribenzoate and the aliquots
were withdrawn at the intervals of five minutes and assayed for the
enzyme activity. Enzyme activity at zero time was teken as the initial
velocity of the enzyme in the absence of inhibitor. This value of the
initial velocity was set at 100% activity. The percent remaining activity

was plotted against time.

Inhibition by Iodoacetic Acid

Effect of indoacetate was studied at 1 x 1073M and 1 x 10~4M
concentration. The enzyme was incubated with iodoacetate and the samples
were withdrawn at the intervals of five minutes and assayed for the
enzyme activity. 'I‘he remaining perceht activity was plotted against the
time intervals as described for the para hydroxymercuribenzoate.

Inhibition by 5 - Aminoimidazole 4 - Carboxamide

The effect of the purine precursor 5 - aminoimidazole 4 - carboxamide
was studied. Concentrations of 5 - aminoimidazole 4 - carboxamide used
were 1 x 10™3M and 1 x 10'4M; Double reciprocal plots were constructed to

determine the pattern and the degree of the inhibition.
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Results and Discussion

Purification of the Enzyme

This is the first attempt to purify the guanine deaminase using
agarose hexane guanine triphosphate as an affi_nity material. Several
| problems were encountered during the course of this investigation but
very satisfactory results were obtained in terms of cbtaining a pure
enzyme preparation. Use of phenylmethylsulfonyl fluoride by Bergstram and
Bieber (62) inhibited chymotrypsin like proteases and thus increased their
yield by 33%. During the ammonium sulfate fractionation, maintenance
of pH at 6.5 was important, because pH keeps falling back to 5, below
which enzyme is not stable. This results in a good yield.

After one aor two uses, the affinity column develops some fine
particles in it and the fractions have to be recycled a few times to
cbtain a pure enzyme preparation. Also care must be taken in collecting
the active enzyme fractions and only the best fractions should be pooled,
which otherwise will result in a preparation with traces of undesired
proteins. The recycling of such impure preparatiohs on the colums a
few times and subjecting them to the gradient elution helps in getting
pure enzyme. Sametimes not all the xanthine oxidase is bound to
allopurinol, and so inclusion of this .in the final glycine buffer helps in
removing this contaminant. The first few steps of ammonium sulfate
fractionation and DmE—cellulése and hydroxylapatite chrc;natography are
quite helpful in fenoving the bulk of the undesirable protein and helps
in getting a preparation for applying on the affinity colum which is very

rich in the enzyme protein. This results in a good yield of the enzyme.
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During the ammonium sulfate fractionation, care should be taken in
adding it very slowly with constant stirring and with the maintenance
of the pH. In a previous report fram this iaboratory by Lewis and
Glantz (31, 32) a long and laboricus scheme of the conventional
chromatography was used to purify this enzyme. However, this method
saves cansiderable time and a number of steps and rgasults in a hamogeneous
preparation. A long and extensive chramatographic method used by
them might have resulted in the structural changes of the enzyme protein,
as indicated by different results I obtained on the molecular weight of
the enzyme. Nonetheless, their work still remains helpful in that it
was the first published report on the methodology of the purification of
the guanine deaminase to hamogenity.

During protein determination, dithiothreitol was also present in
the blanks. Although Bieber et al (62) used 5 x 10™-M mercaptoethanol, I
preferred to use dithiothreitol, at the same concentration, which has two
sulfydryl groups, campared to one in mercaptoethanol. ILewis and Glantz
used 20 times higher concentration of mercaptoethanol. The reason I’
preferred to use dithiothreitol, although it is quite expensive campared
to mercaptoethanol, is its low volatility and hence low toxicity.
Vhile cbtaining affinity material, it is advisable to ask for the supply
fram the same batch of the preparation, since every batch behaved in a
different manner for eluting the enzyme. This might result in the
inconsistency of the results. Fogle and Bieber (35) report that the
rabbit liver guanine deaminase and rat liver guanine deaminse can be
eluted with 0.05M glycine at pH 9.0. However, Bergstrom and Bieber (62)

report that the rat liver guanine deaminase could not be eluted with 0.1M
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glycine buffer at pH 9.0 nor with 0.05M glycine that contained

0.1M NaCll. The reasons for the different behavior were not clear.

They further reported that the glycine did not affect the activity

of the guanine deaminase, hence the elution by glycine was not a
campetitive effect. Day (61) showed that increasing the ionic

strength by the addition of neutral salt prevented the elution of guanine
deaminase at 0.05M glycine, pH 9.0. Bergstrom and Bieber (62) reported
different solutions that eluted guanine deaminase at pH 9.0. These

- were 0.09M glycine, 0.05M beta alanine, 0.002M ammonium chloride and
0.0IM glycine. They further reported that the glass distilled water
removed guanine deaminase fram the colum in a very sharp peak, and the

3 such as 0.1M

solutions with the ionic strength greater than 7 x 10
glycine pH 9.0 and 0.0IM ammonium chloride pH 9.0 did not remove guanine
deaminase fram the colum. However, I used a gradient elution which
removed the guanine deaminase slowly and produced satisfactory results.
The results obtained at the various steps of purification are shown in

Table 2.

Disc Gel Polyacrvlamide Electrophoresis

The hamogenity of the enzyme was determined by the disc gel
polyacrylamide electrophoresis as described earlier. The pure enzyme
showed a clear single band indicating its hamogenity. The electrophoretic
pattern is shown in Figure 9. The results are in agreement with the
reports on rabbit, pig and rat guanine deaminase (31, 32, 63, 54, 62, 75).
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Purification Scheme for 100gm of Human Liver

Purification Total Total Specific Yield Fold

Step Protein Activity Activity @) Purification
(mg) (units) (units/mg)

1. Crude extract 8750 58 0.00662 100 1

2. First anmonium sulfate

fractionation (40 - ‘

80%) 5833 48.5 0.0083 83 1.25
3. DEAE-cellulose

chromatography 530 43 0.081 74 12.3
4. Second ammonium sulfate

fractionation (75%) 353 41 0.116 70 17.6
5. Hydroxylapatite
chramatography 15 26 1.73 44 261.4

6. Affinity chramatography 0.9 19.3 21.5 33 3248

€9
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Fig. 9. Disc gel electrophoresis. The enzyme (80ugm) was subjected
to electrophoresis, after the final purification, in 7.5%

gel, and the gels were stained with Coamassie blue.
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SDS Gel Polyacrylamide Electrophoresis

The subunit molecular weight of the enzyme was detenm‘ned. by
SDS gel electrophoresis. A single band appeared on the SDS gel
electrophoresis with the moelcular weight of 59,000. This was in agreement
with the reports of Lewis and Glantz and Rossi, et al. (31, 32, 75).

Pigures 10,11. _

Sephadex Gel Filtration

The molecular weight of the native enzyme was obtained as
described in the materials and methods. A molecular weight of 120,000
was cbtained. DS gel eiectrophoresis gave a molecular weight of 59,000
for the subunit, hence the native enzyme must be a dimer of approximately
60,000 molecular weight subunits. This is in close agreement with the
reports on this enzyme in rabbit liver (34, 35, 62, 75) except of Lewis.
Bergstram and Bieber (62) reported a molecular weight of 110,000 while Fogle
and Bieber (35) reported a 100,000 molecular weight. Lewis reported a native
molecular weight of 56,000. The results of this study are shown in Figure 13.

Isoelectrofocusing

'me isoelectric point of the enzyme was determined by the method
described earlier. The enzyme showed two major bands and a very faint
band. The third very faint band might have been a diffused form of one
of these two subunits. The two bands had a Pi of 4.76 and 4.68. The
results are shown in Figure 12. Guanine deaminase, therefore, is an
acidic protein. Lewis (33), however, reported a single band on
isoelectrofocusing while Bieber, et al. (62) have reported two bands on

isoelectrofocusing on rabbit liver enzyme.
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SDS gel electrophoresis. Weber and Osborn (66) method for

SDS gel electrophoresis was followed. Lane "A" contains
soyabean trypsin inhibitor (STI) M.W. 22,000, Lane "B" contains
bovine serum albumin (BSA) M.W. 68,000 showing one major band
(Lower) and a minor band (upper). Lane "C" contains guanine
deaminase, while Lane "D" contains ribonuclease (RNase). Two
major units of RNase areg subunit (155,000, top) and el
subunit (39,000, lower). Center of Lane "D" shows impurities
in the sample. ILane "E" is blank. 60 mgm. enzyme was applied
to the gels.
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Subunit molecular weight determination by SDS gel electro-
phoresis. The molecular weight of subunits was determined
by plotting the log of molecular weight vs. the electro-
phoretic mobilities (Rf). Standards used were bovine serum
albumin (BSA, 68,000), ribonuclease (RNase, 39,000) and
soyabean trypsin inhibitor (STI, 22,000).
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Fig, 13. Determination of native molecular weight of the enzyme by
gel filtration on sephadex G~100. The molecular weight of
the native enzyme was cbtained by plotting the log of molecular
weight vs. the ratio of elution volume to void volume. The
standards used were aldolase (158,000}, bovine serum albumin

(68,000}, Ovalbumin (45,000), chymotrypsinogen (25,000) and
RNase A (13,700).
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Isoelectric focusing. The photograph shows iscelectric
focusing of guanine deaminase in polyacrylamide gels,
containing 60 micrograms of the enzyme. The isoelectric
point (Pi) was determined by’ slicing the gels and checking
the respective pH. Lane "A" represents blank, while

Lane "B" contains guanine deaminase. The two bands indicate

the presence of two subunits.
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Fig. 14. Chramatography for C-terminal amino acid. Samples at 0, 5 and

10 minutes did not show any amino acid released.
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N-Terminal Amino Acid Determination

The enzyme was subjected to N-terminal amino acid determination
as described in the methods. Valine was found to be N-texminal amino

acid.

C-Terminal Amino Acid Determination

The procedure to determine the C-termminal end of the enzyme protein
was followed as described earlier. Alanine was found to be the C-terminal
~ amino acid. (Figur.e 14)

Since this is the first report on the N and C-terminal studies

of this enzyme, no other data were available for camparison.

Amino Acid Analysis

Amino acid analysis was perfommed on a 24 hour digestion of the
enzyme protein. Minimal amino acid present was cysteine while a dominant
amount of aspartate was cbserved fram the analysis. The data are
presented in Table 3. The enzyme was high in glutamic acid, alanine,
aspartate, glycine and leucine and was found low in cystein and tyrosine.
The large number of acidic residues are expected since the nature of the
enzyme protein is acidic, as evidenced by acidic pI value of the guanine
deaminase. Since there are two subunits in the enzyme, the amino acid
camposition represents a cambination of the subunits. The two subunits
could be different in amino acid camposition. However, they were found
very similar in molecular weight and pI values. This is in good agreement
with the reports of Bergstram and Bieber (62).

Determination of Km

Km was determined at varying concentration of guanine at pH 7.0.
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Table 3

Amino Acid Analysis of Guanine Deaminase
Based Upon MW of 120,000

Amino Acid | Empirical Residue Resé?t;es/ Integl;ezsixég;r read
Asp 11.3 88 11
.m: 6.0 48 | 6
Ser 6.66 56 7
Cys 1.0 8 1
Glu 10.78 88 11
Prol 6.8 56 7
Gly 9.6 80 10
Ala 13.2 104 13
Arg 7.24 56 7
His 1.7 16 2
Lys 6.636 56 7
Val 10.0 80 10
Met | 2.26 16 2
Ileu 8.0 . 64 8
Leu 9.6 80 10
Tyr 1.4 : 16 2
Phe 4.4 40 5
Trp N.D. N.D.

N.D. = Not determined



79

Fig. 15. Double reciprocal plot (Lineweaver Burk plot) for guanine as
substrate. Velocity is measured at 245nm and is expressed as
micramles of guanine hydrolyzed per minute. The plot shows
‘'velocity of the enzyme catalyzed reaction as a function of guanine

concentration.
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Double reciprocal plot at varying pH. The plot shows effect
of pH on the guanine deaminase catalyzed reaction with guanine
8s. substrate. The velocity is expressed as micramoles of
guanine hydrolyzed per minute. The plots for each pH are:

pH 5.5(-:---), PH 6.0 (:-+-+), PH 6.5 (45++), PH 7.0 (mmwm=:),

pH 7.5 (== ), pH 8,0 (=), pH 8.5 (e0ee), PH 9.0 (====).
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Kinetic Parameters fram Double Reciprocal Plots

83

Table 4

of Guanine Deaminase at Different pH Values

pH Vmax x 10° Ku x 107 pKm Log Vmax/Km
5.5 2.50 3.13 4,50 2.90
6.0 2.85 1.82 4.74 3.20
6.5 3.03 2.00 4.71 3.18
7.0 3.33 1.66 4.77 3.30
7.5 3.70 1.78 4.74 3.31
8.0 4.34 1.56 4.80 3.44
8.5 3.84 4.17- 4.38 2.96
9.0 2.80 3.70° 4.43 2.87
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Fig. 17. Plot of log Vmax/Km vs. pH. The Km and Vmax values as
obtained fram Figure 15, are plotted against pH. The pka
values cbtained are at pH 5.8 and at pH 8.0.
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Fig. 18. Plot of pKm (-log Km) vs. pH. Km values were cbtained fram

Figure 16.
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Fig. 19. Plot of maximm velocity vs. pH. A sharp optimum pH value was
cbtained at pH 8.0.
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A Km of 1.538 x 10™°M was cbtained in this study for the human liver
enzyme. The results are expressed in Figure 15. The reported values of
Km of the rabbit liver guanine deaminase vary from 1 x 107°M to 6 x 10™%M
(31, 32, 34, 35, 53, 54, 61, 62, 63, 75).

pH Effects on the Kinetic Properties

pH effect Qn.the enzyne was studied by varying the pH fram 5.5 to
9.0, in the increments of 0.5 pH units. The kM and the Vmax were calculated
at different pH. The plots of pKm (-log Km) vs. pH, log Vmax/Km vs. pH and
the Vmax vs. pH were constructed from these data, which are shown in Figures
16, 17, 18 and 19 and Table 4. The optimum pH for the guanine deaminase
was found to be 8.0. The kinetic parameters reported by Bieber, et al. (62)
and Lewis (33) are mostly in good agreement with my obsei:vations, except
at the extremities of the pH. In the plot of Vmax vs. pH (Figure 19) Vmax
constantly increased up to pH 8.0. Since Vinax is increasing with pH until
pH 8.0 (or with hydroxideion concentration) hydroxide ion might be truly
involved in the reaction mechanism, particularly during complex formation
between the enzyme and the substrate, abstracting the amino group fram the
guanine by the addition of a hydrogen ion and replacing it with a hydroxide.
Also the pKa of 5.8; as cbtained in this study indic?.tes the possibility
of a functional group that has a pKa in this range. The pKa value reported
by Bieber, et al. (62) is 5.6 and 6.0 by Lewis. This indicates the possible
involvement of a carboxyl group of aspartate or glutamate or the dissociation
of a protonated imidazole. - Bieber, et al. (62) have also indicated the same
possibility, as well as the involvement of the hydroxide ion in the rate

limiting step and in the release of ammonia as discussed above. The optimum
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pH value reported by Lewis (33) was 6.5 and 8.0 by Bieber, et al. (62).

Effect of 8 - Azaquanine
B-Augumh\eeffectéasasubstrataweresuﬂied. 8 - Azafjuanine

has an optimum pH of 6.0 as reported by Lewis and Glantz (32). However,
Rousch and Norris (22) reported a pH of 6.3 for 8 - azaguanine. Varying
concentrations of 8 - azaguanine were taken and the activity of the enzyme
measured. Measurements with guanine ware also performed at pH 6.0 and at

pH 8.0 to compare the pattern of the kinetics of guanine and 8 - azaguanine.
The Kn cbtained for 8 - azaguanine is 2 x 107%. K was higher for

8 - azaguanine which indicates that it is weakly bound to the enzyme as
compared to quanine whose Km is lawer. The results are expressed in Figure 20.
Bieber, et al. (62) have reported a Kn value of 2.3 x 10~% for 8 - azaguanine.
However, Lewis (33) reported a Km value for 8 - azaguanine at 3.33 x 10™%M.

Inhibition by Jodoacetate

Effects of jodoacaetate were studied at a concentration of Al x 10~%
and 1 x 10" at pH of 8.0 with guanine as substrate. Enzyme was incubated
wiﬂ;io&aceutefursmmnﬂmtasmdmmedwﬂassayedforthe
activity at 5 mimite intervals.

At 1 x 1079 concentration of the iodoacetate the enzyme showed
very little iphibition with only a loss of 7% of its activity. At a
concentration of 1 x 10~3M of the iodoacetate, enzyme showed a slow decrease
in the activity ranging from 58 at 5 mimites period to 24% 2t 30 mimutes
period. It, ﬁ\erefcrg, still retained most of its activity. Iodoacetate,
therefore, is a poar inhibitor of guanine deaminase (Figure 21). Since
iodoacetate is -SH group inhibitor, its COOH group might be involved in
altering the enzyme enviromment making it a poor inhibitor. However, Lewis

(33) repurtedalossofabwtlmintheactivityofmemzymata
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Fig. 20. 8 = azaguanine study. The figure shows the double reciprocal
plot for 8 - azaguanine (w====) at pH 6.0 and guanine, as substrates
for guanine deaminase. Guanine was used at pH 6.0 (ss+++¢) and

pH 8.0 (——) for comparison.
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Pig. 5y, Iodoacetate inhibition. Enzyme was incubated with iodoacetate
at 1x 10°3M (A) and 1 x 10~ (B) concentration for the pericds
of time shown and the activity was measured at 245mm.

_Guanine was used as substrate at 2 x 10~9M concentration.
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Fig. 22. Noncampetitive inhibition by p - hydroxymercuribenzoate
p - Hydroxymercurcbenzoate concentrations used were 1 x 10-4M

represents

(-"'""') and 5x 10—4M (ouooo.),
control. Assays were done at pH 8.0 and the enzyme was
dialyzed to remove dithiothreitol prior to assays.

Guanine was used as substrate.
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Fig. 23. Inhibition byPHMB. The time inactivation studies were done at
1 x 10~4MPHMB concentration. An aliquot of the enzyme was
removed at each time interval and assayed for its activity.

Guanine was used as substrate at 2 x 10"4M concentration.
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concentration of 2 x 10 M of iodoacetate after 20 minutes.

Inhibition of p - Hydroxymercuribenzoate

The effect of PHMB was studied at pH 8.0 at the concentrations of
1 x 10°% and 5 x 107%M. It was cbserved that PHMB acts as a noncampetitive
inhibitor, and it greatly reduces the activity of the enzyme. A Ki
~ (inhibition constant) va‘.lue.of 1.53 x 10™°M was cbtained during this study.
Lewis, et al. (31, 32) have reported a Ki of 4.56 x 10~4M for the rabbit
liver enzyme (Figure 22).

The time inactivation of the enzyme by PHMB was also studied.
(Figure 23.) The enzyme was incubated with the PHMB (1 x 1074M) and an
aliquot was withdrawn at 5 minute intervals and assayed for the enzyme
activity. The enzyme showed a great degree of sensitivity to inhibition
by p - hydroxymercuribenzoate with a 37% loss in the activity at the first
5 minutes and about 91% 1635 in the activity at 30 minutes. Since PHMB acts
on the sulfhydryl group, the inhibition by PHMB suggests the involvement of

-SH group at the active site of the enzyme.

Inhibition by 5 - Aminoimidazole - 4 - Carboxamide

The inhibitory effect of the purine precursor 5 - aminoimidazole -
4 ~ carboxamide was studied on the guanine deaminase at a concentration of
1 x 107 and 1 x 10~3M. It was observed to be a potent inhibitor of the
guanine deaminase and the type of the inhibition observed was of a
competitive nature. A Ki of 5 x 10~°M was obtained at a concentration of
1 x 1073M for the inhibitor while a valué of 3.33 x 10~5M was calculated
for the Ki at the concentration of 1 x 107%M. Mandel, et al. (7) had obsexved

that the in vivo incorporation of guanine into the nucleic acid of mice was
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potentiated by the simultaneous administration of 5 - aminoimidazole - 4 -
carboxamide, and had concluded that the guanine deaminase was inhibited by
5 - aminoimidazole - 4 - carboxamide so that exogenously administered guanine
was not catabolized. Lewis, et al. (31, 32) reported a Ki of 3.05 x 10™5m

for the inhibitor and observed value in my report is close to this value.
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Campetitive inhibition by 5 - aminoimidazole - 4 - carboxamide.

Control is represented as showing no inhibition.

The concentrations of 5 - aminoimidazole - 4 - carboxamide used
were 1 x 107°M (=) and 1 x 10~4M (eesee). Guanine was used as

as substrate.
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Fig. 25. Temperature inactivation studies. Guanine deaminase was
Incubated at different temperatures and an aliquot was

removed to assay for the activity at different time intervals.

2 x 107 guanine was used as substrate.
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Temperature Effect

The stability of the enzyme was studied by incubating it at
different temperatures and assaying the aliquot of the enzyme at five
mintues intervals. The enzyme seemed to be quite stable as it showed
only 3% inactivation at five minutes at 45°C and a maximm of 17% inhibition
at 30 minutes at this temperature. However, it became. labile at 5502‘:
where it lost 21% of its activity ét the first five minutes and 49% at
the end of 30 minutes. It showed a substantial inactivation at 65°C
where at the end of five minutes it lost about 54% of its activity and
91% at the end of 30 minutes. Similar results were reported for the rabbit
enzyme by Lewis (33). The results are shown in Figure 25.
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Conclusion

Human liver guanine deaminase is an acidic protein with a
molecular weight of 120,000 and is camposed of two subunits. The
parification scheme used in this study resulted in a 3248 fold purification
with 33% yield. The affinity label, agarose hexane guanine triphosphate is
important in the purification of the enzyme since it is readily available.
The synthesis of the label has been successfully attempted in this laboratory
altﬁough the ligand is camercially available. The affinity label greatly
minimizes the number of the steps of several more column chromatography as
used in the earlier procedures, and helps in achieving the pure enzyme
preparation in a shorter period. 2Amino acid analysis and isocelectric
focusing supported the data that is is an acidic protein. SDS gel electro-
phoresis and gel filtration also were in accordance to the dimer nature of
the enzyme as was the isoelectric focusing.

There are conflicting reports on the molecular weight and kinetic
parameters of the enzyme fram different sources, so the results of this
investigation are not in a position to support a particular study, although
they closely parallel to most of the workers' cbservations. This enzyme
is very interesting enzyme and recently clinicians have started to
observe guanine deaminase in the onset of the various types of diseases as
in viral hepatitis, kidney diseases, etc. (88, 89, 90) and a study with the
;:linical approach will be interesting to do particularly at the molecular
level.

Strong inhibition by PHMB suggests the possibility of the presence of
-SH groups at the active site of the e.nzyné. pH effects of the enzyvme were

quite interesting in that they indicate the involvement. of hydroxide ions
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quite clearly as the velocity increased constantly without any abrupt
changes. A sharp peak or decline in velocity after pH 8.0 strongly suggests
a pH optimm of 8.0 for this enzyme. A summary of the results obtained in
this study is presented in Table 6. and the camparative data on guanine

deaminase fram various organs and tissues of various species in Table 6.
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Table 5

Summary of the Results Obtained in this Investigation
Step Result
Purification factor 3248 )
Specific activity 21.5
Native molecular weight 120,000
Subunit molecular weight 59,000
Iscelectric point ' 4.76

Amino acid analysis

C-texminal amino acid
N-terminal amino acid
Km with guanine

Km with 8 - azaguanine
Optimum pH

Effect of varying pH at
kinetic parameters

Ionization groups (pKa) values
Inhibition by iodoacetate

Inhibition by p - hydroxymercuribenzoate
Time Inactivation by PHMB

Inhibition by 5 - aminoimidazole
4 - carboxamide

Temperature stability

Acidic protein. High in Glu,
Asp, Gly, Ala, Val Leu residue

Alanine

Valine
1.538 x 10™M
2 x 107
8.0

As shown in Figures 18 -~ 20.

5.8 and 8.0
Slight inhibiticon
Strong noncampetitive inhibitor
As shown in Figure 25
Campetitive inhibitor

Loss of activity above 45°C



Table "6
SUMMARY OF COMPARATIVE DATA ON GUANINE DEAMINASE

FROM VARIOUS ORGANS AND TISSUES FROM VARIOUS SPECIES

Degree of Substrate Michaelis - pH Mole-
purifica- specifi- constants Campetitive Inhibitor opt- cular
urce Reference tion city (moles/liter) inhibitors oconstants mum weight
Rabbit liver (i) Rousch & Norris (22) guanine 5x107° near
8.0
8 - aza- -3
_guanine . 7x10 6.3
(ii) Kream & Chargaff guanine N.D. N.D. N.D. N.D.
8 - aza—
guanine
(iii) ILewis (56) guanine 6.5
(iv) Currie et al (29) 200~ guanine 1.05x10™° 7.7 170,000
fold . and
8 - aza- -4 525,000
guanine . 1.02x10 5.9 (gel fil-
3 tration on
1-methyl- 2.70x10™ 7.1 sephadex
guanine G-200).
(v) Lewis (33) 9000- guanine 1.2x10™5M atcl  3.05x10™5 6.8 56,000
fold ' (gel fil-
THFAZ  2.58x104 tration on
sephadex
atcad s5.68x1074 G-200)
54,000
(SDS poly-
8 - aza- _ acrylamide
guanine 3.33x10 v 6.0 gel electro-
phoresis).
6-thio—-

quanine 8.0x10™ M

0Tt



Continued

Degree of Substrate Michaelis pH Mole-
pt;r:.fica— specifi- constants Campetitive Inhibitar opt- cular
ource Reference tion city (moles/liter) inhibitors oonstants mum weight
. Rat liver (i) Schmidt (17) guanine 9.2
(ii) Mansoar et al (53) guanine 9.0
(iii) Kumar & Krishnan (27) 360- guanine
fold 8-aza-
guanine
(iv) Baker & Siebeneick 200~
(59) fold
. Rat brain (i) Mansoor et al (53) 80 to guanine 1.92x107° 6.6
100-
fold 1.98x107> 9.0
8-aza-
! guanine
isoguanine
6~-thio-
guanine
) Soluble (ii) Kumar et al (27) 590- guanine 2.90x10™4 8.0
fraction fold
8-aza-
guanine
) Light-mitochondria " 49- ]
fold 1.05x1073 7.5
) Heavy mitochondria " 38-
fold
|. Sheep brain (i) Mansoor et al (53) 80 to
100- 6.5
fold and

8.5

TTT
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Degree of Substrate Michaelis piH Mole-
purifica- specifi- constants Campetitive Inhibitor opt- cular
urce Reference tion city (moles/liter) inhibitors oonstants mum weight
. Rabbit brain (i) Lewis (33) 1200- quanine 1.22x107° AIC  2.78x107>  6.50% 58,000
fold (pH7.0) THFA  3.12x1074 (gel
AICR filtration
Sephadex
8-aza- G-200).
guanine 1.43x1074
(pH 7.0)
6-thio-
guanined
. Ling cod (i) Roy (47) 200~ guanine 3.30x107> 6.0
miscle fold
8-aza-
guanine
. Mouse liver (i) Kumar et al (27) crude guanine 5.0x10°° (B) 5.6
(soluble ex- 8-aza- and
fractionO tracts guanine 8.5
195~
fold 6.3x107° (a) .

It



Continued

Degree of Substrate Michaelis pd Mole-
purifica- specifi- constants Competitive Inhibitar opt- cular
Source Reference ticn city {(moles/liter) inhibitors constants mmm weight
8. Rabbit (vi) Fogle & Bieber 1250 quanine 5.6x10"% 8.0 110,000
liver (34, 35) -
9, Rabbit - (vii) Bergstram & Bieber 7100 guanine 3.63x10"6M . 8.0 110,000
liver (62) 8-aza- (2 subunits
quanine 2.3x10"%M 6.0 of 52,000
each).
3-deaza- 3.7x10"%M 7.0
guanine
10. Human This thesis 3248 guanine 1.538x10~M 8.0 120,000
liver (59,000
each 2
subunits)
8 - azaguanine 2x10™%M 5-AIC 5x10°°M

*SDS Sodium dodecyl sulfate

1‘
2.
3.

4.

AIC 5 -aminoimidazole - 4 ~ carboxamide

THFA Tetrahydrofolate

AICR 5 - aminoimidazole - 4 - carboxamide riboside

At 1200-fold purification of rabbit brain deaminase, a single sharp pH optimum is observed at pH 6.8.

At 100-fold purification, however, the pH-rate profile shows a broad plateau between pH 5.5 and pH 8.5 with
observable maxima at pH 6.5 and pH 8.5.

6 - thioguanine - the utilization of 6 - thioguanine as substrate by brain deaminase is enly obearved at

extremely high concentration of enzyme. The liver enzyme is quite capable of utilizing this analog at normal
concentrations of enzyme.

€11
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