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Enzymatic activities that catalyze the interconversion of purines and purine
derivatives were detected in cell extracts of Spirochaeta aurantia, Spirochaeta
stenostrepta, Treponema succinifaciens, and Treponema denticola. Phosphoribo-
syltransferase activities present in cell extracts of each of the four spirochete
species functioned in the conversion of adenine, hypoxanthine, and guanine to
AMP, IMP, and GMP, respectively. Nucleotidase activities in the extracts
mediated the formation of nucleosides from nucleotides. The conversion of
adenosine, inosine, and guanosine to the respective purine bases was catalyzed by
nucleoside phosphorylase and, in some instances, by nucleoside hydrolase
activities. Guanine deaminase activity was found in both S. aurantia and S.
stenostrepta, whereas adenosine deaminase activity was detected only in S.
aurantia. Adenine deaminase activity in T. succinifaciens extracts was sensitive to
O, and was relatively resistant to heating. Our results indicate that the four
species of spirochetes studied possess a broad spectrum of purine interconversion
enzymes. It is suggested that these enzymes may function in metabolic processes
important for the survival of spirochetes in nutrient-poor natural environments.

Free purine bases and purine derivatives, ei-
ther present in the external environment or
generated intracellularly through degradative
processes, may be ‘‘salvaged’’ by microorga-
nisms that possess appropriate enzymes (8). The
utilization of these purine compounds by micro-
organisms involves the participation of a com-
plex array of enzymes which serve to intercon-
vert purine bases, nucleosides, and nucleotides
(Fig. 1) (22 and references therein). Such inter-
conversion activities provide cells with a variety
of purine compounds which are required for the
synthesis of nucleic acids and coenzymes and
for other metabolic processes. A single purine
base available to a bacterium that possesses the
necessary interconversion enzymes (Fig. 1) can
serve as the sole source of a wide spectrum of
purine derivatives. For example, adenine can be
converted to AMP, IMP, XMP, and GMP (15,
22), as well as to nucleosides such as adenosine,
inosine, and guanosine, and to free bases (e.g.,
hypoxanthine, guanine, and xanthine). These
interconversions frequently involve numerous
enzymatic steps and may proceed through rather
tortuous metabolic routes (22).

The objective of the research described in this
article was to identify purine interconversion
enzymatic activities in four species of spiro-
chetes. When this work was initiated, an ex-
tremely limited amount of information was avail-
able on the occurrence of these enzymes in

spirochetes. In fact, purine interconversion en-
zymes of few bacterial species have been studied
(14), and frequently these studies have been
concerned with only one or two enzymes in any
one species. We were especially interested in
investigating purine interconversion enzymes of
spirochetes because in recent years we have
been studying physiological mechanisms that
these bacteria utilize to survive in environments
in which nutrients necessary for growth are
present at very low concentrations or are absent
(10, 11). The research we report here was
prompted by the possibility that purine intercon-
version enzymes play an important role(s) in the
survival of spirochetes in the natural environ-
ments which they inhabit.

MATERIALS AND METHODS

Spirochetes and cultural conditions. Spirochaeta aur-
antia M1, a facultative anaerobe isolated from a fresh-
water pond (2), was grown in GTY broth (3) at 30°C.
Spirochaeta stenostrepta Z1, an obligate anaerobe
isolated from freshwater mud, was grown in liquid
medium GYPT (3) at 30°C. Treponema denticola 10,
an obligate anaerobe isolated from the human mouth,
was grown in liquid medium GM-1 (1) at 37°C inan N,
atmosphere. Treponema succinifaciens ATCC 33096,
an obligate anaerobe isolated from a swine colon, was
grown in RF broth (6) at 39°C. in an N, atmosphere.

Preparation of cell extracts. Cultures of spirochetes
were incubated until they reached the late exponential
phase of growth. The cells were then harvested by
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1106 CANALE-PAROLA AND KIDDER
centrifugation at 5°C and washed in a buffer solution,
except as noted below. Whole cells of obligately
anaerobic species were kept in an N, atmosphere
during the centrifugation and washing steps. S. auran-
tia cells harvested from 1,800 ml of GTY broth were
washed by suspending them in 30 mi of cold (5 to 10°C)
0.1 M potassium phosphate buffer (pH 7). T. denticola
or T. succinifaciens cells harvested from 6,000 ml of
GM-1 broth or 2,000 ml of RF broth, respectively,
were suspended in 30 ml of cold 0.1 M potassium
phosphate buffer solution (pH 7.4) containing 5 x 103
M (final concentration) dithiothreitol. The cells were
harvested from the buffer solution by centrifugation at
5°C and suspended in 10 ml of the same buffer solution
used in the washing step. The washed splrochetes
were then disrupted by passing the cell suspensnons
through a French pressure cell at 10,000 Ib/in? (7 x 10°
kg/m?). Cell debris was removed by centrifugation at
5°C for 20 min at 27,000 X g. Disrupted cells of
obligately anaerobic spirochetes were kept in an N,
atmosphere during centrifugation. The supernatant
fluid (cell extract) was stored either in N, (for the
obligate anaerobes) or in air (for S. aurantia) at 5°C
and was used shortly after preparation.

Cells of S. stenostrepta were not washed. S. stenos-
trepta cells harvested from 4,000 ml of GYPT medium
were suspended in 10 ml of 0.03 M HEPES (N-2-
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hydroxyethylpiperazine-N'-2-ethanesulfonic  acid)
buffer solution (pH 7) containing 0.001 M (final con-
centration) dithiothreitol. This suspension was passed
through a French pressure cell and used to prepare cell
extracts as described above for T. denticola and T.
succinifaciens.

The protein content of cell extracts was determined
by means of the Bio-Rad protein assay (Bio-Rad
Laboratories, Richmond, Calif.), Cell extracts used in
some of the reaction mixtures were dialyzed against
0.05 M Tris-hydrochloride buffer (pH 7.5) solution or
against distilled water (at 5 or 15°C) to remove phos-
phates, endogenous phosphoribosylpyrophosphate,
and other dialyzable substances.

Enzyme assays. Each reaction mixture contained the
following in a total volume of 0.14 ml: 8-'*C-purine
base, -nucleoside, or -nucleotide, 20 nmol; MgCl,, 50
nmol; potassium phosphate buffer (pH 7.5) or Tris-
hydrochloride buffer (pH 7.5), 5 uwmol; and cell ex-
tract, 0.03 ml. In some experiments 20 nmol of 5-
phosphoribosyl-1-pyrophosphate (PRPP) was added to
the reaction mixture. The reaction mixtures were
incubated for 10 min at 35°C in air. The reaction was
stopped by the addition of a drop of glacial acetic acid,
and samples of the reaction mixture were streaked on
Whatman no. 1 paper for descending chromatography
or for electrophoretic separation (17). Chromatograms
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FIG. 1. Some of the reactions involved in interconversions of purines and purine derivatives. This is a
compendium of reactions present in various organisms. Aden-Succ, Adenylosuccinate. Enzymes: 1, adenine
phosphoribosyltransferase (EC 2.4.2.7); 2, hypoxanthine phosphoribosyltransferase (EC 2.4.2.8); 3, adenine
deaminase (EC 3.5.4.2); 4, guanine deaminase (EC 3.5.4.3); 5, 5'-nucleotidase (EC 3.1.3.5); 6, adenosine kinase
(EC 2.7.1.20); 7, purine-nucleoside hydrolase (EC 3.2.2.1); 8, purine-nucleoside phosphorylase (EC 2.4.2.1); 9,
IMP dehydrogenase (EC 1.2.1.14); 10, GMP synthetase (EC 6.3.4.1); 11, GMP reductase (EC 1.6.6.8); 12,
adenosine deaminase (EC 3.5.4.4); 13, inosine kinase (EC 2.7.1.73); 14, adenylosuccinate synthetase (EC
6.3.4.4); 15, adenylosuccinate lyase (EC 4.3.2.2); 16, guanine phosphoribosyltransferase (bacterial); 17, AMP
deaminase (EC 3.5.4.6).
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were developed in isobutyric acid-ammonia-water
(66:1:33, vol/vol/vol) or in n-butanol-acetic acid-water
(20:3:7, vol/vol/vol). The electrolyte for electrophore-
sis (at 400 V) was formic acid-water (8:300, vol/vol).
After development, the radioactive compounds were
located by using a Tracerlab 4 « strip scanner and
were identified by comparison with cochromato-
graphed known compounds. Quantitation was by pla-
nimetry (19).

Adenine deaminase (adenine + H,O — hypoxan-
thine + NH;) activity was determined by measuring
the formation of hypoxanthine from adenine in the
absence of PRPP. Guanine deaminase (guanine + H,0O
— xanthine + NHj) activity was determined by mea-
suring the formation of xanthine from guanine in the
absence of PRPP. Purine phosphoribosyltransferase
(purine + PRPP — nucleotide + pyrophosphate) activ-
ity was assayed by measuring the PRPP-dependent
conversion of adenine, hypoxanthine, or guanine to
AMP, IMP, or GMP, respectively. The term ‘‘nucleo-
tidase activity”’ is used to indicate any enzymatic
activity (or activities) that mediated the conversion of
nucleotides to nucleosides or purine bases or both.
Adenosine deaminase (adenosine + H,O — inosine +
NH;) activity was determined by measuring the forma-
tion of inosine from adenosine and by assessing the
inhibitory effect of coformycin (3-B-p-ribofuranosyl-
6,7,8-trihydroimidazo [3,4-d]-[1,3])-diazapin-8-(R)-ol)
and of deoxycoformycin (12) on the reaction. Another
possible route for the conversion of adenosine to
inosine would involve adenine deaminase (18) (Fig. 1).
However, adenine deaminase activity was detected
only in T. succinifaciens cell extracts, which lacked
adenosine deaminase activity. Nucleoside phosphory-
lase (nucleoside + P; 2 purine + ribose 1-phosphate)
activity was assayed by measuring the phosphate-
dependent conversion of nucleosides to purine bases.
Nucleoside hydrolase (nucleoside + H,O — purine +
ribose) activity was determined by measuring the
conversion of nucleosides to purine bases in the ab-
sence of phosphate. Dialyzed (see above) cell extracts
were used in the assays for nucleoside phosphorylase
and nucleoside hydrolase activities. Xanthine oxidase
(xanthine + H,0 + O, — uric acid + superoxide) was
assayed by measuring the disappearance of xanthine
and the formation of uric acid from xanthine.
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8-14C-purines, 8-'*C-nucleosides, and 8-'*C-nucleo-
tides (all at 50 mCi/mmol) were purchased from Amer-
sham Corp. (Arlington Heights, IIl.). Bovine liver
catalase, bovine blood superoxide dismutase, and oth-
er chemicals were obtained from Sigma Chemical Co.
(St. Louis, Mo.). Coformycin and 2'-deoxycoformycin
were gifts from H. W. Dion (Warner-Lambert/Parke-
Davis).

RESULTS

Enzyme activities that function in intercon-
versions of purine bases, nucleosides, and nu-
cleotides were detected in cell extracts of the
four spirochete species tested.

The results outlined in Table 1 indicate that
adenosine deaminase activity is present in S.
aurantia, inasmuch as cell extracts of this bacte-
rium catalyzed the conversion of adenosine to
inosine. Some of the inosine formed from adeno-
sine was converted to hypoxanthine by phos-
phorylase and hydrolase activities which were
detected in the cell extracts (see below). When
phosphate was present, adenosine phosphory-
lase activity (see below) catalyzed the formation
of adenine from adenosine (Table 1). The occur-
rence of adenosine deaminase activity in S.
aurantia was confirmed by the inhibitory effect
of coformycin (Table 1) and deoxycoformycin
(data not shown) on the conversion of adenosine
to inosine. Coformycin and deoxycoformycin
also inhibit adenine deaminase activity (18), but
this enzyme was not detected in cell extracts of
S. aurantia. The lack of adenine deaminase
activity was indicated by the inability of S.
aurantia cell extracts to catalyze the formation
of hypoxanthine from adenine in the absence of
PRPP (Table 1). In the absence of the latter
compound, adenine was not metabolized to any
product. On the other hand, in the presence of
PRPP, adenine was converted to adenosine,
inosine, and hypoxanthine (Table 1). These ob-
servations indicated that adenine phosphoribo-

TABLE 1. Metabolism of adenine, adenosine, and AMP by S. aurantia cell extracts

14C Jabeled . Amt of product formed®
substrate Conditions Adenine AMP Adenosine Inosine Hypoxanthine
Adenine PRPP present Substrate ND 5 22 25
Adenine PRPP absent Substrate® ND ND ND ND
Adenosine Phosphate present 12 ND Substrate 1 4
Adenosine Phosphate absent® ND ND Substrate 62 38
Adenosine Coformycin added, 31 ND Substrate ND ND
phosphate present
AMP PRPP absent ND Substrate ND 38 28

. Expressed as nanomoles of product per milligram of protein per 10-min incubation period. All radioactivity
in each sample tested was recovered in the products detected and in the remaining substrate. Thus, no other
purine compounds were present in addition to those listed. Substrates were radioactively labeled at C-8. ND,

Not detected.

b All radioactivity was recovered in the substrate after the 10-min incubation period.
¢ Dialysis was used to remove phosphate from the cell extract (see text).
4 The final concentration of coformycin in the reaction mixture was 1.4 x 107¢ M.
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syltransferase activity was present and that
AMP formed from adenine did not accumulate in
the reaction mixture but was metabolized via a
reaction(s) catalyzed by nucleotidase activity
(see below).

The occurrence of AMP nucleotidase activity
in cell extracts of S. aurantia was inferred
because AMP was metabolized to inosine and
hypoxanthine (Table 1). Probably, metabolism
of AMP was mediated by 5'-nucleotidase (Fig.
1), with adenosine not accumulating in the reac-
tion mixture but being converted to inosine by
adenosine deaminase. Adenosine deaminase ac-
tivity was demonstrated in the extracts, as men-
tioned above. Alternatively (or in addition),
AMP may be converted to IMP by AMP deami-
nase (Fig. 1) and the IMP formed converted to
inosine. Another enzyme that could act on AMP
is AMP nucleosidase (AMP + H,0 — adenine +
ribose 5-phosphate). However, this possibility
seems unlikely since no adenine was formed
from AMP (Table 1).

The conversion of adenosine to adenine by
cell extracts of S. aurantia required phosphate
(Table 1). This observation indicated the pres-
ence of purine-nucleoside (adenosine) phosphor-
ylase activity and the absence of adenosine
hydrolase activity. However, hydrolase activity
specific for inosine was present because, in the
absence of phosphate, inosine derived from
adenosine was converted to hypoxanthine (Ta-
ble 1). The occurrence of inosine hydrolase
activity in S. awurantia cell extracts was con-
firmed by other experiments in which [8-1“Clin-
osine was added to the reaction mixture as the
substrate in the absence of phosphate (data not
shown).

Experiments similar to those summarized in
Table 1 were carried out to study the metabelism
of guanine, guanosine, and GMP by S. stenos-
trepta cell extracts. These experiments (Table 2)
showed that in the cell extracts (i) guanine
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phosphoribosyltransferase activity was present,
as indicated by the PRPP-dependent formation
of GMP from guanine, (ii) nucleotidase activity
was present, inasmuch as GMP was metabolized
to guanosine, and (iii) purine-nucleoside (guano-
sine) phosphorylase activity was present and
guanosine hydrolase activity absent, because
phosphate was required for the conversion of
guanosine to guanine (Table 2). Furthermore,
guanine deaminase activity was demonstrated
by showing that the extracts catalyzed the for-
mation of xanthine from guanine (Table 2). In
the absence of PRPP, xanthine was the only
product formed from guanine. Xanthine was not
metabolized by S. stenostrepta cell extracts, an
indication that xanthine oxidase was absent (Ta-
ble 2).

Experiments analogous to those described
above were carried out to study enzymatic activ-
ities involved in the metabolism of purine bases,
nucleosides, and nucleotides in T. succinifaciens
and T. denticola, as well as to investigate addi-
tional enzymatic activities of S. aurantia and S.
stenostrepta. The results of these studies and of
those presented in Tables 1 and 2 may be
summarized as follows. All four species of spiro-
chetes have phosphoribosyltransferase activities
(for adenine, hypoxanthine, and guanine), nucle-
otidase activities (for AMP, IMP, and GMP),
and purine-nucleoside phosphorylase activities
(for adenosine, inosine, and guanosine) (Table
3). Purine-nucleoside hydrolase activities specif-
ic for some of the nucleosides tested were de-
tected in three of the four spirochete species
(Table 3).

Adenine deaminase activity, detected only in
T. succinifaciens (Table 3), was especially sensi-
tive to molecular oxygen. In T. succinifaciens
cell extracts (1-ml volumes, 20 to 25 mg of
protein per ml, in test tubes 10 by 44 mm) the
adenine deaminase activity was totally lost after
90 min of exposure to air, whereas the activity

TABLE 2. Metabolism of guanine, guanosine, and GMP by S. stenostrepta cell extracts

14C _Jabeled . Amt of product formed*
substrate Conditions Guanine GMP Guanosine Xanthine

Guanine PRPP present Substrate 34 12 15
Guanine PRPP absent Substrate ND ND 30
Guanosine Phosphate present 1 15 Substrate 9
Guanosine Phosphate absent” ND ND Substrate® ND
GMP Phosphate present 13 Substrate 53 ND
Xanthine PRPP absent ND ND ND Substrate©

@ Expressed as nanomoles of product per milligram of protein per 10-min incubation period. All radioactivity
in each sample tested was recovered in the products detected and in the remaining substrate. Thus, no other
purine compounds were present in addition to those listed. Substrates were radioactively labeled at C-8. ND,

Not detected.

b Dialysis was used to remove phosphate from the cell extract (see_text).
¢ All radioactivity was recovered in the substrate after the 10-min incubation period.
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was fully retained when the extracts were kept
in an argon atmosphere under identical condi-
tions for the same period of time. When either
catalase or superoxide dismutase was added to
the cell extracts (70 U or either enzyme per ml of
extract), 37 to 45% of the original deaminase
activity was retained after 90 min in air.

The adenine deaminase activity of 7. succini-
faciens was relatively (17) resistant to heating.
Cell éxtracts of T. succinifaciens (20 mg of
protein per ml) that were heated in an argon
atmosphere for 5 min at 55°C retained 100% of
their adenine deaminase activity. Approximate-
ly one-third of the original activity was still
present after the extracts were heated for S min
at 65°C.

Both S. awrantia and S. stenostrepta had
guanine deaminase activity (Table 3).

DISCUSSION

The results of this study show that the four
Spirochaeta and Treponema strains that were
investigated possess a broad range of purine
interconversion enzymes.

Most likely, the phosphoribosyltransferase
activities we detected (Table 3) are important
with regard to the energy economy of the four
spirochete strains, inasmuch as these enzymes
enable the cells to salvage preformed purine
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bases and to channel them, as nucleotide com-
ponents, into metabolic processes. Spirochetes
that require exogenous purines depend on these
salvage activities for growth and survival. Two
spirochetes of the genus Leptospira have been
reported to have phosphoribosyltransferases
16).

Our experiments show that the spirochetes we
studied possess nucleoside phosphorylase and
nucleoside hydrolase activities that catalyze re-
actions in which ribose 1-phosphate, ribose,
adenine, hypoxanthine, and guanine are formed
from purine nucleosides (Fig. 1 and Table 3).
These observations are of interest in view of the
finding that bacterial cells break down intracel-
lular rRNA when exogenous nutrients necessary
for growth are not available to them (7, 9, 20, 21,
23, and references therein). It is possible that in
starving spirochete cells, nucleosides derived
from the breakdown of rRNA serve as sub-
strates in reactions catalyzed by phosphorylases
and hydrolases. Ribose and ribose 1-phosphate
formed in these reactions may be used as endog-
enous energy and carbon sources by the starving
spirochetes. Free purine bases, generated in the
phosphorylase and hydrolase reactions, may be
converted to derivatives for utilization in cellu-
lar processes, or, if the spirochetes are able to
cleave the purine ring, the purine bases could be

TABLE 3. Enzymatic activities involved in purine salvage and interconversion

Enzymatic activity and Presence* in:
substrates S. aurantia §. stenostrepta T. succinifaciens T. denticola

Adenine deaminase - - + _
Adenosine deaminase + - - -
Guanine deaminase + + - -
Phosphoribosyltransferase

Adenine + + + +

Hypoxanthine + + + +

Guanine + + + +
Nucleotidase

AMP + + + +

IMP + + +b +

GMP + + +& +
Nucleoside phosphorylase

Adenosine + + + +

Inosine + + + +

Guanosine + + + +
Nucleoside hydrolase

Adenosine - - - +

Inosine + - + +

Guanosine —b - + -

¢ +, Activity present; —, activity not detected.
b As indicated or weak activity.
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used as energy, carbon, and nitrogen sources.
Thus, it is possible that purine interconversion
enzymes, such as nucleoside phosphorylases
and hydrolases, function in survival processes
used by spirochete cells to obtain energy, car-
bon, and nitrogen when exogenous growth sub-
strates are not available.

Other purine interconversion enzymatic activ-
ities present in spirochetes yield NH; that may
be utilized for cell survival under conditions of
nitrogen starvation. For example, it is possible
that NH; formed in reactions catalyzed by ade-
nine deaminase, adenosine deaminase, and gua-
nine deaminase (Fig. 1 and Table 3) is used as a
nitrogen source. It would not be necessary for
the spirochetes to cleave the purine ring to
generate NHj via these reactions. None of the
three deaminase activities mentioned above was
detected in T. denticola. However, it may be
possible to demonstrate the presence of these
and other undetected enzymatic activities in cell
extracts by using different experimental condi-
tions (e.g., anaerobic incubation of reaction mix-
tures).

Adenine deaminase activity in T. succinifa-
ciens extracts was rapidly inactivated by expo-
sure to air, but was quite stable in an argon
atmosphere. Adenine deaminases from other
microorganisms (13, 17) are much more stable in
an air atmosphere.

Spirochetes are widespread in nature and oc-
cur in a large variety of environments (4, 5). It
may be inferred that to compete with other
microorganisms and to survive in so many dif-
ferent habitats, spirochetes have adapted by
evolving a multiplicity of physiological mecha-
nisms that allow them to cope with frequent
changes in levels of available nutrients and with
other environmental stresses. It would be of
great interest to (i) determine whether the purine
interconversion enzymatic activities that we de-
tected in spirochetes contribute significantly to
the ability of these bacteria to deal with nutrient
deprivation and with other selective pressures in
natural environments and (ii) elucidate the bio-
chemical mechanisms involved. We are direct-
ing our research efforts toward these goals.
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