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Ornithine metabolism was studied in two strains of the trench fever rickettsia
Rochalimaea quintana, Fuller and Guadalupe, and in the vole agent, a strain of
Rochalimaea but not necessarily of Rochalimaea quintana. The metabolic
activity of intact cells and cell-free extracts was measured by monitoring the
evolution of 14CO2 from [1-14C]ornithine. Low levels of activity were obtained
with all three strains, but requirements for the demonstration of this activity
differed. With the cells of the Fuller and Guadalupe strains, the decarboxylation
of ornithine was almost completely dependent on added pyruvate or succinate,
presumably as sources of energy for transport. This enhancement was not
prevented by the presence of chloramphenicol. The activity of the vole agent, on
the other hand, required the complete medium. This activity was prevented by
chloramphenicol added at the same time as the medium but not by chlorampheni-
col added after 1 h of incubation. In cell-free extracts, the demonstration of
ornithine decarboxylase activity in the vole agent required prior induction with
medium containing ornithine, whereas in the other two strains, the activity was
constitutive. The activities of the extracts of the Fuller strain and the vole agent
differed also in pH optimum, which was somewhat lower for the vole agent, and in
the added pyridoxal phosphate requirement, which was greater for the Fuller
strain. Comparable experiments with Rickettsia typhi and Rickettsia prowazekii
failed to reveal evidence of ornithine metabolism.

Rochalimaea quintana, the rickettsial agent of
trench fever, can be grown in bacteriological
media of moderate complexity (18), whereas the
typhus rickettsiae, Rickettsia prowazekii and
Rickettsia typhi, are obligate intracellular para-
sites. Despite this difference in nutritional re-
quirements and an 8% difference in DNA base
ratio (Rochalimaea, 38 mol% guanine plus cyto-
sine; typhus rickettsiae, 30 mol%) (16), Myers
and Wisseman (13) have shown that the DNAs
of the trench fever and typhus rickettsiae hy-
bridize to a 25 to 33% extent. These surprising
results suggest that the two groups of bacteria
may have previously unrecognized phenotypic
similarities and that Rochalimaea quintana well
deserves to be studied as a possible axenic
model for some of the properties of Rickettsia
spp.
Our interest in Rochalimaea quintana was

further stimulated by the recent finding that the
vole agent (1) resembles the Fuller strain (18) of
Rochalimaea quintana in cultural, biochemical,
and morphological properties (11, 22). Subse-
quent work (14, 20) has shown that the DNAs of
the vole agent and Rochalimaea quintana hy-
bridize to a 31 to 42% extent and that the two
strains share antigenic components. The migra-
tion patterns of the total solubilized proteins in

polyacrylamide gels are also similar, though not
identical; this has also been found to be the case
in comparisons of Rickettsia prowazekii with
Rickettsia typhi. If the vole agent is regarded as
a strain ofRochalimaea, not necessarily Rocha-
limaea quintana, the ecological niche of Rocha-
limaea spp. parallels that of the typhus group of
Rickettsia spp. Rickettsia prowazekii is primari-
ly a parasite of humans, as is Rochalimaea
quintana, whereas Rickesettia typhi and the vole
agent are parasites of small rodents. When two
related genera of bacteria are compared, the
availability of more than one species of each
genus provides a useful gauge of evolutionary
divergence.

This study was prompted by the finding (20)
that three strains of Rochalimaea catabolize
ornithine. This activity has some unusual fea-
tures that are worth investigating, even though
there is as yet no evidence that it occurs in
Rickettsia spp. We report here that ornithine
decarboxylase (ODC) activity was an in-
ducible activity in the vole agent and was consti-
tutive in the other two strains of Rochalimaea.
However, the constitutive nature of the enzyme
was not readily detected in intact cells because
they required a source of energy for the trans-
port of ornithine.
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MATERIALS AND METHODS
Bacterial strains: cultivation and preparation for met-

abolic experiments. The passage histories of the Fuller
strain of Rochalimaea quintana and the vole agent
have been previously described (11, 22). The Guada-
lupe strain (17) was isolated in Mexico City from the
blood of a volunteer infected by scarification with a
saline suspension of body lice that had been collected
in a public dormitory. The strain was isolated and
passaged on blood agar, and a seed from the 10th
passage was kindly sent to us by the late J. W. Vinson,
Harvard University, Cambridge, Mass. In our labora-
tory, all three strains were reisolated from individual
colonies, and seeds were prepared from the second
passage in broth medium. The medium (20) consisted
of Hanks balanced salt solution (without glucose or
calcium chloride) with 25 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid) buffer (final
pH of Hanks solution-HEPES, 7.2), 0.8% Casamino
Acids (Difco Laboratories, Detroit, Mich.), 0.1%
yeast extract (Difco), 2 mM succinate, 10%o fetal calf
serum, and 4.5 mM sodium bicarbonate. The cells
were grown in 120- or 600-ml bottles containing 30 or
300 ml of medium, depending on the volumes needed,
in an incubator-shaker (100 to 150 rotations per min) at
35°C. The cells were harvested at about the end of
logarithmic growth. For the preparation of seeds, the
cells were sedimented by centrifugation (10,400 x g
for 30 min), resuspended in 10%o of the volume of
medium, distributed in glass-sealed ampoules, frozen
in a dry ice-alcohol mixture, and stored at -70°C. For
metabolic experiments, the cells were sedimented as
described above, washed twice in moderately large
volumes of Hanks solution-HEPES, and resuspended
in the needed volume of the same diluent or, for the
preparation of extracts, in very small volumes of
distilled water. The cells were disrupted by sonication
(Sonifier Cell Disruptor model W185; Heat System
Ultrasonics, Inc., Plainview, N.Y.) one 1-ml volume
at a time, for one or two 10-s cycles at a setting of 6. To
the sonicated cells an equal volume of double-strength
TED buffer (final concentrations: Tris buffer [pH 7.5],
50 mM; EDTA, 0.1 mM; dithiothreitol, 5 mM) was
added, and the mixture was centrifuged at 17,300 x g
for 15 min. A small sediment was discarded, and the
supernatant was either tested immediately or, more
frequently, after storage at -70°C. Soluble and mem-
brane fractions were prepared from cells disrupted and
treated as described previously (22).
The strongly ODC-positive strain of Enterobacter

cloacae used as a control in these studies was isolated
from an environmental source by David M. Rollins,
Medical Microbiology Branch, Naval Medical Re-
search Institute. It was grown in brain heart infusion
broth but otherwise was treated as the strains of
Rochalimaea were.
The Wilmington strain of Rickettsia typhi and the

Breinl strain of Rickettsia prowazekii were grown,
purified, and disrupted as described previously (4).

Metabolic experiments. L-[1-"C]ornithine (specific
activity, 55.5 mCi/mmol) and L-[U-14C]ormithine (spe-
cific activity, 318 mCi/mmol) were obtained from New
England Nuclear Corp., Boston, Mass. L-[U-"C]glu-
tamic acid (specific activity, 290 mCi/mmol) was ob-
tained from Radiochemical Centre, Amersham, En-
gland. These compounds were diluted with their

respective unlabeled counterparts. Formation of CO2
from these substrates was determined as described
previously (22, 23), except that 16- by 100-mm tubes
were used instead of 25-ml flasks. Unless otherwise
indicated, each tube contained, in a total volume of0.4
ml, 0.2 ml of cell suspension or diluted enzyme prepa-
ration, 0.1 ml of the variable to be tested, and 0.1 ml of
ornithine (0.4 or 0.04 ,umol with 0.05 ,uCi of [1-14C]- or
[U-4C]ornithine, respectively). Hanks solution-
HEPES was the diluent for all reagents used in the
tests of the cells; TED buffer was used for the tests of
the extracts. The tubes were closed with rubber stop-
pers from which plastic cups containing filter paper
wicks were suspended. The tubes were incubated at
35C in a water bath for the indicated time plus a 2-min
period for thermoequilibration. Hyamine hydroxide
(0.15 ml; New England Nuclear Corp.) was added to
the cups after incubation of the cells but before
incubation in experiments with extracts. The tube
containing cells but not those containing extracts were
rotated gently during incubation. All reactions were
stopped by the injection of 0.1 ml of 25% trichloroace-
tic acid to the reaction mixtures. After an additional
0.5 to 1.0 h of incubation to allow absorption of CO2 to
Hyamine, the cups and their wicks were transferred to
vials to which were added 1.5 ml of methanol and 7.5
ml of Econofluor (New England Nuclear Corp.), and
the radioactivity was measured in a liquid scintillation
spectrometer. The amount of CO2 formed was deter-
mined from the counts per minute (minus the small
counts per minute of the control tubes [without cells])
and the final specific activity of the substrate. The
amount was expressed as nanomoles of CO2 per
milligram of protein. All tests were done in triplicate,
and variation among triplicate determinations was
usually <10%o.

Miscellaneous procedures. All cultures were checked
for freedom from contamination with other bacteria by
microscopic examination of Gram- and Gimenez-
stained smears and cultivation on blood agar and
thioglycolate broth. Protein was determined by the
method of Lowry et al. (9); bovine plasma gamma
globulin (Bio-Rad Laboratories, Richmond, Calif.)
was used as the standard.

RESULTS
Ornitbine metabolism by Rochalimaea ceDls.

The levels of omithine metabolism by the three
strains of Rochalimaea, tested in the absence or
presence of additional substrates, tested were
quite variable. Relatively consistent results were
obtained, however, when the cells were washed
thoroughly and were harvested while still active-
ly multiplying (optical density at 420 nm <0.5).
This was also true of the metabolism of other
substrates (E. Weiss and G. A. Dasch, manu-
script in preparation). Even under the best con-
ditions, decarboxylation of ornithine proceeded
at a slow rate, about two orders of magnitude
lower than the rate for Enterobacter cloacae,
which was tested under identical conditions.
This difference may in part be a reflection of the
generation times of the organisms: 4 to 6 h for
Rochalimaea strains and about 20 min for Enter-
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obacter cloacae. Despite the low level of activi-
ty of the Rochalimaea strains, it became quite
apparent that the decarboxylation of ornithine
by the Fuller and Guadalupe strains on the one
hand and that by the vole agent on the other
were stimulated by different factors.
Decarboxylation of ornithine by the Fuller

strain was greatly enhanced by pyruvate, which
presumably served as a source of energy for
transport (Fig. 1). The optimal concentration of
pyruvate for the metabolism of 1 mM omithine
was 1 to 3 mM. At a higher pyruvate concentra-
tion (10 mM), ornithine metabolism declined,
possibly as a consequence of competition with
pyruvate or products of pyruvate metabolism. In
subsequent experiments, 2 mM pyruvate was
used. With this concentration of pyruvate, de-
carboxylation of omithine proceeded at a rate
that was approximately linear for at least 2 h
(Fig. 2). The low activity that took place in the
absence of pyruvate was also linear during this
period.

It was shown in other experiments (8, 22;
Weiss and Dasch, in preparation) that all three
strains of Rochalimaea actively metabolize py-
ruvate and succinate. Glutamine is utilized to a
more moderate extent, and glutamate is catabo-
lized by the vole agent, but to a much lesser
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FIG. 2. Kinetics of ornithine metabolism by the
Fuller strain at 35°C in the absence or presence of
pyruvate. Substrate and cell concentrations are as
follows: ornithine, 1 mM; pyruvate, 2 mM; cells, 0.28
mg of protein per tube.

FULLER extent by the other two strains. Table 1 illus-
trates the effects of these substrates as possible
sources of energy for the transport of ornithine.
For the Fuller strain, pyruvate and succinate
were about equally effective stimulators of orni-
thine metabolism, whereas glutamine stimulated
activity slightly, and glutamate did not stimulate
activity at all. Somewhat similar results were
obtained for the Guadalupe strain, except that
pyruvate was significantly more effective than

eV succinate. In a separate experiment (not shown
in Table 1), the results with glutamine and
glutamate were identical to those obtained for
the Fuller strain.
With the vole agent, none of the four sub-

strates stimulated ornithine metabolism, with
the possible exception of a slight stimulation by
glutamate and a very slight stimulation by gluta-
mine. When complete medium was added, stim-
ulation of the Fuller and Guadalupe strains was
only moderate (somewhat better stimulation of

l I I I the Fuller strain was obtained in previously
0 0.1 0.3 1.0 3 lo reported experiments [20]). A pronounced stim-

MILLIMOLAR PYRUVATE ulation was obtained only for the vole agent.
J. 1. Orithine metabolism by the Fuller strain The role of protein synthesis in the above
g 1 or 2 h of incubation at 35°C in the absence or reactions was investigated by the addition of
nce of various concentrations of pyruvate. Orni- chloramphenicol to the above mixtures (Table
concentration, 1 mM; cell concentration, 0.22 mg 1). Chloramphenicol reduced the enhancement
Atein per tube. For other details, see the text. of the reactions with the four substrates to a
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TABLE 1. Ornithine metabolism by Rochalimaea
strains: effect of energy source

Omithine metabolismb by
indicated strain

Energy sourcea Fuller Guadalupe Vole

_ + - + - +

Hanks solution- 5 3 5 4 2 2
HEPES
+ Succinate 32 29 19 16 3 3
+ Pyruvate 34 30 31 28 2 2
+ Glutamine 8 6 NDC ND 4 1
+ Glutamate 4 3 ND ND 5 3
+ 25% Medium 7 5 11 7 12 2

a Each energy source was used at 2 mM. The
medium is described in the text.

b Expressed as nanomoles of CO2 from C-1 of
ornithine per milligram of cell protein formed during 2
h of incubation at 35°C with 1 mM ornithine (400 nmol
per tube). The protein contents per tube were as
follows: Fuller strain, 0.52 mg; Guadalupe strain, 0.28
mg; vole agent, 0.46 mg. Chloramphenicol content, 0.1
mg/ml when present (+).

c ND, Not done.

very limited extent. The only marked reduction
of enhancement was obtained in the presence of
medium. In the case of the vole agent, chloram-
phenicol reduced omithine metabolism to the
level seen in cells incubated with no addition to
ornithine.
The vole agent, as shown previously (20) and

in Table 1, requires chloramphenicol-sensitive
ODC induction. Further confirmation of this
finding is shown in Table 2. A preparation of
vole agent cells was divided into two lots, and
both were tested with labeled omithine for 2 h;
one was tested after a 1-h preincubation with
unlabeled ornithine, and one was tested without
preincubation. The lot tested without preincuba-
tion displayed significant omithine metabolism
only in the presence of complete medium, and
this activity was prevented by chloramphenicol.
The lot preincubated with ornithine displayed a
lower level of ornithine metabolism, possibly
because of more competition with medium com-
ponents after preincubation, but this activity
was not affected by chloramphenicol. These
results suggest that protein synthesis is required
for the formation of the enzyme but not thereaf-
ter. A previous experiment has shown that for
optimal activity, all of the constituents of the
medium are required (20).

All of the above experiments were done with
ornithine labeled in the C-1 position and were
tests of ODC activity. In one experiment with
the vole agent, it was shown that added putres-
cine, the product of ODC activity, was inhibi-

tory. No carbon incorporation was demonstrat-
ed in the trichloroacetic acid precipitate in any
of these experiments. Carbon incorporation was
also not shown to occur when some of the
above-described reaction mixtures, some with
added S-adenosyl-methionine, were used with
uniformly labeled ornithine. Thus, there is no
indication that under the conditions of these
experiments, spermidine was synthesized from
putrescine and S-adenosyl-methionine. There
was also no evidence that CO2 was produced
from carbons other than C-1.

Ornithine metabolism of Rochaimwaca ceil ex-
tracts. Cell extracts of the three Rochalimaea
strains were separated into soluble and mem-
brane fractions and tested for ODC activity. In
the presence of 1 mM labeled ornithine and 0.1
mM pyridoxal phosphate, 40 and 21 nmol of CO2
per mg of protein per h were produced by the
soluble fractions of the Fuller and Guadalupe
strains, respectively. Only trace amounts were
produced by the membrane or soluble fractions
when pyridoxal phosphate was omitted or re-
placed with 1 mM pyruvate. The results for the
fractions of the vole agent were negative, al-
though low levels of activity were observed in
whole cells and unfractionated extracts. In the
experiments described below, the extracts were
not separated into soluble and membrane frac-
tions, and the specific activities were lower.

Induced vole agent ODC activity was elicited
essentially as described in Table 2. A compari-
son of crude extract activities derived from
noninduced and induced vole agent cells and
noninduced Fuller cells at various pHs is shown

TABLE 2. Ornithine metabolism by the vole agent

Ornithine metabo-
Addition to Hanks solution- lism' by lotc:

HEPESa
1 2

None 0.4 0.0
Succinate 1.7 0.1
Medium 16.3 9.2
Medium + chloramphenicold 0.7 9.2

a Final concentrations: succinate, 2 mM; medium,
25% strength; chloramphenicol, 0.1 mg/ml.

b Expressed as nanomoles of CO2 from C-1 of
ornithine per milligram of cell protein (0.76 mg per
tube) formed during 2 h of incubation at 35°C with
labeled ornithine.

I The cells were washed by routine procedure and
divided into two lots. To lot 1, all reagents were added
without preincubation, including labeled and unla-
beled omithine. To lot 2 labeled omithine was added
after the cells had been incubated for 1 h at 35°C with
all of the other reagents, including unlabeled ornithine
but excluding chloramphenicol.

d Chloramphenicol was added to lot 2 after prein-
cubation with unlabeled omithine.

J. BACTERIOL.
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FIG. 3. ODC activity of crude cell extracts of the

vole agent and Fuller strain. The extracts were pre-
pared in TED buffer as described in the text. Vole
agent cells were induced by incubating 6 ml of partially
washed cells with 30 ml of complete medium contain-
ing 2 mM added ornithine for 1 h at 35C. The cells
were then washed by routine procedure before extrac-
tion. Decarboxylase activity at different pHs was
determined as follows: to 0.05 ml of extract were
added 0.01 ml of pyridoxal phosphate (final concentra-
tion, 0.1 mM) and 0.33 ml of HEPES buffer of the
appropriate pH. After a 10-min incubation at 35°C,
0.01 ml of ornithine was added (final concentration, 1
mM). The reaction was carried out at 35°C for 1 h.
HEPES buffer, adjusted to the desired pH with 1
M KOH, consisted of the following constituents (final
concentrations): 40 mM HEPES, 1 mM EDTA, and 5

mM dithiothreitol. The final pH of each mixture was
determined before and after incubation in tubes con-
taining all reagents except [14C]ornithine, and the pHs
shown are the means of the two determinations.
Protein contents per tube are as follows: vole (nonin-
duced), 0.14 mg; vole (induced), 0.20 and 0.22 mg (the
results shown are the means of two tests, each with a
different preparation); Fuller (noninduced), 0.31 mg.

in Fig. 3. Some activity was demonstrated in the
extract of noninduced cells, but induction great-
ly increased it. The pH optima of both prepara-
tions appeared to be the same, somewhat below
neutrality. The ODC activity of the Fuller prepa-
ration was entirely comparable to that of the
induced vole agent preparation, but the optimum
pH was slightly above neutrality. The difference
in pH optima, although small, has been highly
reproducible.

Other differences were noted between the
enzyme activities of the Fuller strain and the
vole agent. The activity of the Fuller extract was

almost entirely dependent on added pyridoxal
phosphate, and a concentration lower than that
used in above experiments (0.03 instead of 0.1
mM) was more effective. The activity of the vole
ggent preparation was enhanced only moderate-
ly (20 to 30%) by pyridoxal phosphate, and the
enhancement, within limits, was independent of
concentration. The reaction was not enhanced
by pyridoxal, pyridoxamine, pyruvate, phos-
phoenolpyruvate, or thiamine pyrophosphate.
An extract of Enterobacter cloacae, tested un-
der identical conditions, had a pH optimum
below neutrality, as did the vole agent, but
interacted with pyridoxal phosphate, as did the
Fuller preparation.

OrWithine metabolism not demonstrated in
Ricketia spp. Two experiments were done with
Rickettsia spp. Rickettsia typhi cells were tested
immediately after purification from yolk sacs by
the Renografin density gradient procedure (21)
for glutamate metabolism and for ornithine me-
tabolism in the absence or presence of glutamate
or the medium used for the Rochalimaea strains.
Glutamate was catabolized with the production
of about 1 ,Lmol of CO2 per mg of protein per h,
but ornithine was not metabolized. The soluble
fractions of extracts from Rickettsia prowazekii
and Rickettsia typhi were tested for ODC activi-
ty in the absence or presence of pyridoxal phos-
phate. No activity was demonstrated.

DISCUSSION
ODC (E.C. 4.1.1.7) is commonly used for the

classification of bacteria (10) and is part of most
biochemical, multitest, diagnostic systems. As
these tests are usually performed, Rochalimaea
strains would be classified as ODC negative.
However, in one test which does not depend on
the growth of bacteria, a weakly positive reac-
tion is occasionally obtained. Lysine decarbox-
ylase activity, on the other hand, is clearly and
consistently negative (20).
ODC has several functions in bacteria (2, 6,

12). On the basis of studies of Escherichia coli,
the constitutive enzymes are regarded as biosyn-
thetic, and the inducible enzymes are regarded
as degradative, although this distinction does
not hold true in every case. The primary func-
tion of the biosynthetic enzyme is the synthesis
of putrescine and, eventually, polyamines. The
degradative enzymes are produced in response
to low pH and may have a function in the control
of intracellular CO2 (5).
The role of ODC in Rochalimaea strains is

uncertain. On the basis of limited experiments
with uniformly labeled ornithine, decarboxyl-
ation does not seem to be followed by other
reactions. Thus, a role in biosynthesis for ODC
in any of the three strains is unlikely. It is
apparent, however, that the ODC of the Fuller
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and Guadalupe strains on the one hand and the
ODC of the vole agent on the other may have
different functions. A remote possibility that
cannot be discounted is that the Fuller strain
decarboxylates ornithine via a glutamate decar-
boxylase, which has weak affinity for ornithine.
Although decarboxylases are generally regarded
as enzymes that are highly substrate specific,
weak reactions against other substrates have
been reported (3, 15). Although glutamate is an
important metabolite of rickettsiae (7, 19), early
studies of the metabolism of the Fuller strain (8)
indicate that glutamate is utilized at a low rate.
Recently, we have shown (Weiss and Dasch, in
preparation) that the metabolism of glutamate is,
like the metabolism of ornithine, greatly en-
hanced by the addition to the cells of another
substrate, such as pyruvate or succinate, or by
the addition of glutamine. The extent to which
dehydrogenases, transaminases, and decarbox-
ylases participate in the catabolism of glutamate
has not yet been investigated. Some of the
decarboxylases, such as histidine decarboxyl-
ase, require pyruvate instead of pyridoxal phos-
phate as the cofactor (2). This is clearly not the
case for the Rochalimaea ODC.
The ODC of the vole agent has some of the

attributes of a degradative enzyme: it is induc-
ible and has a somewhat lower pH optimum than
that of the Fuller strain. Since the vole agent, in
contrast to the Fuller and Guadalupe strains,
does not need added CO2 for growth (Weiss and
Dasch, in preparation), the decarboxylases may
play a role in the regulation of internal CO2.
The main purpose of this study was to develop

a model for the genus Rickettsia, but no evi-
dence that Rickettsia typhi or Rickettsia prowa-
zekii catabolizes ornithine was obtained. How-
ever, it has been established that the two genera
share a number of enzymatic activities (8, 22),
and other comparisons might be quite fruitful.
The results described here point to some of the
pitfalls that must be avoided. Superficial similar-
ities in activities of strains or species may ob-
scure important differences that must be taken
into account in any comparison of two genera.
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