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ABSTRACT

Enzyme preparations from Pasteurella Pestis will carboxylate
phosphoenolpyruvate to form oxalacetate by two distinct reactions.
The reactions are similar to those catalyzed by the enzymes
p yh-sahwnol-pyruvi-c-c-rboxytasuuawd-phosph-o-enoi py-ru-va&te -cgrboxy-

kinase. No significant differences in enzyme characteristics or
enzyme content were found when virulent cells were compared with
avirulent under the conditions of our experiments. The carboxy-
kinAseo-f-P-pjdis:ffrzs-from-tha -of-aniaal-or±gkin3 it to
dependent upon adenine derivatives rather than inosine or guanosine
nucleotides. The latter two nucleotides can act indirectly by way
of adenouine nucleotides, as nucleoside diphosphokinase and myokinase
are present in the extract.
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I. INTRODUCTION

The virulent cells in an inoculum of Pasteurella pestis will not -grow,
or at least have a prolonged lag phase, when cultured aerobically at 37*C
in a broth medium that supports the aerobic growth of virulent cells at26AC. -i•--I/-Theý-av-i-u-Ient-mt-'ants--i-nva-r-i-ab-1-y-present--i-n-t-he-i-iocu-l-u

initiate growth immediately at 37*C and soon predominate in the cultures
grown at this temperature. This lass of virulence 4an be prevented,
however, by the addition of sodium bicarbonate,3. 4 / by the addition of
calcium, strontium, or zinc ions -X by adjustment of initial pH to 7.8,
or by the addition of spent culture filtrates-.7

The present investigation is primarily a comparative study of carbon
dioxide fixation by avirulent and virulent P. pestis utilizing cell-free
extracts and partially purified enzyme preparations. The enzymes concerned
wit!, the carboxylation of phosphoenolpyruvate were identified and some
properties of the reactions described.

II. MATERIALS AND METHODS

Commercial preparations of oxalantic acid (OA), phosphoenolpyruvic
acid (PEP),* nucleotides,** and NaHC 03, ***were used.

The avirulent A-4 strain and the virulent Alexander strain of P. pestis
were grown in heart infusion broth (RIB) containing various supplements at
26* or 37*C for 18 hours. The RIB was supplemented with 0.3 per cent
magnesium gluconate for the growth of the A-4 strain and with 0.3 per cent
sodium gluconate for the Alexander strain. When the Alexander strain was

.. . . .-grown- at-37-C, --CaCl 2 - (O-.02--M)-wa- a-lso -addedto-th-e -medtum.-

The cells were harvested by centrifugation and washed twice with dis-
tilled water. Approximately 10 grams (wet weight) of washed cells-were
suspended in 50 ml of pH 7.2 buffer (0.1 M tris-HC1 or 0.05 M potassium
phosphate), treated for five minutes in a 10-kc Raytheon sonic oscillator,
and centrifuged at 5*C to remove cellular debris.

Sand ** Obtained as tricyclohexylammonium and sodium salts respectively
from California Corporation for Biochemical Research.

*** Obtained from New England Nuclear Corporation.
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The NaHC 14 0 fixation experiments were carried out in double-arm Warburg
flasks at 26", J16 or 37*C for 15 minuty:. The substrates and nucleotides
were placed in one side arm and the NaHC 03 in the other. The enzyme
preparations and all other components were placed in the main chamber. The
reactions were stopped by the addition of either HCl or trichloroacetic acid
and the precipitate was removed by centrifugation. A sample of the super-
_nat an-t ppet~Aedonto-a-grnundglAsslanchtdriedunder-as trzeam-o-f--l,
and counted immediately with a gas flow counter. fl of the radioactivity
counted was in the organic form, as any residual C 2 is lost in drying the
acidified reaction mixture.

Radioactive oxalacetic acid was identified by paper chromatograms of
the 21 4-dinitrophenylhydrazone formed after the addition of five milligrams

of carrier OAA and two milliliters of a saturated solution of 21 4-dinitro-
phenylhydrazine in 2N HCl to two milliliters of the reaction mixture.

Washed cells were tested for C1 40 2 uptake by'incubating the cells in 0.05
M potassium phosphate buffer, pH 7.2, with NaHC 403 (one micromole per milli-
liter, i x 107 cpm*) for 30 minutes in Warburg flasks. The cells were then
extracted with cold five per cent trichloroacetic acid. Samples of the
extract were dried and counted with a gas flow counter. The radio-active com-
pounds in the extract were identified by co-chromatography with known com-
pounds and with radioautography, utilizing two solvents (ethanol NH4 OH,

III. RESULTS

When washed cells of P. pestis strain A-4 were incubated with NaHC 1 4 03V
the majority of the incorporated radioactive carbon was found to be in
aspartic and-.glutamic.acids.-_Smaller-amountw.-of--radioact-iv.--al-anine-,.... ....
lysine, succinic acid, and ureidosuccini acid were detected. No significant
difference was found in the amount of C140 incorporated or in the distri-
bution of the C1 4 when the cells were incuiated at 26" or 37"C.

Oxalacetic acid, formed by the carboxylation of phosphoenolpyruvic acid
(PEP), could be a common precursor for every compound identified. There-
fore, a cell-free extract of P. pestis strain A-4 prepared in trLs-HCl
buffer was dialyzed for 18 hours at 5*C against 0.001 H tris-HCl, pH 7.2,
and tested for the ability to carboxylate PEP with NaHC 1 4 0 3 to form OAA
(Table I). Radioactive bicarbonate is incorporated by the extract when
PEP is used as the substrate with and without the addition of a nucleotide
(adenosine diphosphate). When OAA is substituted for PEP in the system,
C 1 4 0 is fixed in an exchange reaction only if an adenosine nucleotide
is added.

* Counts per minute,
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Unless the dialyzed extract contains trace amounts of ADP, the results
indicate the presence of two distinct carboxylation reactions: an irre-
versible reaction not dependent upon a nucleotide and a reversible reaction
requiring a nucleotide. Treatment with charcoal and ion exchange resins
to remove any residual nucleotides slightly reduced the activity of the
enzymes but did not significantly change the fixation pattern. Attempts
to separat-etwo enzymes by iii-ium--su-1-fate fractionation after removal
of nucleic acid with protamine sulfate were unsuccessful. Results were
obtained, however, with different procedures, which demonstrate that the
fixation pattern shown in Table I is due to the presence of two enzymes
Jtb-h-a-extzao&t-.The-t~wo-act-ivitie; ----e sejara-ted. from each other and
have been shown to be similar to the enzymes phospholgolpyruvic
carboxylasei7/ and phosphoenolpyruvate carboxykinase.-/ These enzymes
catalyze Reactions 1 and 2 respectively.

PEP + CO2  >OAA + Pi (1)

PEP + C02 + ADP < >OAA + ATP (2)

To obtain PEP carboxylase free of PEP carboxykinase activity, the
following procedure was used. The pH of a cell-free extract prepared in
phosphate buffer was adjusted to 6.0 by the addition of 2 M K2 HP04 .
Pro tamine-sulfate (O0.-25--volume -of-a-two-per--cent-so-ut-ion-)--was -added

dropwise with stirring. The extract was held at 5*C for 30 minutes
and then centrifuged at the same temperature. The precipitate was
extracted with 0.1 M tris-HC1 (pH 7.2) for 30 minutes at room temperature
and centrifuged. The supernatant solution contained almost all of the
PEP carboxylase activity free from PEP carboxykinase.

Table II shows the results obtained when the enzyme preparation
obtained with this procedure was tested for carboxylation activity. PEP
was-a_ read-fy ca roxy-la-i e ihu theid4iti.7oiiof -a-nu cl.Ieo ttfde- ina a
manganese-dependent reaction. OAA was the only radioactive compound
detected in the reaction mixture. Inorganic phosphate does not stimulate
th reaction and ADP is inhibitory. The reaction is irreversible, as
CL 0 2 was not exchanged with the p-carboxyl group of OAA with or without
the addition of ATP or pyrophosphate. PEP could not be replaced with
pyruvate or pyruvate and ATP. These results were considered as evidence
for the presence of PEP carboxylase.
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TABLE I. C1&02 FIXATION BY A DIALYZED CELL-FREE EXTRACT
OF PASTEURELLA-ETIS STRAIN A-4

Exp. Additions Activity Fixed,
c ountefmLa/0A-mI

1. None 28

2. r! P 10Be8-

3. PEP + ADP 806

4. OAA 24

5. OAA + ATP 1420

The basic system containgd: Trio-HCi (pH 7.4), 80 micromoles; NaHC l40

2 micromoles (1 x 10 counts/min); cell-free extract, 0.5 ml; Mn CI2)
5 micromoles; water to make a total volume of 1.8i1.

The reaction was run for 15 minutes at 31*C. Reaction was stopped by the
addition of 0.2 ml of 12N HC1. Additions: PEP, OAA, ADP, and ATP, 3
micromoles each.

TABLE II. PEP CARBOXYLASS ACTIVITY

Exp. Additions Activity Fixed,
counts/min/0.1 ml

1. None 38

2. PEP 7508

3. PEP + ADP 370

4. OAA 42

5. OAA + ATP 70

6. OAA + PP 30

Experimental conditions were the same as in Table I, except for the enzyme
__ preparation (see text). Addition: Pyrophosphate; 5 micromoles.
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The reaction shows a variable response to glutathione.; however, 0.002 M
p-chloromercuribenzoate inhibits the reaction completely. Reduced
glutathione (five micromoles) restores approximately 75 per cent of the
activity. An apparent pH optimum was found at pH 6.8 in phosphate buffer,
with the activity falling off rapidly on the acid side and more slowly on
the basic side. The enzyme resembles PEP Oarboxylase from spinach,.-/

relatively low concentration of bicarbonate.

PEP carboxykinase activity was obtained free from PEP carboxylase
-act-i-v-ty--by-adding-dropwtse-with-st~ir~ing one-valume-ofltwo-p-er-cent

protamine sulfate to four volumes of cell-free extract prepared in tris-
HC1 buffer. The mixture was held at 5*C for 30 minutes and then centrifuged
at the same temperature. Twenty milliliters of the supernatant solution
was placed on a DEAE-cellulose column (1.5 grams) that had been previously
equilibrated with 0.05 M tris-HC1 buffer, pH 7.2, and PEP carboxykinase was
eluted from the column by the addition of 20 milliliters of 0.1 M4 tris-HCI
buffer, pH 7.2, containing 0.2 4 NaCl. The eluate was then stored at 5*C
for 18 hours.

The fixation pattern obtained with the fresh eluate from the DEAE-
cellulose column (Table III, Exp. 1 through 5) is essentially the same as

-with-the-crude-dialyzed-extract-except-that-the carboxylat ion-of PEPisa
slightly stimulated by the addition of ADP. When the eluate is held at
5*C for 18 hours, PEP carboxylase is apparently inactivated, as PEP is
carboxylated only if ADP is added (Table III, Exp. 6 through 10).

The addition of NaCl to the protamine-treated extract before the
DEAE-cellulose step did not inactivate PEP carboxylase after it was held
at 5*C for the same time period.

T he excih a n-g-e rea c--t [ on fIs- c-ompfle~t ey -depe6ndentt- Won- -tlth-e- ~ddit-Vom~ i
adenosine nucleotide (ADP or ATP). Inosine diphosphate (IDP) or guanosine
diphosphate (GDP) will not replace ADP, nor will inosine triphosphate (ITP),
guanosine triphosphate (GTP), or pyrophosphate replace ATP in the exchange
reaction. Manganese can be replaced with cobalt or magnesium. PEP cannot
be replaced by pyruvate or pyruvate and ATP. The reaction is inhibited by
p-chloromercuribenzoate and the inhibition can be reversed by the addition
of reduced glutathione. The optimum pH for both the fixation and the
exchange reactions was from 7.0 to 7.4 in tris-HCl buffer. The reaction is
not influenced by avidin or supplemental biotin.
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TABLE III. PEP CARBOXYKINASE ACTIVITY

Exp. Additions Activity Fixed,
counts/min/0.l ml

i. Nonie 36
2. PEP 1400
3. PEP + ADP 1844
4. OAA 32
5. OAA + ATP 1090
6. None 28
7. PEP 70
8. PEP + ADP 2158
9. OAA 30

10. OAA + ATP 1618
11. PEP + IDP 76
12. PEP + GDP 48
13. PEP + ADP + MgCl2  1222
14. PEP + ADP + CoCl 2  2246

Experimental conditions were the same as in Table I except for the enzyme
preparation (Experiments 1-5: fresh DEAE cellulose eluate; experiments
6-14: DEAE cellulose eluate held at 5*C for 18 hours). MnC1 2 was omitted
when MgC1 2 or CoC1 2 was added. Additions: IDP and GDP, 3 micromoles;
MgC1 2 and CoCI 2 , 5 micromoles.

Table IV shows the results of experiments designed to demonstrate the
presence of nucleoside diphosphokinase and myokinase activities in the

S. . . . . .... .. .. . . .. .. -enzsyme --pr epa-r at -£on s. - . . . . . . . .. .. .. . .. . . .. . . .. . . .. .. ... .. .. . . . .. ...

TABLE IV. NUCLEOSIDE DIPHOSPHOKINASE AND MYOKINASE ACTIVITY

Exp. Additions Activity Fixed,
counts/min/0.1 ml

1. PEP 70
2. PEP + ATP 44
3. PEP + IDP 62
4. PEP + ATP + IDP 942
5. PEP + AMP 56
6. PEP + AMP + ATP 860
7. OAA + ADP 1800

Experimental conditions were the same as in Table III) experiments 6
through 10.- Additions: IDP and AMP, 3 micromoles each; ATP, 0.3 micro-
mole.



PEP is not carboxylated by PEP carboxykinase when 0.3 micromole of ATP
or 3 micromoles of IDP are added. When the same concentrations of ATP and
IDP are added in combination, carboxylation equal to one-half that obtained
with 3 micromoles of ADP occurs, indicating the presence of nucleoside
diphosphokinase activity as shown in Reaction 3.

AP-+--h? >--A•--+--1P---_(a)

Uri i-ne-d iphosphat-e-GD-•Pj--and- -y~os-ne-diphosphat e-wi. 1r eplacenosine

diphosphate as a phosphate acceptor from ATP. The extract apparently
contains myokinase as adenosine monophosphate and ATP will replace ADP
in the carboxylation reaction only if both are added and, also, ADP will
replace ATP in the exchange reaction. These results were considered
indirect evidence for the presence of myokinase activity in the extract.

No difference in the enzymatic pattern was found when avirulent
organisms were compared with virulent organisms. Both PEP carboxylase
and PEP carboxykinase were found to be present in strain A-4 grown at
37"C and also in the virulent Alexander strain grown at 26* or 37*C.
No evidence for thermal inactivation of either enzyme was found when
thre-C 2 fýixat-ion -exper-iment-w-ith-t-he--c.l-l-free extract s-was-perf•-rme4dat
37°C.

Resting cells and cell-free extracts were examined for reactions
involving the incorporation of CO (or equilibrium compounds) other than
those forming OAA. Preliminary studies with the A-4 and Alexander strains
have demonstrated carbamyl phosphokinase, ornithine transcarbamylase, and
aspartic transcarbamylase activity. Experiments designed to demonstrate

... •-the-priesence of acet yl coenzyme A carboxylase or propionyl carboxylase
were negative under the conditions of our experiments.
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IV. DISCUSSION

Considering the evidence presented here, it is unlikely that the differ-
ential growth response to sodium bicarbonate shown by virulent and avirulent
strains of P. pestis is directly concerned with enzymatic differences in the
formation of oxalacetate by carbon dioxide fixation reactions. Both types
can carboxylate PEP to form OAA by two distinct reactions when grown at
either 26° or 37*C. The reactions are similar to those tatalyzed by PEP
carboxylase and PEP carboxykinase.

Th--PEP--r-b-k nase reaction adfers from thii--f I-t-fi-s-i/
and of other bacteria studied, 10- 1 4 as adenosine nucleotides are required
rather than inosine or guanosine nucleotides. PEP carboxykinase from yeast
has been reported to be specific for adenosine nucleotides.15-/

Studies presented in another paperL6/ demonstrate that a deficiency in
carbamyl phosphate necessary for pyrimidine biosynthesis is probably a
contributing factor in the failure of virulent cells to grow in aerated
broth cultures at 37"C. Carbamyl phosphate is formed from CO2 and ammonia
in an ATP-dependent reaction. 1 7, In this respect, it is of interest that
the PEP carboxylase found in P. pestis is unusual in that adenosine
nucleotides are involved. At increased bicarbonate concentrations PEP

- -~c-arboxyktn-a-se-an-d-carb-amyl~ph-o-phokiri-ase--col-d--biscbluple, as iho

in Figure 1. When CO2 reacts with PEP to form OAA, ADP is phosphorylated
to form ATP. The ATP formed would be available to fix CO2 (or carbamate)
into carbamyl phosphate and the resulting ADP would be available for the
fixation of CO2 into OAA once again. The coupled reactions would result
in a greater production of carbamyl phosphate and aspartate. Both carbamyl
phosphate'and aspartate are pyrimidine precursors and are needed in larger
quantity for the increased ribonucleic acid that occurs during the initial

Wheat germo,/ Thiobacillus thiooxidans,10"18/ Nocardia corallinaLOU
and Nycobacterium Ehelll/ have been reported to contain both PEP carboxylase
and PEP carboxykinase. It is of interest that this is the first study in
which each enzyme has been obtained completely free from the other. This
is also the first report Of obtaining both of these enzymes from a pathogenic
organism, although PEP garboxykinase has been studied in extracts of
Neisseria gonorrhoeae14/ and PIP carboxylfse has been demonstrated in
Salmonella typhimurium.19/ Fixation of C`02 by the extract prepared from
N. &onorrhoeae was found to be stimulated by inosinic acid and inhibited by
adenylic acid.
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CARBAMYL ADPPADP
PHOSPHATE

__ __ _ __ __ _ __ _-_CO 2

___OAA

c ATP g

NH9
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I

CARBAMYL ASPARTATE

Figure 1. Proposed Interrelationship of PEP Carboxykinase
and Carbamyl Phosphokinase.
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