
JOURNAL OF BACTERIOLOGY, Nov. 1976, p. 616-622 Vol. 128, No. 2
Copyright X) 1976 American Society for Microbiology Printed in U.S.A.

Arginine Catabolism by Treponema denticola
R. P. BLAKEMORE AND E. CANALE-PAROLA*

Department of Microbiology, University of Massachusetts, Amherst, Massachusetts 01002

Received for publication 2 August 1976

Treponema denticola, an anaerobe commonly present in the human mouth,
ferments various amino acids and glucose. Amino acid analyses indicated that
substrate amounts of arginine were utilized by T. denticola growing in a
complex, serum-containing medium. Cell suspensions metabolized L-arginine to
citrulline, NH3, CO2, proline, and small amounts of ornithine. C02, NH3,
ornithine, and proline were produced from L-citrulline by cell suspensions.
Determinations of radioactivity in products formed from L-[U-14C]ornithine
indicated that cell suspensions converted this amino acid to proline. Further-
more, proline was excreted by cells growing in a complex, arginine-containing
medium. Arginine iminohydrolase (deiminase) and ornithine carbamoyltrans-
ferase activities were detected in T. denticola cell extracts. Carbamoylphos-
phate dissimilation by extracts yielded adenosine triphosphate. The data indi-
cate that T. denticola derives energy by dissimilating L-arginine via the argi-
nine iminohydrolase pathway. However, unlike some of the other bacteria that
utilize this pathway, T. denticola converts to proline much of the ornithine
derived from L-arginine.

Treponema denticola is a common inhabitant
of the human gingival crevice region. This re-
gion, which comprises the narrow fissure be-
tween the marginal gingiva and the tooth en-
amel (2), is populated by an enormous number
and wide variety of microorganisms, many of
which have not been cultivated. Microscopic
counts of material from the gingival crevice
have shown that an average of over 1011 micro-
organisms are present per g (wet weight) of
gingival debris (21).
We are studying the energy-yielding path-

ways and other metabolic processes of T. denti-
cola, with the intent of elucidating the factors
that enable this obligately anaerobic spirochete
to thrive and persist in the extremely competi-
tive natural environment in which it occurs. T.
denticola grows in complex, serum-containing
media which support yields of approximately 5
x 101 cells/ml. Previous work (12) has shown
that T. denticola cells growing in these media
not only ferment amino acids such as L-Cys-
teine, L-serine, L-alanine, and glycine, but also
glucose. Glucose is degraded via the Embden-
Meyerhof pathway coupled to a clostridial-type
clastic system for pyruvate metabolism.
The work described in this paper was

prompted by our finding that the level of argi-
nine in culture fluid decreased markedly dur-
ing growth of T. denticola. Thus, it seemed
possible that this amino acid served as an en-
ergy source for the spirochete. The present re-

port deals with our studies on the pathway of L-
arginine catabolism in T. denticola.
(A preliminary report of this work was pre-

sented at the 75th Annual Meeting of the
American Society for Microbiology in New
York, 27 April-2 May 1975.)

MATERIALS AND METHODS
Organism and cultural conditions. Strain 10 of T.

denticola (12) was used in this investigation. T.
denticola was cultured at 36°C in medium GM-1,
which had the following composition (g/100 ml of
distilled water): Trypticase (Baltimore Biological
Laboratories), 1.5; yeast extract (Difco), 0.5; NaCl,
0.25; sodium thioglycolate, 0.05; and L-cysteine hy-
drochloride, 0.1. The pH was adjusted to 7.4 with
KOH, and the medium was autoclaved. The medium
was rapidly cooled (to ca. 35°C) in a cold-water bath
and was immediately inoculated after adding the
following supplements (ml/100 ml): 0.2% (wt/vol)
thiamine pyrophosphate, 0.3; volatile fatty acids so-
lution, 0.5; 10% (wt/vol) sodium bicarbonate, 0.5;
and heat-inactivated normal rabbit serum (Flow
Laboratories), 0.3. These supplements were filter-
sterilized, except for the bicarbonate solution, which
was sterilized by autoclaving. The volatile fatty
acids solution consisted of 0.5 ml each of isobutyric,
DL-2-methylbutyric, isovaleric, and valeric acids dis-
solved in 100 ml of 0.1 N KOH. The final pH of
medium GM-1 was 7.2 to 7.3. Amino acid analysis of
a batch of medium GM-1 indicated that it contained
(micromoles per milliliter, total concentration): ar-
ginine, 2.7; ornithine, 0.7; proline, 11.2.
Treponemes were mass cultured in cotton-stop-

pered Florence flasks (1 to 3 liters) filled to the neck
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with medium. Inocula consisted of 5 to 10 ml (3 x 108
to 5 x 108 cells/ml) per liter of medium.

Cell suspensions. Cells were harvested from cul-
tures (cell density, 2 x 108 cells/ml) by centrifuga-
tion at 5,000 x g for 20 min at 5°C. Cells (ca. 4.5 g,
wet weight) harvested from 3 liters of culture were
gently suspended in 100 ml of 0.06 M N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffer solution (pH 7.0 or 7.4) or in potassium phos-
phate buffer solution (pH 7.0 or 7.4), each buffer
solution containing 0.21% (wt/vol) NaCl and 4 x
10-3 M dithiothreitol (DTT). The suspension was
centrifuged, and the cells were washed again by
suspending them in 100 ml of fresh buffer and sedi-
menting them by centrifugation. Finally, the
washed cells were suspended in 5 to 10 ml of fresh
buffer, stored at 5°C under argon, and were used
within 1 h. All buffers, immediately before use,
were boiled and then cooled to approximately 5°C
while being sparged with argon. Treponemes
washed in this manner were motile and uniformly
coiled. Cell densities were monitored using a Klett-
Summerson photoelectric colorimeter. The protein
content of cell suspensions was determined by the
method of Lowry et al. (16).

Cell extracts. Treponemes were disrupted at 5°C
by extruding washed cell suspensions through a
French pressure cell at 10,000 lb/in2 (7 x 106 kg/M2).
Cellular debris was removed by centrifugation at
4°C for 15 min at 27,000 x g. The supernatant liquid
was used in experiments. Protein content of the
extracts was determined by the method of Warburg
and Christian (25).
Amino acid analyses. Free amino acids as well as

total (free and bound, e.g., in peptides) amino acids
present in samples were determined chromato-
graphically using automatic analyzers, according to
conventional methods (22). Samples for automatic
analyses or for analyses on cation-exchange columns
(see below) were deproteinized prior to determina-
tion of free amino acids. Deproteinization of samples
low in peptides and proteins (e.g., supernatant
fluids from reaction mixtures in which washed cells
were used) was accomplished by the method of Ger-
ritsen et al. (7). Supernatant fluid from cultures was
deproteinized by adding 0.05 ml of 70% perchloric
acid to each 2-ml sample, allowing them to stand at
room temperature for several minutes, and adjust-
ing the pH to 7.6 with 70% (wt/vol) KOH. After
centrifugation, samples deproteinized by either
method were diluted at least 1:10 in 0.2 M lithium
citrate buffer (pH 2.2) before application to columns.
For determinations of total amino acids in samples
containing protein and peptides, the samples were
hydrolyzed prior to chromatographic analysis. Cul-
ture medium samples were hydrolyzed in 6 N HCl by
refluxing in a constant stream of argon for 24 h. All
other samples were hydrolyzed in 6 N HCl for 24 h or
longer at 100°C in argon-filled, sealed glass am-
poules. In determinations of the amino acid compo-
sition of T. denticola cells, corrections were made for
hydrolytic destruction of amino acids, as well as for
resistance to hydrolysis, by analyzing samples hy-
drolyzed for 24, 48, and 72 h. Free amino acids were
determined using a Technicon autoanalyzer modi-

fied for discrete two-buffer methodology (22), em-
ploying spherical resins (Hamilton HP-AN). Acid-
hydrolyzed samples were analyzed using a Beckman
Spinco model 120C automatic amino acid analyzer,
according to standard procedures for acid hydroly-
sates (22).
Amino acids in various samples were separated

and iden,ified by thin-layer chromatography. Silica
Gel G chromatography plates (20 by 20 cm) were
used, with a phenol:water (3:1, vol/vol) solvent sys-
tem. After drying, the chromatograms were devel-
oped by spraying with ninhydrin reagent and heat-
ing (8).

In experiments with radiolabeled ornithine,
amino acids were separated on columns (0.8 by 40
cm) of Dowex 50-X8, 100- to 200-mesh resin (Na+
form). The amino acids were eluted from the col-
umns at room temperature using a sodium citrate
buffer gradient increasing in Na+ concentration (0.2
to 0.8 N) and in pH (2.9 to 5). The gradient was
established with a Technicon Autograd gradient
maker. One-milliliter volumes of deproteinized
sample were applied to the columns, and 5-ml frac-
tions were collected. The flow rate through the col-
umns was maintained at 36 ml/h using a peristaltic
pump. This system effectively separated individual
amino acids present in a solution containing 0.2
,umol each of L-proline, L-citrulline, L-ornithine, and
L-arginine.

In addition to chromatographic methods, colori-
metric assays were used to determine amino acids in
reaction mixtures of experiments with cell suspen-
sions and cell extracts. Arginine was assayed by
means of van Pilsum's modification of the Sakagu-
chi reaction (24). Citrulline was determined by the
method of Hunninghake and Grisolia (13). Orni-
thine and proline were separated either by thin-
layer or column chromatography prior to colorimet-
ric assay (3, 18).
Amino acid metabolism by cell suspensions. Re-

action mixtures (total volume, 3.2 ml) were incu-
bated in double-side-arm Warburg vessels for 3.5 h,
at 36°C, in argon.
To determine products of i-arginine metabolism,

the following reaction mixture was used (micro-
moles): potassium phosphate buffer (pH 7.5), 120; L-
arginine, 40; DTT, 8; H2SO4 (side arm), 600; 30% (wt/
vol) aqueous KOH (center well, where appropriate),
0.3 ml; and 6.5 x 1010 washed cells. An identical
reaction mixture was used to study L-citrulline me-
tabolism, except that i-citrulline (40 umol) was used
instead of L-arginine.

Products of i-ornithine metabolism were investi-
gated by using the following reaction mixture (mi-
cromoles): i_[U-14C]ornithine, 21.2 (specific activ-
ity, 26,000 cpm/,umol); potassium phosphate buffer
(pH 7.4), 120; DTT, 8; H2SO4 (side arm, where appro-
priate), 600; 1 M hydroxide of Hyamine 1OX (center
well, where appropriate), 0.2 ml; and 1.4 x 1011 cells.

Enzymatic activities in cell extracts. Activity re-
sulting in the formation of citrulline from L-arginine
was assayed by a method similar to that used by
Schimke et al. (19) to assay for arginine iminohydro-
lase (arginine deiminase, EC 3.5.3.6). The reaction
mixture contained (micromoles): potassium phos-
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phate buffer (pH 7.5), 300; DTT, 1.5; L-arginine, 40;
cell extract (3.8 mg of protein); in a total volume of 2
ml. Incubation was for 80 min at 36°C in an air
atmosphere.

Ornithine carbamoyltransferase (EC 2.1.3.3) ac-

tivity was assayed in the direction of citrulline deg-
radation by the technique of Slade et al. (20) in a

reaction mixture consisting of (micromoles): HEPES
buffer (pH 7.5), 130; DTT, 1.5; potassium phosphate
buffer (pH 7.5), 20; adenosine diphosphate, 5;
MgCl2, 10; L-citrulline, 40; 30% (wt/vol) KOH (in
center well, where appropriate), 0.3 ml; cell extract
(7 mg of protein); and water to a final volume of 3.2
ml. The reaction mixture was incubated in Warburg
vessels for 60 min at 36°C in an argon atmosphere.
We also assayed ornithine carbamoyltransferase

activity in the direction of citrulline synthesis, us-

ing the method of Nakamura and Jones (17). Com-
ponents of the reaction mixture were (micromoles):
tris(hydroxymethyl)aminomethane - hydrochloride
(Tris) buffer (pH 8.5), 500; DTT, 5; carbamoylphos-
phate (lithium salt), 50; L-ornithine, 50; and cell
extract (3 mg of protein); in a total volume of 1.7 ml.
Incubation was for 3 min at 36°C in an air atmos-
phere.

Activity resulting in adenosine triphosphate
(ATP) generation in the presence of carbamoylphos-
phate was assayed as described by Schimke et al.
(19), using a Gilford continuous recording spectro-
photometer equipped with a temperature-controlled
cell compartment. The reaction was coupled to the
formation of glucose-6-PO4 in the presence of glucose
and hexokinase. Glucose-6-PO4 was detected by as-

saying for pyridine nucleotide reduction, which oc-

curred in the presence of added glucose-6-PO4 dehy-
drogenase. The reaction mixture consisted of: hexo-
kinase (Sigma), 40 U; glucose, 10 ,tmol; glucose-6-
P04 dehydrogenase (Sigma, type V), 5 U; nicotina-
mide adenine dinucleotide phosphate, 1 ,umol; car-

bamoylphosphate (lithium salt), 10 ,umol; adenosine
diphosphate, 5 Amol; Tris, 10 ,umol; MgCl2, 10 ,tmol;
cell extract (0.03 mg of protein); in a final volume of
1 ml. The reaction was followed by recording change
in optical density at 340 nm and 37°C.
The extracts were assayed for their ability to

catalyze citrulline formation in the presence of
NH4+, HCO3-, ATP, and L-ornithine (14). The reac-

tion mixture consisted of (micromoles): Tris (pH
8.5), 50; NH4Cl, 100; NaHCO3, 100; MgCl2, 5; L-

ornithine, 20; DTT, 2; ATP, 10; cell extract (11 mg of
protein); in a final volume of 1.5 ml. Incubation was

for 5 min at 25°C in an air atmosphere. Citrulline
formed was assayed colorimetrically (13).

Other experimental procedures. Ammonia was

determined under conditions suitable for use in the
presence of labile ammonia-forming material (1, 11).
Amines were extracted from samples in the man-

ner of Goldschmidt et al. (8) and were co-chromato-
graphed with amine standards on Silica Gel G thin-
layer chromatographic plates using a phenol:acetic
acid:water (6:1:6, vol/vol/vol) solvent system. Dowex
50-X8 resin columns (0.6 by 15 cm) were used to
separate amino acids from amines. These columns
(Na+ form) were eluted batchwise with sodium cit-
rate buffer (0.3 N Na+, pH 5) to remove amino acids.

Subsequently, amines such as putrescine were
eluted with 0.1 N NaOH.

Urease activity was assayed by manometric
measurements of gas evolved from urea (40 ,umol) by
whole cells suspended in a reaction mixture similar
to that used to determine products formed by cell
suspensions from L-arginine, except that the latter
amino acid was omitted. Urease activity was also
measured by determining pH changes in reaction
mixtures including urea and whole cells.
Urea production by cell suspensions metabolizing

arginine was determined using reaction mixtures
incubated in Warburg vessels, as described above.
The reaction mixtures were similar to those for the
determination of products of arginine metabolism
(see above). After incubation, samples of the super-
natant fluid were applied to thin layers of cellulose
MN 300 (Brinkmann Instruments, Inc., Westbury,
N.Y.). Separation was achieved by electrophoresis
(2 h, 19 V/cm) in glacial acetic acid:water (2:98, vol/
vol) using a Desaga (Heidelberg) chamber, model
121210. Ninhydrin and Ehrlich reagents (10) were
used for color development.

Radioactivity measurements were performed us-
ing a Packard Tri-Carb liquid scintillation spec-
trometer, according to conventional methodology
(9).

Conventional manometric techniques were used
(23).

All chemicals used were of the highest purity
obtainable commercially.

RESULTS

Amino acid analyses showed that T. denti-
cola cells growing in medium GM-1 dissimi-
lated significant amounts of arginine (Table 1).
The metabolic activities of the growing cells
brought about a marked decrease in the levels
of free arginine present in the medium and of
arginine bound in medium components (e.g.,
peptides). Furthermore, substantial amounts of
ornithine and proline accumulated in the cul-
ture's supernatant fluid (Table 1).
Washed cell suspensions incubated with L-

arginine formed NH3, CO2, proline, citrulline,
and ornithine (Table 2). The ratios of NH3 and
CO2 produced to arginine utilized suggested
that two deamination steps and one decarboxyl-
ation step occurred during arginine catabolism.
Urea was not produced from arginine under the
conditions used (Table 2).
Experiments were conducted to determine

whether the three amino acids produced by cell
suspensions from L-arginine were metabolized
by T. denticola. Neither cell suspensions nor
cell extracts dissimilated L-proline under a va-
riety of conditions tested, such as in the pres-
ence of potential energy sources, electron do-
nors, or acceptors, at different pH values, and
using cells harvested at different stages of
growth. The same amount of proline added to
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TABLE 1. Arginine utilization by growing cells of T.
denticola

Mmol/mla after incuba- umol/ml of culture8 that
tion for: were:

Argi-
nine Ut-In cell D,iOh 44 h 172 h lized materl ilated

Free 1.99 1.62 0.55 _ d _
Bound 0.71 0.40 0.23 - _
Totale 2.70 2.02 0.78 1.92 0.02 1.90

a Present in culture supernatant fluid. Cells
growing in medium GM-1.

b After 172 h of incubation. No cell lysis detected
during this period of incubation. Cell yield after 172
h: 4 x 108 cells/ml.

c Determined from the arginine content of cell
hydrolysates.

d -, Not applicable.
e Includes bound (e.g., in peptides) and free

amino acids. The following amino acids increased by
the amounts indicated (micromoles per milliliter,
total concentration; 172-h incubation) in the culture
supernatant fluid: ornithine, 0.96; proline, 1.27.

cell suspensions was recovered at the end of
incubation, and gaseous or nongaseous prod-
ucts (e.g., C02, NH3, amino acids, delta-ami-
novalerate, keto acids, lactate) were not de-
tected after incubation with cell extracts or
whole cells.

i,Citrulline was utilized by T. denticola cell
suspensions (Table 3) at a faster rate than L-
arginine. Roughly 1 ,umol each of C02 and NH3
was produced per ,umol of L-citrulline metabo-
lized. Comparison of these C02 and NH3 yields
with those resulting from L-arginine (Table 2)
indicated that a single deamination of arginine
preceded citrulline formation. When cells were
supplied with either arginine (Table 2) or ci-
trulline (Table 3), C and N recoveries in prod-
ucts were incomplete. Apparently a product(s)
had not been recovered. The analyses revealed
that no amino acid other than those listed in
Tables 2 and 3 was formed in significant
amounts from arginine or citrulline. Thus, the
unaccounted for product(s) was not an amino
acid.

Incubation of T. denticola cell suspensions
with L-ornithine yielded proline as the only
amino acid produced in significant amounts.
Furthermore, C02 was formed from L-orni-
thine. To determine whether proline was, in
fact, derived from L-ornithine, washed cell sus-
pensions of T. denticola were incubated with
uniformly labeled i_[14C]ornithine, and the
amount of label in products formed and in re-
sidual L-ornithine was determined. The great-
est portion of the label in amino acids recovered

by cation-exchange column chromatography
was in the unused L-ornithine and in the pro-
line that was formed (Fig. 1, Table 4). The
specific activity of proline recovered was ap-
proximately the same as that of Luornithine
(Table 4). The results showed that T. denticola
cells utilized the carbon skeleton of L-ornithine
to produce proline. Approximately 46% of the
radioactive label from the ornithine metabo-
lized by the cells remained associated with the
column after elution of all amino acids (Table
4). This radioactive material was eluted at al-
kaline pH and high sodium ion concentration,
using 0.1 N NaOH. The eluted material was
ninhydrin positive and, because of its behavior
when chromatographed on thin layers and on
ion-exchange columns, was believed to be pu-
trescine. A material with similar chromato-
graphic behavior was produced by growing
cells. Formation of CO2 from L-ornithine (Table
4) is consistent with the observation that pu-
trescine, the decarboxylation product of orni-
thine, was produced by the cells. The low C and
N recoveries in analyses of products from L-
arginine (Table 2) and L-citrulline (Table 3)
may be explained by formation of putrescine
from these amino acids.
TABLE 2. Products of L-arginine metabolism by T.

denticola cell suspensionsa
,umol recovered/

Compound 100 ,umol of .-ar-
ginine utilized

NH3 ... ........ 177.5
CO2 ........... 92.3
Proline ... ........ 69.2
Citrulline .... ....... 13.7
Ornithine .... ....... 4.9

a All values corrected for endogenous activity.
Under the experimental conditions used (see Mate-
rials and Methods), the cells utilized 18.2 umol of L-
arginine. C recovery, 90.8%; N recovery, 74.4%. The
cells did not have urea-hydrolyzing ability.
TABLE 3. Products of L-citrulline metabolism by T.

denticola cell suspensions

,umol recovered/
100 ,umol of L-
citrulline uti-

lizeda

NH3 ... ........ 105.7
CO2 ............................. 125.8
Proline ... ........ 65.4
Ornithine .... ....... 3.0

a All values corrected for endogenous activity.
Under the experimental conditions used (see Mate-
rials and Methods), the cells utilized 29.8 ,umol of L-
citrulline. Arginine was not formed from citrulline
in detectable amounts. C recovery, 78%; N recovery,
59%.
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FIG. 1. Column chromatography (Dowex 50-X8) elution profile of supernatant fluid from a reaction
mixture in which T. denticola cell suspensions were incubated with L-[U-'4C]ornithine. Corrected for endoge-
nous activity. Five-milliliter fractions were collected. See Materials and Methods. Symbols: counts per minute
(cpm), *; micromoles, x.

TABLE 4. Metabolism of L-[U-14C]ornithine by T.
denticola cell suspensionsa

Total Sp act
Compound Total cpm Tol (cpm/

Ornithine utilized 381,300 14.4 26,480
Proline formed 77,370 2.9 26,680
CO2 formed 72,530 10.2 7,110
Minor products eluted 16,080
Residue on column 175,400
(presumably putres-
cine)

a Values corrected for endogenous activity.
b Calculated using the values in the table. Spe-

cific activity of _[U-_4C]ornithine added to the reac-
tion mixture was determined to be 26,000 cpm/,umol.

The results of experiments with cell suspen-
sions, as well as the observation that arginine
disappeared whereas ornithine accumulated in
T. denticola culture fluids, were in agreement
with the possibility that this spirochete dissimi-
lated arginine via an arginine iminohydrolase
pathway similar to that demonstrated in other
bacteria (Fig. 2). To test this possibility, we
assayed T. denticola cell extracts for enzymatic
activities associated with this pathway.

Cell extracts converted L-arginine to citrul-
line (Table 5). The molar amounts of L-arginine

L-Arginine + H20-u L-Citrulline + NH3

L-Citrulline + P -4---2---o-L-Ornithine + Carbamoylphosphate

Carbamoylphosphate + ADP 4- 3- NH3 + C02 + ATP

FIG. 2. Arginine iminohydrolase pathway. Reac-
tion 1 is catalyzed by arginine iminohydrolase (deim-
inase), reaction 2 by ornithine carbamoyltransferase,
and reaction 3 by carbamate kinase.

utilized by the extracts were greater than the
amounts of citrulline detected, suggesting that
a portion of the citrulline produced from argi-
nine was degraded to other products. These
results, and those obtained with cell suspen-
sions (Table 2), indicated that arginine imino-
hydrolase activity was present in T. denticola
cells.

Ornithine carbamoyltransferase activity was
detected in T. denticola cell extracts (Table 6).
Using L-citrulline as the substrate (Table 6,
reaction A), the activity was measured as CO2
evolution resulting from the coupling of carba-
moylphosphate-degrading activity in the ex-

tract to the carbamoyltransferase activity. CO2
evolution was dependent upon adenosine di-
phosphate and inorganic phosphate. Addition of
L-ornithine to the reaction mixture strikingly
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TABLz 5. Formation ofcitrulline from L-arginine by
cell extracts

Assay A Assay B
Assay conditions" (,umoles of (,umoles of

L-arginne citrulline
utilized) detected)

Complete 23.4 7.1
Boiled cell extract 0.0 0.0
L-Arginine omitted 0.0
Added 1.9 mg of extract 10.2 4.6

protein
Added 7.6 mg of extract 16.0

protein
a See Materials and Methods.

TABLE 6. Ornithine carbamoyltransferase activity in
T. denticola cell extracts

Reaction A Reaction B

Assay conditionsa (CAMOI Of (iLumol ofCO2 citrulline
formed)b detected)

Complete 4.0 3.0
Ornithine omitted 0.2
Phosphate omitted 3.0
ADP omitted 2.9
Phosphate, ADP, MgCl2 1.1

omitted
a See Materials and Methods. ADP, Adenosine

diphosphate.
b Values corrected for endogenous activity.

inhibited C02 evolution, whereas added proline
had no effect. Furthermore, extracts formed
citrulline from -ornithine and carbamoylphos-
phate (Table 6, reaction B).

Activity resulting in ATP generation in the
presence of carbamoylphosphate was detected
in cell extracts of T. denticola. This activity
was assayed using a glucose-hexokinase trap-
ping system (see Materials and Methods). The
specific activity of the carbamoylphosphate-de-
grading system corresponded to 343 nmol- of
pyridine nucleotide reduced per min/mg of ex-
tract protein. T. denticola cell extracts cata-
lyzed synthesis of citrulline (37 nmol/min per
mg of extract protein) in the presence of ammo-
nium ions, bicarbonate, ATP, and L-ornithine,
an indication of the reversibility of the enzy-
matic system.

DISCUSSION
The data indicate that T. denticola converts

L-arginine to citrulline and ammonia through a
reaction catalyzed by arginine iminohydrolase
(deiminase). The citrulline formed is metabo-
lized via ornithine carbamoyltransferase activ-
ity, a reaction that yields ornithine and carba-
moylphosphate. We did not detect urea forma-

tion by cell suspensions metabolizing arginine
to citrulline and to other products (Table 2).
Furthermore, urease activity was not found in
T. denticola cell suspensions. This indicates
that, under the experimental conditions used,
the cells lacked arginase (EC 3.5.3.1) activity.

T. denticola cell extracts incubated with car-
bamoylphosphate yielded ATP. It is likely that
this reaction was catalyzed by carbamate ki-
nase, rather than by carbamoyl-phosphate syn-
thase (EC 2.7.2.5) activity. The latter enzyme is
known to function in a biosynthetic direction
toward arginine synthesis (4) and was reported
to be subject to end product repression in Esche-
richia coli (15).
The evidence presented in this paper indi-

cates that T. denticola derives carbamoylphos-
phate from -arginine through the activity of
arginine iminohydrolase and ornithine carba-
moyltransferase. The carbamoylphosphate
formed by these processes is degraded in an
ATP-yielding reaction. Thus, T. denticola gen-
erates ATP by catabolizing L-arginine via an
arginine iminohydrolase pathway similar to
that demonstrated in other bacteria (Fig. 2; 6,
and references therein). However, results of
experiments with growing cells (Table 1) and
with cell suspensions (Tables 2-4) indicate that
T. denticola, unlike other bacteria utilizing the
arginine iminohydrolase pathway, converts
much of the ornithine formed from arginine to
proline, CO2, and to an amine presumed to be
putrescine. Experiments in which [14C]orni-
thine was converted to proline by cell suspen-
sions showed that the specific activity of the
proline recovered was essentially identical to
that of the ornithine utilized. Thus, it appears
that the ornithine carbon skeleton is used for
the synthesis of proline, and that there is no
condensation with carbon from other com-
pounds. A pathway similar to that operating in
certain clostridia for the conversion ofornithine
to proline (5) may be present in T. denticola.
The extent to which L-arginine dissimilation

contributes ATP for growth processes of T. den-
ticola may be controlled by complex regulatory
mechanisms, which are probably affected by
the availability of other substrates and by other
environmental conditions. Nevertheless, the
ability of T. denticola to use arginine as an
energy source undoubtedly adds to the meta-
bolic versatility of this spirochete and is one of
the factors that enable it to compete success-
fully with other microorganisms in its natural
habitat.
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