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CHAPTER I
INTRODUCTION
Gonorrhea (a veneral disease) is an acute inflammation
of mucous membranes of the urethra and genital tract caused
by the organism Neisseria gonorrhoeae.
always the result of sexual contact.

Infection is almost

Following the invasion

of the genitourinary tract, gonococci may spread to extragenital sites and cause disseminated diseases such as
arthritis, tenosynovitis, perihepatitis, endocarditis,
osteomyelitis, and meningitis (56). The gonococcus may also
cause such infections as cystitis, proctitis, stomatitis,
and conjunctivitis (127).

Gonorrhoea is an alarmingly preva-

lent bacterial disease, with well over one million cases
under medical care in the United States and possibly two
million or more unreported and untreated cases (122).
Neisser in 1879 described a diplococcus which he found
consistently in the exudates of acute cases of urethritis
and vaginitis in patients and in smears made from acute
conjunctivitis of the newborn (127) . Neisseria gonorrhoeae
was first cultivated by Leistikow and Loeffler in 1882 (34,
127) and by Bumm in 1885 (34, 127). Bumm isolated pure
cultures of the organism and established its etiological
significance by reproducing the disease in human volunteers.

Neisseria gonorrhoeae is a gram-negative, nonmotile
diplococcus and a facultative intracellular parasite.

In

stained smears of exudates the organisms appear as oval or
spherical cocci 0.6 to 1.0 micron in diameter with flattened
or slightly concave adjacent sides and resemble a pair of
kidney beans.

A cônsiderable portion of the organisms in

exudates are observed inside of the polymorphonuclear
leukocytes.
Some strains of Neisseria gonorrhoeae decolorize more
readily than others, and gonococci embedded in masses of the
pus discharge (leukorrhea) may retain the stain; therefore
the preparation of thin uniform films are more desirable.
In staining smears of the gonococcus, the tendency to decolorization in the Gram stain is variable.

The gonococcus

also stains with the aniline dyes, but polychrome stains,
such as Pappenheim-Saathoff methyl green-pryonine (10) , are
more useful in stain preparations.

Good results are obtained

with methylene blue alone or with eosin followed by methylene
blue.

Intracellular granules may be found in stained prepara-

tions, but in general, the gonococci from young cultures
stain evenly, while older cultures (24 hours and older) contains large swollen involution forms, which stain poorly.
The ability of Neisseria gonorrhoeae to ferment glucose
to lactic acid (21) and its failure to ferment maltose and
sucrose, distinguish it from other nonpigmented members of

the genus Neisseria.

The fermentation reactions are reli-

able and used for the purpose of preliminary identification.
All members in the genus Neisseria produce an enzyme
oxidase or indophenol oxidase that can be used for tentative
identification of colonies of Neisseria gonorrhoeae.

Col-

onies of the gonococcus turn, successively, pink, rose,
magenta, and finally purple or black on exposure to 1 per
cent p-aminodimethylaniline monohydrochloride or a 1 per
cent solution of tetramethyl-p-phenylenediamine hydrochloride
With cultures from the genital tract, the combination of colonies of typical morphology composed of Gram-negative
diplococci and a positive oxidase tests is a strong presumptive evidence of the presence of Neisseria gonorrhoeae.
However, other Neisseria, Veillonella, and one member of the
tribe Mimeae resemble Neisseria gonorrhoeae both in colonial
morphology and microscopic appearance and give a positive
oxidase reaction (Mima polymorpha var. oxidans is the only
Mimeae that is oxidase positive).
All members in the genus Neisseria produce catalase.
The test for catalase is made by placing a drop of hydrogen
peroxide on a suspected colony.

If catalse is present,

bubbles of oxygen (O^) will appear almost instantly on the
suspected colony.
A few enzymes produced by the gonococcus, as the latter
examples have shown, have been used for the purpose of

identification and several specific enzymes have been correlated with the virulence of Neisseria gonorrhoeae.

Tauber,

Brown, and Russell (99) studied the enzyme patterns of virulent strains of Neisseria gonorrhoeae.

The enzymes examined

were NADH oxidase, lactic dehydrogenase, glutamic dehydrogenase, alcohol dehydrogenase, and penicillinase.

They were

able to show a partial correlation with virulence between
penicillinase and NADH oxidase levels in the cells.

Tauber

and Russell (100) studied the enzymes produced by avirulent
strains of the gonococcus and demonstrated the presence of
lactic acid dehydrogenase, reduced nicotinamide-adenosine
dinucleotide (NADH) oxidase, and aerobic cysteine oxidase,
but no acetate oxidation.

A positive correlation between

the levels of penicillin resistance and enzymatic activity
was also observed.
Although not directly related to the virulence of the
gonococcus, mention should be made of the only other extensive enzymatic study which has been performed on the
gonococcus.

Tonhazy and Pelczar (105), studying the tricar-

boxylic acid cycle (TCA cycle), found that only those members of the cycle from alpha-ketoglutarate through pyruvate
were oxidized, with the oxidation of formate being variable.
An oxalacetic acid decarboxylase, L-histidine deaminase, and
glutamic acid oxidase were also demonstrated.

Progress in ascertaining basic facts about the virulence
of Neisseria gonorrhoeae has been hampered by the lack of an
experimental animal and lack of a marker associated with
virulence.

Virulence of gonococci has been shown to corre-

late with the colonial form displayed by the organism when
grown on agar medium.

The colonies of the gonococcus after

24-48 hours incubation are small, round, convex, translucent,
finely granular with lobate margin and grayish-white with
pearly opalescence when viewed by transmitted light.

On

further incubation, the colonies may increase in size and
develop a roughed surface with crenated edges.
Kellogg et al. (57, 58) recognized four genetically determined colonial variants of Neisseria gonorrhoeae upon
growth on specially designed media under standard conditions.
Type 1 colonies are small (0.05 mm in diameter), round, convex with an entire edge, translucent, colored dark gold,
amorphous, slightly viscid and easily emulsified.

These

characteristics are apparent only when observed on a transparent medium with the use of diffuse, angled light transmitted through the medium from the bottom.

Type 2 colonies

are similar to Type 1 colonies but have a sharper edge, are
slightly crenated, have a slight internal granularity, a
friable consistency, and a greater ability to reflect light.
The last characteristic, which is observed with a combination of transmitted and edge lighting, is consistent with

Type 2 colonies having a thicker surface film of reflective
material than Type 1 colonies.

In human volunteers, Type 1

and Type 2 colonies were found to be virulent.

Type 3 col-

onies are larger (about 1 mm in diameter), low convex, flat
edged, granular, viscid and colored brown.

Type 4 colonies

are similar to Type 3 colonies, but are amorphous and colorless.
Under conditions of nonselective transfer, the
gonococcus demonstrates a conversion from colonial Types 1
and/or Type 2 to colonial Types 3 and/or Type 4.

The con-

version can be prevented by selective transfer of individual
colonies having the typical morphology as observed through a
dissecting microscope.

With selective in vitro cultivation,

the gonococcus retained their virulence and characteristic
colonial morphology (57).
Other studies have confirmed the existence of four different characteristic types of gonococcal colonies as described by Kellogg (57) and a fifth type of colonial variation has been described by Jephcott et al. (53, 54). In
their investigation, the shape of each colony type was
deduced from the profiles of sliced vertical sections.

Type

5 colonies showed their outlines were more domed and irregular in shape than those of Type 3 colonies, but were otherwise similar in morphology.

Primary isolation of Neisseria gonorrhoeae is extremely
difficult. Most strains of the gonococcus require an atmosphere of 2 to 10 per cent carbon dioxide for growth.

The

gonococcus is fastidious in its nutritive growth requirements and is extremely susceptible to toxic substances that
are present in many types of growth media.
Early types of media were enriched by the addition of
blood, serum, ascitic and hydrocele fluid.

These basic

constituents for growth of the gonococcus were introduced in
18 91 by Werthheim (119).

Early modification of the Werthheim

medium included the use of peptone base media, the replacement of ascitic fluid with yeast extracts and other various
supplements, and the heating of blood agar which resulted in
"chocolate agar," reducing the deleterious effects exerted
by certain toxic substances, such as fatty acids, to the
gonococcus.
The toxic effect of ordinary agar on the gonococcus has
been noted in several investigations (8, 27, 51, 59, 60),
and as a result purified agar has been incorporated into
many media preparations.
Gordon and Hine (47, 48) developed a complex medium,
Pea Meal Extract agar, which could be used for the primary
isolation of both gonococcus and the meningococcus.

Mueller

and Hinton (77) found through the fractionation of the pea
extract that the important addition to the medium was
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starch and not a protein.

Further investigation showed that

starch could replace the pea extract and that starch acts as
a "protective colloid" against toxic materials such as fatty
acids present in the medium and autolytic enzymes produced
by the organism.

Mueller and Hinton further found that

casamino acids enhánced the growth of the gonococcus and
meningococcus.

Growth on the medium was determined satisfac-

tory and colonies of Neisseria gonorrhoeae were easily recognizable, especially with the aid of the oxidase test in the
detection of the oxidase produced by the organism.
Casman (25) reported a complex medium with the properties of heated (Chocolate) Blood agar which supported the
growth of Neisseria gonorrhoeae.

Casman showed that the

addition of 0.1 per cent corn starch in the medium with use
of washed agar (Special Agar, Noble) increased the growth
of Neisseria strains.

Clinical trials showed with the addi-

tion of 0.15 per cent lysed blood solution and incubation in
a CO^ atmosphere improved and promoted the growth of
Neisseria gonorrhoeae (26).
Thayer and Martin (72, 74, 102, 103) described a selective medium which permitted growth of Neisseria gonorrhoeae,
but inhibited growth of many other bacteria found in specimens from the urethra, cervix, vagina, and rectum.

The

selective medium was a modification of the "chocolate agar"
medium described by Christensen and Schoenlein (30) and

involved the incorporation of the antibiotics Vanomycin,
Nystatin, and Colistin, resulting in the development of the
widely used Thayer-Martin medium.
An important factor involving the Thayer-Martin medium
is the mode of action of the antibiotics incorporated into
the media.

Vanomycin inhibits the incorporation of amino

acids into peptidoglycan (42, 85) and causes the accumulation
of UDP-MurNAc-peptides in Gram-positive organisms (42).
Vanomycin directly interferes with the release of the phospholipid carrier preventing further transport of new material
during cell-wall synthesis.
Nystatin is a member of the polyenes which are a group
of macrolide antibiotics which alter the permability of the
membranes of sensitive cells (43). Nystatin specifically
effects the cytoplasmic membrane and inhibits the uptake of
glycine.

Nystatin displays a selection action against orga-

nisms whose membranes also contain sterols.

Nystatin as a

result is active against yeasts, a variety of fungi and
other eukaryotic cells, but has no action against bacteria.
Colistin (polymyxin E) is a member of polypeptide antibiotics and has a selective action against Gram-negative
bacilli (44) . Colistin affects the function of the cytoplasmic membrane of most Gram-negative and Gram-positive
bacteria.

Strong interaction between colistin and

lipopolysaccharide components of the Gram-negative cell wall
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is possible for its antimicrobial effect.

Neisseria

gonorrhoeae and Neisseria meningitidis, and nearly all
species of Gram-positive bacteria and fungi are resistant
to colistin (44). Its antibacterial spectrum includes a
number of Gram-negative organisms such as Pseudomonas,
Escherichia, Enterôbacter, Salmonella, Klebsiella,
Hemophilus, and Shigella species, but it is not effective
against Gram-positive or Proteus species (44) .
The specificity and sensitivity of the Thayer-Martin
medium has permitted presumptive positive identification of
Neisseria gonorrhoeae on the basis of cultural characteristics, oxidase tests, catalase tests, and Gram stains.

In a

field evaluation of the medium for the isolation of Neisseria
gonorrhoeae, Wende, Forshner, and Knox (116) reported an 18
per cent increase in the detection of the gonococcus over
other routinely used media and confirmed the inhibition of
other organisms for a 24-48 hour period.
A modified version of the Thayer-Martin medium used as
a transport medium (Transgrow medium) has ameliorated the
ability to isolate and cultivate the gonococcus.

Transgrow

medium is prepared as described by Martin and Lester (73)
and is essentially the same as the Thayer-Martin selective
medium except that the agar content is increased from 1 per
cent to 2 per cent, and the glucose content is increased
from 0.1 per cent to 0.25 per cent.

Trimethoprim lactate
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(a dihydrofolate reductase inhibitor) is added to the medium
to reduce growth and swarming of Proteus organisms.

An addi-

tional advantage of Transgrow medium over other types of
media is one of direct addition of gaseous carbon dioxide
(CO^) to the medium container increasing the viability and
eliminating the need for a CO^ incubator or candle extinction jar.
The importance of partial carbon dioxide environment
for enhancing primary growth of the gonococcus was first
reported by Wherry and Oliver (12). Chapin (29) and Cohen
and Markle (31) introduced the candle extinction jar method
for providing an increased concentration of carbon dioxide
atmosphere.

Ferguson (3) found that simply reducing the

oxygen tension did not permit growth of gonococci as compared
with the enhancement of growth with increased carbon dioxide.
Spink and Keefer (93) confirmed that the candle jar extinction procedure supplied adequate carbon dioxide tension for
primary growth of Neisseria gonorrhoeae.
James-Holmquest et al. (52), studied the effect of
various atmospheric conditions on growth and reported that
after 24 hours, cultures grown in a candle jar (3-4% CO^),
had the greatest number and size of colonies but, after 48
hours, growth in an incubator containing 10% CO^ equalled
the growth obtained in the candle jar.
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Martin et al. (71), pointed out some of the disadvantages of the candle jar and devised a replacement system
using a citric acid-sodium bicarbonate tablet for generating
carbon dioxide in a sealed plastic bag.

Clinical trials

revealed that the plastic bag method was equally as effective
as the candle jar.
Specific growth factors for Neisseria gonorrhoeae have
been identified for many strains.

Boor (17, 18) found stock

strains of Neisseria gonorrhoeae required a cystine concentration between 0.025 and 0.07 5 per cent.

Glutamine and

cocarboxylase were found essential for the growth of 10 to
15 per cent of the primary isolates tested by Lankford and
Snell (67) and Lankford and Skaggs (66). Gould (49) found
glutathione to be essential for the growth of some gonococcal
strains.

Griffin and Racker (50) reported that a growth

supplement of yeast extract could be replaced by a mixture
of hypoxanthine, uracil, and oxalacetate as a supplemental
growth factor for the gonococcus.

A specific requirement

for hypoxanthine was further noted.

In their preliminary

studies, Griffin and Racker (50) found that carbon dioxide
fixation was stimulated by the hypoxathine derivative
inosinic acid and that 50 per cent of the total radioactive
counts (''•'^C) incorporated were found in oxalacetate.
Griffin and Racker (50) concluded that the requirement for
hypoxanthine may be possibly due to the participation of
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inosinic diphosphate in carbon dioxide fixation to
phosphoenolpyruvate and that this specificity for a certain
dioxide fixation reaction may permit growth in air by catalyzing a more efficient use of carbon dioxide at low
concentration.
Winslow, Walker, and Sutermeister (126) concluded that
lag in a bacteria culture was due to suboptimal concentrations of carbon dioxide.

Pappenheimer and Hottle (83) found

that adenylic acid could replace the carbon dioxide requirement for growth of a group A-hemolytic streptococcus.

Tuttle

and Scherp (106) reported that under certain conditions either
a mixture of guanine,

racil, and cytosine or yeast extract

replaced the supplemental carbon dioxide required by a strain
of Neisseria meningitidis.

Steinman, Oyama, and Schulzel

(94) have shown even in the presence of amino acids, purines,
and pyrimidines Treponema pallidum str. 69 still maintained
a requirement for supplemental carbon dioxide.

Surgalla,

Andrews, and Baugh (96) showed that under certain conditions,
addition of sodium bicarbonate stimulated the growth of virulent Yersinia pestis (formerly Pasteurella pestis) while
decreasing the growth rate of the avirulent strains present
in the virulent incoculum.

Ogg et al. (81) previously had

suggested that the loss of CO^ from the culture medium, with
a resulting bicarbonate and carbonate deficiency, was the
primary reason for the loss of virulence.

Baugh, Andrews,
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and Surgalla (12) concluded that the failure of virulent
cells of Yersinia pestis to initiate growth may be related
to the pyrimidine and citrulline biosynthesis, because
sodium bicarbonate could be replaced as a growth factor with
orotic acid and cytosine, uracil, or to a limited extent
citrulline.

Baugh et al. (12) suggested that the differen-

tial growth response to sodium bicarbonate shown by virulent
and avirulent strains of Yersinia pestis was concerned with
enzymatic differences in the formation of oxalacetate by
carbon dioxide fixation reactions.
Bacteria have been known to assimilate carbon dioxide
since the discovery of chemoautotrophs by Winogradsky (124,
125).

Wood and Werkman (117, 118, 129, 131, 132, 133, 135,

136) found that carbon dioxide plays an active role in the
metabolism of heterotrophic bacteria.

The first experimen-

tal evidence that strictly heterotrophic forms of life
assimilate carbon dioxide was in the case of propionic acid
bacteria (Propionibacterium) (131).

Wood and Werkman (133)

observed that propionic acid bacteria could ferment glycerol
to propionic acid and succinic acid (C.). It was shown that
an equimolar relationship between the carbon dioxide fixed
and the succinic acid form existed.

This result led to the

proposal that the succinic acid was a result of a C^ and C,
synthesis.

Since pyruvic acid had been obtained as a
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fermentation produce (128), it was suggested as the possible
C^-compound.
Wood and Werkman (132) proposed the following scheme to
account for carbon dioxide fixation into succinic acid:
(1) CH-COCOOH + CO2

^

COOHCH^COCOOH

Pyruvic Acid

Oxalacetic Acid

(2) COOHCH^COCOOH + 2H

->

COOHCH^CHOHCOOH

Oxalacetic Acid
(3) COOHCH^CHOHCOOH + 2H
Malic Acid

Malic Acid
-^

COOHCH^CH^COOH
Succinic Acid

The set of reversible reactions from oxalacetic acid to
succinate have been shown to occur in the propionic acid
fermentation by Krebs and Eggleston (63).
With the use of isotopic carbon conclusive proof of
COp assimilation was shown by Carson and Ruben (24) with
radioactive CO^ (''•"'"CO^) and by Wood et al. (135) with heavy
COp ("'•^COp) .

Fixation of isotopic carbon occurred in suc-

cinic acid as hypothesized by the Wood-Werkman reaction
(134, 135). Nishina, Endo, and Nakayama (79) showed the
synthesis of malic and fumaric acid with radioactive carbon
dioxide and pyruvic acid.
Krampitz, Wood, and Werkman (62) found that oxalacetic
acid was involved and that the Wood-Werkman reaction was reversible using '''^CO^.

In this study, oxalacetic acid and

16
13
CO^ were added to a cell suspension of Micrococcus
lysodeikticus.

The reaction was stopped when approximately

50 per cent of the oxalacetic acid had been decarboxylated
to pyruvic acid.

When the remaining oxalacetic acid was

isolated some of the isotopic carbon was found in the
carboxyl group of the oxalacetic acid as predicted by the
Wood-Werkman reaction. Krampitz et al. (62) concluded that
the reaction was reversible and that some of the 13CO^ had
reacted with pyruvic acid to form labeled oxalacetic acid
as shown in the following reaction:
^COOHCH^COCOOH
Oxalacetic acid

J

CH^COCOOH + -^^CO^*
Pyruvic acid

The formation of oxalacetate by combining pyruvate and
COp was shown by Kalnitsky and Werkman (55) . From the energy
requirements of the reaction it was suggested that phosphorylated intermediates would be involved in the fixation reaction
The inhibition of CO^-fixation by sodium fluoride (133) supported this conclusion.
Specific enzymes of carbon dioxide fixation reactions
have been found to involve the conversion of pyruvate or
pyruvate derivatives to oxalacetate (OAA).

The reactions in-

volving the conversion of pyruvate or pyruvate derivatives
to oxalacetate have been reported to be of two types:

(i) a

direct carboxylation of pyruvate by the enzyme, pyruvate
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carboxylase, as shown in yeasts (28, 41, 69), Micrococcus
lysodeikticus (76)r Aspergillus niger (15, 137), Pseudomonas
citronellolis (88) , Chromatium sp. (40), Clostridium
kluyveri (95) , Lactobacillus arabinosus (2, 3); and (ii) the
conversion of pyruvate to phosphoenolpyruvate (PEP) by
pyruvate synthetase (32) or pyruvate phosphate dikinase (38)
and subsequent carboxylation of PEP to oxalacetate (OAA).
Carboxylation of pyruvic acid by animal tissue was
first shown by Utter and Wood (111) utilizing pigeon liver
extracts.

Utter and Keech (108) isolated pyruvate

carboxylase from avian liver mitochondria, and was shown to
catalyze the following reversible reaction:
Pyruvate + CO^ + ATP

t

OAA + ADP + Pi

Pyruvate was shown to be directly carboxylated to form
oxalacetate in the reaction.

This is the only enzyme that

catalyzes a reaction similar to that originally proposed by
Wood and Werkman (131).

The reaction catalyzed by this
++
++
enzyme requires the presence of Mn
or Mg
and ATP. An
exception is the enzyme from Micrococcus Ivsodeikticus (7 6)

which does not require ATP.
In 1947, Ochoa, Mehler, and Kornberg (80) described an
enzyme from avian liver, which catalyzed the following
reaction:
Pyruvate + CO^ + NADPH

t

L-malate + NADP

18
Oxalacetate was not involved in this reductive carboxylation
reaction, although NADP and Mn"*"^ were essential cofactors.
It was suggested that the Wood-Werkman reaction was an artifact and that the oxalacetate form was actually formed by
oxidation of malic acid.

Utter (107) elucidated the matter

by showing that th'e two reactions were catalyzed by two different and distinct enzymes.

Utter showed that malate was

not the precursor of oxalacetate in the Wood-Werkman reaction and that oxalacetate was not the precursor of malate
in the Ochoa reaction.
The carboxylation of phosphoenolpyruvate (PEP) to
oxalacetate (OAA) has been shown to be catalyzed by three
enzyme systems:

(i) phosphoenolpyruvate carboxykinase in

avian liver (109) , Nocardia corallina (13), Mycobacterium
phlei (15), Thiobacillus thiooxidans (97, 98), Pseudomonas
oxalaticus (84) , Saccharomyces cerevisiae (2 3, 28),
Aspergillus niger (16, 137), Yersinia pestis (14) and
Escherichia coli (6); (ii) phosphoenolpyruvate carboxylase
in spinach leaves (9), Thiobacillus thiooxidans (97, 98),
Eschericia coli (6) , Salmonella typhimurium (70, 104), and
Yersinia pestis (14); and by (iii) phosphoenolpyruvate
carboxytransphosphorylase in the Propionibacteria (91).
Utter and Kurahashi (109) in 1953 initially found in
chicken liver the enzyme, phosphoenolpyruvate carboxykinase,
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which carboxylates phosphoenolpyruvate instead of pyruvate.
The enzyme catalyzes the following reaction:
PEP + CO^ + ADP

OAA + ATP

It was shown that this reaction was a reversible nucleotidedependent reaction (ADP, ATP: IDP, ITP: GDP, GTP).
Phosphoenolpyruvate carboxykinase was isolated from
Saccharomyces cerevisiae by Cannata and Stoppani (23) and
was shown to be similar to the enzyme in animal tissue,
however, it was specific for adenosine nucleotides rather
than inosine nucleotides.

Inosine nucleotides (IDP, ITP)

and guanosine nucleotides (GDP, GTP) were shown to act as
cofactors in the reaction catalyzed by extracts of Nocardia
corallina (13). This was the first demonstration of these
nucleotides taking part in CO^'fixation reactions in heterotrophic bacteria.

In extracts of Rhodospirillum rubrum

(11) and Mycobacterium phlei (15), ITP and GTP were also
shown to be active cofactors.
The discovery of phosphoenolpyruvate carboxykinase was
interpreted to be an answer to the mechanism of carbon
dioxide fixation reactions and dicarboxylic acid synthesis
in liver (109, 110), but additional findings support the
thesis that its primary importance involves the synthesis
of phosphoenolpyruvate as part of carbohydrate synthesis.
Further investigations (92, 112) using carbon isotopes
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showed that glycogen synthesis from pyruvate in liver involved carbon dioxide fixation and a dicarboxylic acid
intermediate.

The involvement of phosphoenolpyruvate

carboxykinase as the enzyme for catalying PEP formation was
consistent with their findings.
Studies conducted with bacterial systems also support
the involvement of phosphoenolpyruvate carboxykinase in
carbohydrate synthesis.

Terakoa et al. (101) found a higher

phosphoenolpyruvate carboxykinase activity in Eschericha
coli when the organism was grown ôn aspartate or malate
rather than glucose.

Phosphoenolpyruvate carboxykinase

activity in yeast was shown to be high in cells grown on
malate, acetate, pyruvate, and aspartate and low in cells
grown on glucose by Ruiz-Amil et al. (87).
Diesterhaft and Freese (36) showed in extracts of
Bacillus subtilis, that phosphoenolpyruvate carboxykinase
activity was repressed by glucose.

Further studies have

shown that glucose may repress phosphoenolpyruvate carboxykinase synthesis in yeast (28), Escherichia coli (90), and
Tetrahymena pyriformis (89).
The carboxylation of phosphoenolpyruvate to yield
oxalacetate and inorganic phosphate was first reported in
extracts of spinach leaves by Bandurski and Greiner in 1953
(9).

The enzyme, phosphoenolpyruvate carboxylase, has been
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shown to catalyze the irreversible, nucleotide-independent
reaction:
PEP + CO2

->

Oxalacetate + inorganic phosphate

Since its discovery, the physiological role of this enzyme
has been designated as the catalyst for a "dark" carbon
dioxide fixation reaction of some plants.

It has been shown

that the leaves of crassulacean and other succulent plants
accumulate large amounts of carboxylic acids, mostly malic
acid, as a result of CO^-fixation reactions which occur in
the dark (113).

Walker (114) investigated the enzymatic

nature of the formation of malate in succulent plants, and
suggested the phosphoenolpyruvate carboxylase and malic
dehydrogenase were responsible for synthesis.

Walker and

Brown (115) showed that the optimum CO^ concentration for
PEP carboxylase was low and that high concentrations of CO^
inhibited the reaction non-competitively.
Both PEP carboxylase and PEP carboxykinase were demonstrated in the chemoautotrophic bacterium Thiobacillus
thiooxidans by Suzuki and Werkman (97, 98). The two enzymes
also were shown to be present in cell-free extracts of
Nocardia corallina and Mycobacterium phlei (heterotrophic
organisms) while only PEP carboxykinase was demonstrated in
extracts of Rhodospirillum rubrum, a photosynthetic autotroph
(11, 13, 15, 78). Baugh et al. (14) reported that cell-free
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extracts from Yersinia pestis would carboxylate phosphoenolpyruvate to form oxalacetate by two distinct reactions.

The

reactions were similar to those reactions catalyzed by the
enzymes, PEP carboxylase and PEP carboxykinase.

Amarsingham

(6) reported that both enzymes were also present in the
heterotroph Escherichia coli.
Siu et al. (91) reported a CO^-fixing enzyme, phosphoenolpyruvate carboxytransphosphorylase, in the bacterium
Propionibacterium shermanii.

Phosphoenolpyruvic carboxytrans-

phosphorylase catalyzes the reversible carboxylation of PEP
to form OAA by the following reaction:
PEP + CO2 + Pi

;

OAA + PPi (pyrophosphate)

and the irreversible formation of pyruvate from PEP:
PEP + Pi

->

Pyruvate + PPi

The rates of the two reactions depend upon a number of factors including the presence of or prior treatment with
thiols.

Davis, Willard, and Wood (35) found that the

presence of thiols strongly promoted the formation of OAA
but inhibited pyruvate formation. Davis et al. (35) also
++
noted that Mg
could satisfy the divalent metal ion requirement for either OAA or pyruvate formation, but both reactions
were inhibited by 1 mM EDTA even if high concentrations of
Mg^

were provided.

Willard et al. (123) and Wood, Davis,
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and Willard (130) have also shown that phosphoenolpyruvate
carboxytransphosphorylase requires two types of metal ions
++
++
(Mg , Mn ) . Wood et al. (130) have investigated the various partial reactions which PEP carboxytransphosphorylase
catalyze.

These results are summarized in Table 1.
TABLE 1
TESTS FOR PARTIAL REACTIONS WITH PHOSPHOENOLPYRUVATE CARBOXYTRANSPHOSPHORYLASE*

Partial
reaction

Substrate
requirements

Metal requirements
Metal I
Metal II

:

OAA

PPI

Mg++

Not required

->

PPi

PEP, CO2

Mg++

Co

Pi

PEP

PPi, CO2

Mg++

^
Co ++

Pyruvate

->

OAA

No incorporation

Pyruvate

->

PEP

No incorporation

CO2

Pi

*Data taken from Wood et al. (130). Wood et al. indicate that the CO^-OAA exchange reaction is the only partial
reaction which can be demonstrated with phosphoenolpyruvate
carboxytransphosphorylase.
Abbreviations: PEP, phosphoenolpyruvic acid; PPi,
pyrophosphate; Pi, inorganic phosphate; and OAA, oxalacetic
acid.
The physiological roles of phosphoenolpyruvate carboxylase and phosphoenolpyruvate carboxytransphosphorylase are
very similar, for example, to provide dicarboxylic acids.
The primary physiological role of phosphoenolpyruvate carboxytransphosphorylase appears to be the catalysis of PEP
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formation.

The PEP produced is utilized in the synthesis of

various carbohydrates.

The closest metabolic analogies to

phosphoenolpyruvate carboxykinase are PEP synthetase and
pyruvate phosphate dikinase both of which also catalyze the
synthesis of PEP.

The latter two enzymes require pyruvate

as the substrate rather than the dicarboxylic acid, OAA,
required by phosphoenolpyruvate carboxykinase.
There is evidence that phosphoenolpyruvate carboxylase
uses HCO^

as the one carbon substrate while phosphoenol-

pyruvate carboxykinase and phosphoenolpyruvate carboxytransphosphorylase use CO2 (33, 75). Evidence from the latter
two studies indicate that the latter enzymes are linked together.

In addition, phosphoenolpyruvate carboxykinase and

phosphoenolpyruvate carboxytransphosphorylase resemble each
other in (i) appearance as metalloproteins, (ii) their response to thiols, (iii) catalyzing a CO^-OAA exchange
reaction, and (iv) catalyzing pyruvate formation under certain conditions (33, 75). The source of pyruvate has been
OAA in the phosphoenolpyruvate carboxykinase-catalyzed
reaction and PEP in the phosphoenolpyruvate carboxytransphosphorylase-catalyzed reaction.

Some studies had stated

that this may result from the experimental conditions
employed.
Most bacteria which have a functional tricarboxylic
acid cycle (TCA cycle) have a requirement for the
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replacement of the intermediates of the cycle when the
latter intermediates are utilized in anabolic pathways.

The

reactions or sequences which meet this requirement have been
termed "anaplerotic" by Kornberg (61) to emphasize their
metabolic status.

The presence of these anaplerotic reac-

tions permits the bacterium to synthesize its cell constituents de novo when supplied with two or three carbon
compounds of their percursors as a growth substrate.
Ajl and Werkman (4, 5) were first to show that in the
absence of CO^, Escherichia coli and Enterobacter aerogenes
were unable to grow in a minimal glucose medium,

It was

further shown that the addition of TCA cycle intermediates
were as effective as COp in promoting growth.

Wiame and

Bourgeois (121) suggested that the replenishment of the TCA
cycle by CO^-fixation was the reason for the higher CO^ incorporation observed with substrates giving rise to C^compounds.
The fact that the C^ + CO^ sequence plays an important
role in replenishing the intermediates of the TCA cycle,
which are utilized during growth, was shown in studies with
a strain of Salmonella typhimurim by Theodore and Englesberg
(104) .

It was further shown that the difference between the

wild type and mutant strain in their ability to use glucose
or pyruvate as a source of energy and carbon was due to the
mutant strain lacking PEP carboxylase.

Because this enzyme
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was absent in the mutant, the organism could not replenish
the intermediates of the TCA cycle.
The replenishment of C^-acids via the Wood-Werkman
reaction was observed by Ashworth and Kornberg (7) in an
Escherichia coli mutant.

Their findings demonstrated that,

although three types of Wood-Werkman reaction enzymes were
present, only PEP carboxylase affected the formation of the
C^-acids necessary for growth of Escherichia coli.

The

Escherichia coli mutant oxidized pyruvate only to acetate,
which accumulated.

However, when TCA cycle intermediates

were provided, complete utilization of pyruvate occurred
with carboxylation reactions.
In the incorporation of

CO^ into the amino acids and

proteins, heterotrophic bacteria have been shown to utilize
carbon dioxide to synthesize primarily aspartate, glutamate,
14
and arginine. The distribution of [ C] among amino acids
varies, depending on the nutritional requirements of the
bacteria (64).
In Escherichia coli, 14CO^ was incorporated into a number of amino acids of which the majority of the label was
found in aspartate, glutamate, arginine (1). Butterworth
Gilmour, and Wang (22) reported that, during the synthesis
of protein by Streptomyces griseus m the presence of 14GO^,
approximately all the radioactivity was contained in
aspartate, glycine, glutamate, threonine, and serine.

The

27
majority of the radioactivity label was found to be contained in aspartate and glutamate.
that over half of the

Wright (138) observed

CO^ fixed by Streptococcus bovis was

contained in the protein fraction and most of the radioactive label was present in aspartate.

Glutamate and threo-

nine were also found to be labelled.
The latter studies support the concept that the synthesis of the TCA cycle intermediates, malate, and
oxalacetate, by the C- + CO^ condensation reaction is the
role played by CO^ in protein synthesis (121).
The primary objective of this thesis was to determine
the function of carbon dioxide required for growth by
Neisseria gonorrhoeae.

The effects of sodium bicarbonate on

the growth of Neisseria gonorrhoeae was studied in both a
liquid and solid growth medium. The assimilation of radioactive sodium bicarbonate (NaH14CO^) by growmg cultures
was also investigated to measure the metabolic activity of
the cells.
In addition, carbon dioxide fixation reactions by cellfree extracts of Neisseria gonorrhoeae were studied in an
attempt to better understand the mechanism of carbon dioxide
assimilation in this organism.

CHAPTER II
MATERIALS AND METHODS
Primary cultures of Neisseria gonorrhoeae were obtained
from clinical specimens from the City-County Health Department, Lubbock, Texas.

Laboratory strains, CDC 9, CDC 62, and

CDC 2686 (obtained from the Communicable Disease Center,
Atlanta, Georgia), were provided by Dr. Randall T. Jones,
Assistant Professor, Department of Microbiology, Texas Tech
University School of Medicine.

All cultures were confirmed

as Neisseria gonorrhoeae by Gram stain, positive oxidase
reaction, and fermentation of glucose.

Primary cultures

were transferred and maintained on GC medium containing hemoglobin, V-C-N; Grand Island Biological Co., Grand Island,
N. Y. (Gibco) and IsoVitaleX; Baltimore Biological Laboratories, Cockeysville, MD. (BBL).

Cultures were subcultured

daily and incubated at 35 C in a sealed candle extinction
jar with a 3-5% carbon dioxide atmosphere.
Laboratory strains were maintained as frozen stocks and
were revived by plating a sample of cells on GC medium containing hemoglobin and IsoVitaleX.

The laboratory cultures

were incubated for 24 hours at 35 C in a candle extinction
jar with a carbon dioxide atmosphere.

Cells were subcultured

for several days prior to use in experiments.
28
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Growth Media.

Cells were grown in a complete growth

medium which contained the following (grams or ml per liter
of deionized distilled water):

Polypeptone peptone (BBL),

15 grams; Glucose, 2 grams; KH^PO^, 1 gram; Na^HPO^, 3 grams;
NaCl, 5 grams; Gelatin, 10 grams; IsoVitalex (BBL), 10 ml;
and V-C-N (Gibco), 5 ml.

IsoVitaleX, V-C-N, and NaHCO^

(filter-sterilized) were added aspectically after the peptone base medium was autoclaved.

The final pH of the medium

was adjusted to pH 7.0 with 2 N NaOH prior to autoclaving
and the addition of supplements.
GC Agar Base medium (BBL) containing IsoVitalex (10 ml/
liter) and V-C-N (5 ml/liter) was used as a maintenance
medium and as a complete medium for the growth studies using
a solid growth medium.
Growth Studies.

Cell suspensions of Neisseria

gonorrhoeae were prepared in the liquid growth medium and
treated on a Vortex-Genie (Model K-550-G) to disperse any
clumps of cells.

Approximately 3-5 ml of the cell suspension
9
(approximately 2 X 10 bacteria added) was moculated m t o a

500 ml nephlo-culture flask (Bellco) containing 100 ml of prewarmed (35 C) liquid growth medium.

The flasks were stop-

pered with a rubber stopper and the cultures incubated at
35 C on a controlled environmental incubator shaker at 200
rpm (New Brunswick Scientific Model G25). Growth was
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measured turbidimetrically with a Klett-Summerson Colorimeter (Model 900-3) with a number 42 filter.
For the growth studies utilizing a solid growth media,
0.1 ml of the appropriate cell suspension was inoculated on
previously prepared agar plates containing various essential
growth factors.

The organisms were then dispersed evenly

over the surface of the agar with a sterile bent glass rod
and the cultures were incubated in either a closed two-liter
polycarbonate jar (BBL) with other inoculated plates or in
individual 6-1/4" X 5-1/2" polyethylene bags (Union Carbide
Corporation, N. Y.) secured and taped to insure a tight seal.
All the cultures were incubated at 35 C.
NaH

CO^ Assimilation Studies.

Radioactive sodium

bicarbonate (2 X lo"^ CPM, 59.7 mCi/mmole) (New England
Nuclear) was added with carrier NaHCO,. to a final concentration of 0.009 M in the basic liquid growth medium.

The

cells were harvested, after being incubated at 35 C for 24
hours, and washed three times with normal saline solution
(0.85%) until the solution was free of radioactivity.

The

cells were fractionated by the methods of Roberts et al.
(86).

In this fractionation procedure, approximately 10 to

30 mg wet weight of washed cells were suspended in 4 ml of
a 5 per cent trichloroacetic acid (TCA).

After 30 minutes

at 4 C, the suspension was centrifuged at 10,000 rpm and the
supernatant fluid (cold-TCA-soluble fraction) was removed.
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The remaining precipitate was suspended in 4 ml of 75 per
cent ethanol (ETOH).

The suspension was heated to 40-50 C

and maintained at that temperature for 30 minutes.

The

supernatant fluid was removed, giving the alcohol-soluble
fraction.
The remaining precipitate was suspended in 4 ml of a
solution containing 2 ml of ether and 2 ml of 75 per cent
ethanol.

After 15 minutes at 4 0-50 C, the suspension was

centrifuged at 10,000 rpm.

The supernatant fluid is the

alcohol-ether-soluble fraction.
The precipitate is suspended in 4 ml of 5 per cent TCA
and placed in a water bath (100 C) for 30 minutes and centrifuged at 10,000 rpm.

The supernatant is the hot-TCA-

soluble fraction.
ai

The remaining precipitate is washed free of residual
TCA by suspending in acidified alcohol and the precipitate
removed by centrifugation. The precipitate is then suspended
in ether and then removed by centrifugation.

The supernatant

fluids from these washes contains little radioactivity and
are discarded.

The precipitate is the protein fraction.

Individual fractions were added to a xylene-based
liquid scintillation solution (Aquasol, LSC solution, New
England Nuclear) and each counted in a Beckman LS-150 liquid
scintillation counter for radioactivity.

Ji
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Preparation of Cell-Free Extracts.

Cells for a cell-

free extracts were collected by centrifugation (10,000 rpm
at 4 C for 3 0 minutes), washed three times in normal saline
solution (0.85%) and suspended in 50 ml of 0.1 M phosphate
buffer, pH 7.0.

The cell suspension was sonicated in a 250

ml stainless steel beaker in an ice bath (0 C) with the
narrow probe of a Bronwill Biosonik instrument for 3 minutes
per 50 ml cell suspension in 1 minute bursts with equal intervals for cooling.

The sonicated suspension was centri-

fuged at 10,000 rpm for 30 minutes at 4 C in an S-34 rotor
of a Sorvall RC-2B refrigerated centrifuge to remove cell
*

debris.

The resulting supernatant was then dialyzed for 24

J

hours at 4 C against two changes of 1000 ml volumes of 0.1 M

8

phosphate buffer, pH 7.0.

P
t

After the dialysis, the extract

was centrifuged for 30 minutes at 14,000 rpm at 4 C.

The

supernatant was analyzed for enzyme activity and divided into
small portions and stored at 4 C.
Enzyme Assays.
volume of 2 ml:

The assay system contained in a total

0.3 ml of 0.1 M phosphate buffer (30 y

moles), pH 7.0; 0.1 ml of 0.05 M PEP (5 y moles) 0.1 ml of
0.05 M ADP (5 y moles) (IDP or GDP) for nucleotide-dependent
reactions; 0.1 ml of 0.1 M MgCl^ (10 y moles); 0.1 ml of
0.05 M NaH"'"'^CO^ (5.0 y moles) ; and 0.8 ml of distilled water.
After equilibrium to 26 C, the reaction was initiated by the
addition of 0.5 ml of cell extract and the system was
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incubated at 26 C for 30-60 minutes.

The reaction was termi-

nated by the addition of 0.2 ml of 12 N HCl and the precipitated protein was removed by centrifugation. Acid-stable
14
[ C] was determined by air drying a 0.1 ml aliquot of the
supernatant fraction in a scintillation vial.

After the

addition of 10 ml of the liquid scintillation solution (solution of 6 gm/liter PPO and 0.2 gm/liter of POPOP in Toluene)
to the scintillation vial, radioactivity ("^"^CO^) was determined by counting the vials in a liquid scintillation
counter (Beckman LS-150).

Radioactive oxalacetate (OAA) was

identified by adding 2 ml of a saturated solution of 2, 4dinitrophenylhydrazine in 2 N HCl and 5 mg of oxalacetate to

«

i!
2 ml of the reaction mixture. The 2, 4-dinitrophenylhydrazone
precipitate formed is added to the liquid scintillation solu-

b
^

tion and counted in a liquid scintillation counter for the

8

presence of radioactivity (14).

l

CHAPTER III
RESULTS
The development of a complete growth medium which could
serve as a basis for both a liquid and a solid medium for
the growth of a wide variety of Nesseria gonorrhoeae clinical
isolates and laboratory strains was an important aspect in
the study of this organism.

A peptone-based medium was

developed by the modification of several of the components
of previously described media (45, 102, 103). The complete
growth medium consisted primarily of peptones (nitrogen
source) , minimal salts, amino acids, vitamins, coenziT ies,
n

and other miscellaneous components (Table 2).
Since a liquid medium is essential for various genetic
and biochemical studies, it was important to determine the
extent the liquid growth medium could support the growth of
the gonococcus.

Several representative gonococcal strains

were examined for growth in the liquid growth medium without
the addition of a carbon dioxide atmosphere.

In the medium,

three laboratory strains (CDC 9, CDC 62, CDC 2686) (Figure 1)
and three representative clinical isolates (CI 674, CI 874,
CI 974) (Figure 2) grew logarithmically after a prolonged
lag phase (5-9 hours) and reached optical densities of 121251 Klett units after 24 hours of growth.

In a study of

fifty clinical isolates and three laboratory strains, the
34

lA
M

l,T

35
liquid growth medium was able to support the growth of these
various gonococcal strains.
TABLE 2
COMPLETE MEDIUM FOR THE GROWTH OF
NEISSERIA GONORRHOEAE*
Component
Polypeptone peptone

Amount/liter
15 g

KH^PO^

1 g

Na^HPO^

2 g

NaCl

5 g

Gelatin

5 g

Glucose

2 g

IsoVitaleX

10 ml

V-C-N

10 ml

NaHCO-,
10 ml
3
*IsoVitaleX (BBL), V-C-N (Gibco), and NaHCO^ (7.5%)
were added aspectically after the basic medium was autoclaved. Final pH was adjusted to 7.0 with 2N NaOH. For
solid medium 10.0 g of Purified agar (Difco) was added
per liter.
Replacement of the CO^
atmosphere by NaHCO^
The addition of sodium bicarbonate to the liquid growth
medium indicated the medium could support rapid growth and
reduce the lag phase of various gonococcal strains without a
carbon dioxide atmosphere.

The clinical isolate (CI 674)

grown in the medium containing 0.075% NaHCO^ (Figure 3) showed
a much shorter lag phase and also greater total growth than

i^
j^
K
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Growth of laboratory strains (CDC 9, CDC 62,
CDC 2686) of Neisseria gonorrhoeae in a
liquid growth medium.
Cultures were incubated at 35 C in stoppered
nephlo-culture flasks without the addition of
a CO atmosphere in a controlled environmental
shaker incubator at 200 rpm for 48 hours.
Symbols:

O CDC 9, • CDC 62, D CDC 2686.

37

H

20

25

30

TIME(hours)

35

50

^^i:=

Effect of NaHCO- on growth of Neisseria
gonorrhoeae (CI 674) m a liquid growth
medium.
Cultures were incubated at 35 C in a stoppered
nephlo-culture flasks without the addition of
a CO^ atmosphere in a controlled environmental
shaker incubator at 2 00 rpm for 48 hours.
Symbols:

0 0.075% NaHCO-,, O sans NaHCO,
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Growth of clinical isolates (CI 674, CI 874,
CI 974) of Neisseria gonorrhoeae in a liquid
growth medium.
Cultures were incubated at 35 C in stoppered
nephlo-culture flasks without the addition
of a CO^ atmosphere in a controlled environmental shaker incubator at 2 00 rpm for 4 8
hours.
Symbols:

CI 674, o CI 874,

D CI 974.
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the culture grown in air without NaHCO^.

Excellent growth,

after a prolonged lag phase, was obtained in the growth
medium without supplemental NaHCO^ or gaseous CO^.

A labo-

ratory strain (CDC 9) grown under the same conditions showed
similar results, however, the lag phase was somewhat longer
than that of the clinical isolate (CI 674).
Effect of pH
The preliminary effects of the pH on the growth of
gonococcal cultures in the liquid growth medium was investigated using 1 M NaOH to adjust the pH of the medium.

Growth

of the cells was followed by optical density measured with a
Klett-Summerson photoelectric colorimeter.

l

The greatest

i

total growth was obtained at an initial pH 6.8.

At pH 7.2

to 7.4, lysis of the gonococcal cultures was extensive.

How-

ever, when 1 M sodium bicarbonate was used to adjust the
initial pH, the greatest total growth was obtained at a pH
6.6 to 6.8.

Although rapid growth occurred in the sodium

bicarbonate buffered mediumat pH 7.0, extensive and rapid
lysis of the culture occurred 14 to 20 hours later.
Optimum Concentration of NaHCO^
With a solid medium, the concentration of supplemental
sodium bicarbonate (as compared with the liquid medium) required to support growth of Neisseria gonorrhoeae varied
greatly with the size of the container (Table 3). When the

J
fl
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TABLE 3
EFFECT OF VARYING CONCENTRATIONS OF NaHCO-., ON
THE GROWTH OF NEISSERIA GONORRHOEAE
(CI 674) ON SOLID MEDIUM*
NaHCO^
Concentration
(Molar)

Method of Incubation
Closed Two-Liter
Individual
Container
Plastic Bag

0.00
0.00 (candle jar)
0.005
0.009
0.018
0.036
0.054
0.072
0.090

N.A,

+
+

+
+
+
+
+
+

*Cultures were incubated at 35 C.
Symbols: N.A. Not applicable, + Growth in 24 hours at
least comparable with that in a candle extinction jar, - No
growth in 48 hours.
plates were incubated in a sealed polycarbonate plastic jar
with a large airspace, the concentration of NaHCO^, had to
be increased to 0.072 M to obtain growth.

However, when

each individual plate was incubated separately in a tightly
sealed polyethylene bag, excellent growth of Neisseria
gonorrhoeae was obtained when the NaHCO^ concentration was
0.009 M to 0.09 M.

Further investigation showed that solid

medium containing 0.009 M NaHCO^ also supported growth

t

t
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of Neisseria gonorrhoeae slant cultures in screw cap test
tubes or in 8 ounce prescription bottles.
Replacement of NaHCO-,
Preliminary investigations showed sodium bicarbonate
can be replaced by aspartic acid, carbamyl aspartate and
glutamic acid.

Orotic acid was also found to have stimula-

tory effects on the growth of Neisseria gonorrhoeae.
With a solid medium, a 0.01 M concentration of aspartic
acid, carbamyl aspartate and glutamic acid was required to
support the growth of Neisseria gonorrhoeae in a tightly
sealed polyethylene bag.

The concentration of orotic acid

had to be increased to 0.1 M to obtain growth.

J
<

In a liquid growth medium, a 0.01 M concentration of
aspartic acid and carbamyl aspartate was found to stimulate
growth and reduce the lag phase of the gonococcal culture.
However, neither supplement could reduce the lag phase as
well as the addition of sodium bicarbonate to the medium.
Glutamic acid and orotic acid also stimulated growth at a
concentration of 0.01 M, however, the rate of growth decreased after a 18-24 hour period.
It is of interest that carbamyl aspartate which had
been autoclaved was capable of replacing sodium bicarbonate
in either the solid or liquid growth medium.

However,

carbamyl aspartate which had been filter-sterilized could
not support growth of the gonococcus.

JA

45
Autoclaving carbamyl aspartate could be causing a
breakdown of the compound into aspartic acid, CO^, and NH^
and/or aspartic acid and dihydro-orotic acid.

If this situ-

ation is occurring, aspartic acid, CO^, or dihydro-orotic
acid could be providing a replacement for NaHCO_, instead
of the addition of carbamyl aspartate.

However, further

chromatographic investigations will be required to ascertain
whether the carbamyl aspartate or breakdown products of
carbamyl aspartate are true replacements for sodium bicarbonate or a COp atmosphere.
Assimilation of NaHCO^
.
The assimilation of NaH.14„
CO^ by growing
gonococcal,

,
<

cultures was investigated.

«

The total uptake of a radioactive tracer gives a crude
measure of the metabolic activity of growing cells.

Much

information can be obtained if the radioactive tracer can
be followed into particular compounds formed by the cells.
When particular compounds are not isolated, it is desirable
to observe the distribution of the tracer among various
broad classes of compounds.

In either case it is necessary

to carry out a chemical fractionation of the cells.

The

resulting fraction can be measured for the amount of radioactive tracer present.
A clinical isolate (CI 974) and a laboratory strain
(CDC 9) of Neisseria gonorrhoeae were grown separately in a

j
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.14
liquid medium containing NaH CO^ and carrier NaHCO^.

After

the cultures grew for 24 hours, the cells were fractionated
by the methods of Roberts et al. (86) and each fraction was
analyzed for radioactive tracer
,14
Approximately 10% of the NaH-'-^CO^
was incorporated into
organic cellular material of the clinical isolate (CI 974).
The radioactivity was found in every fraction of the cells
with the highest activity being associated with the nucleic
acid fraction (Hot TCA fraction) and the cellular protein
Table 4 ) .
TABLE 4
THE INCORPORATION OF NaH"'"^CO-. BY GROWING CULTURE
OF NEISSERIA GONORRHOEAE (CI 97 4)
Cell Fraction

Total Counts (CPM)

1.

Whole Cells

2.20 X lO^

2.

Cold TCA Soluble

1.00 X.lO^

3.

Alcohol Soluble

2.60 X lO^

4.

Alcohol-Ether Soluble

1.13 X lO^

Hot TCA Soluble

1.20 X lO^

Protein

8.00 X lO^

6.

The NaH

CO^ incorporated into the organic cellular

ma terial of the laboratory strain (CDC 9) was found to be
less than that of the clinical isolate.

Radioactivity was

associated with both the nucleic acid fraction (Hot-TCA-
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fraction) and the cellular protein, with the highest activity associated with the cellular protein (Table 5 ) .
TABLE 5
THE INCORPORATION OF NaH-'-^CO- BY A GROWING
LABORATORY STRAIN (CDC 9) OF
NEISSERIA GONORRHOEAE
Cell Fraction

Total Counts (CPM)

1.

Whole Cells

1.35 X lO^

2.

Cold TCA Soluble

2.28 X lo"^

3.

Alcohol Soluble

3.86 X lO^

4.

Alcohol-Ether Soluble

4.61 X lO^

5.

Hot TCA Soluble

1.88 X lO^

6.

Protein

2.32 X lO^

<

A

In the preliminary chromatographic investigation of
14
CO.
the amino acids of Neisseria gonorrhoeae, the fixed
appeared in aspartic acid, glutamic acid, and arginine.
However, the amino acids were not completely isolated and
degraded at this time.
Carbon Dioxide Fixation
Reactions
A cell-free extract of Neisseria qonorrhoeae grown at
35 C and prepared in a 0.1 phosphate buffer (pH 7.0) was
lyzed for the ability to carboxylate phosphoenolpyruvate
ana
with NaH"'"'^CO-j to form oxalacetate (Table 6) .

48
TABLE 6
CARBON DIOXIDE FIXATION BY A CELL-FREE EXTRACT
OF NEISSERIA GONORRHOEAE*
Experiment

Addition

Activity Fixed (CPM)

1

None

9

2

PEP

6,691

3

PEP + ADP

8,4 51

4

OAA

19

5

OAA + ATP

69

*The complete system contained: phosphate buffer
(pH 7.01), 30 y moles; MgCl^, 10 y moles; NaHl^co^, 5 y
moles (2 x lO^ CPM); and distilled water to make a total
volume of 2.0 ml. After equilibration to 26 C the reaction
is initiated by addition of 0.5 ml of cell-free extract and
the system is incubated for 3 0 minutes. The reaction is
stopped by addition of 0.2 ml of 12N HCl.
Additions were made of 5 y moles of each of the following: PEP, phosphoenolpyruvic acid; ADP, adenosine diphosphate; OAA, oxalacetic acid; and ATP, adenosine triphosphate.
A portion of the extract dialyzed against 0.1 M phosphate buffer (pH 7.0) for 24 hours to remove nucleotides
and other small molecules, was also analyzed for the ability
to carboxylate PEP with NaH

CO^ to form OAA (Table 7 ) .

The results from the initial studies with the dialyzed
cell extract indicated the possibility of the presence of
two carboxylation reactions somewhat similar to the reactions
catalyzed by phosphoenolpyruvate carboxylase and phosphoenolpyruvate carboxykinase (109).

The first possible CO^-fixing

reaction was observed as an irreversible, nucleotide-

1
^»
4
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independent reaction similar to the reaction catalyzed by
PEP carboxylase as shown in Table 7.
TABLE 7
CARBON DIOXIDE FIXATION BY A DIALYZED CELL-FREE
EXTRACT OF NEISSERIA GONORRHOEAE*
Experiment

Addition

1
2
3
4
5

Activity Fixed (CPM)

None
PEP
PEP + ADP
OAA
OAA + ATP

13
22,700
45,02 9
32
62

*The experimental conditions were the same as in
Table 6, except 0.5 ml of dialyzed extract was used.
Abbreviations: PEP, phosphoenolpyruvic acid; ADP,
adenosine diphosphate; OAA, oxalacetic acid; and ATP,
adenosine triphosphate. Activity fixed expressed as counts

^
,
4

per minute per 0.1 milliliter.

j

The foHowing reaction was observed:
PEP + CO^

-^

OAA + Pi

Phosphoenolpyruvate was readily carboxylated without the
addition of a nucleotide in a metallic ion-dependent reaction.
A second possible reaction was observed and found to
be a nucleotide-dependent reaction somewhat similar to the
one catalyzed by PEP carboxykinase as shown in Table 7 •

TEXftS TEC>^ UBRaW
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However, in this study, the nucleotide-dependent reaction
was found not to be a reversible exchange reaction.

The

following reaction was observed:
PEP + CO2 + ADP

->

OAA + ATP

Further investigations to show a reversible nucleotidedependent reaction in Neisseria gonorrhoeae were made varying
the concentration of NaH 14CO-. and carrier NaHCO- required for
the reaction.

Results showed neither a higher concentration
nor a lower concentration of NaH 14CO-. than previously tested
14
.
.
.
would initiate a
CO^ - OAA exchange reaction. Additions
of oxalacetate and nucleotides (ATP, ITP, GTP) were also
i

varied with the results showing that a

CO^ - OAA exchange

j

did not occur (Table 8).

%

In this study it was observed that ADP was more active
in stimulating a CO^-fixation reaction than either IDP or
GDP in the presence of a magnesium ion (Mg

)-dependent

reaction (Table 9). Further investigations (Table 9)
showed that each nucleotide was dependent on a specific
metallic ion.

Inosine diphosphate (IDP) was found to be
++
more active in the presence of manganese (Mn ) , while the
same metallic ion was inhibitory for ADP.

Guanosine

diphosphate (GDP), however, was found to be active with
either Mg"^"^ or Mn"^"^.

1

In the presence of two metallic ions,
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IDP and GDP were found to be active, while ADP was inhibited
by the presence of Mg

-Co

TABLE 8
UTILIZATION OF [-^"^C]-LABELLED
-LABELL] CARBON DIOXIDE BY
A DIALYZED EXTRACT OF NEISSERIA GONORRHOEAE
USING OXALACETIC ACID AS A SUBSTRATE*
Experiment
1
2
3
4

Addition
None
OAA + ATP
OAA + ITP

6

OAA + GTP
OAA + PP
OAA + ITP + IDP

7

OAA

8

PEP + ADP

9

PEP

5

Activity Fixed (CPM)
11
32
31
26
40
33
28
10,046
8,309

*The experimental conditions were the same as m Table
6, except 0.5 ml of dialyzed extract was used.
Additions: PEP (phosphoenolpyruvic acid), 5 y moles;
ADP (adenosine diphosphate), and IDP (inosine diphosphate),
5 y moles; ATP (adenosine triphosphate), ITP (inosine triphosphate) and GTP (guanosine triphosphate), 5 y moles; PP
(pyrophosphate), 5 y moles; and OAA (oxalacetic acid),
5 y moles.

»
'•

52
TABLE 9
THE EFFECTS OF NUCLEOTIDES AND METALLIC lONS ON
CARBON DIOXIDE FIXATION REACTIONS BY A
DIALYZED EXTRACT OF NEISSERIA
GONORRHOEAE*
Experiment

Addition

Activity Fixed (CPM)

1

PEP + ADP 1[Mg

)

45,029

2

PEP + IDP [Mg

)

30,385

3

PEP + GDP

[Mg

)

28,387

4

PEP + ADP

,Mn

)

12,467

5

PEP + IDP

+ +V

8

[Mn )
^A ++\)
PEP + GDP r,Mn
++
++,
PEP + ADP
[Mg -Mn )
f^. ++ -, ++,
PEP + IDP ,Mg -Mn )

9

PEP + GDP

6
7

fy^ ++

M

++\

33,277
27,326
22,433
27,635
24,321

12

,Mg -Mn )
PEP + ADP (Mg++-Co++)
,„ ++ ^ ++,
PEP + IDP
(Mg -Co )
PEP + GDP (Mg++-Co++)

13

PEP + ADP

47

14

PEP + IDP

41

15

PEP + GDP

38

10
11

12,583
28,583
23,724

*The experimental conditions were the same as in Table 6
except 0.5 ml of dialyzed extract was used and the metallic
ions werê omitted from the complete system.
Additions: PEP (phosphoenolpyruvic acid), ADP
(adenosine diphosphate), IDP (inosine diphosphate), GDP
(guanosine diphosphate), 5 y moles; and MgCl^, MnCl^ and
CoCl^r 10 y moles.
Activity fixed expressed as counts per minute per 0.1
milliliter.

CHAPTER IV
DISCUSSION
The development of a complete growth medium for
Neisseria gonorrhoeae has been hindered by inhibition of
growth by certain toxic substances and antagonisms between
compounds such as amino acids and fatty acids.

The growth

requirement of a 2-10% CO^ atmosphere has also hindered the
development of an adequate growth medium.
The results described in this study demonstrate the
development of a liquid and solid medium that supported the
rapid growth of fifty clinical isolates and three laboratory
gonococcal strains with a minimum number of nutritional components and without the addition of a carbon dioxide
atmosphere.
The toxic effect of ordinary agar on the gonococcus has
been noted in several prior investigations (8, 27, 51, 59,
60) , and as a result purified agar was used for the solid
medium.
Gelatin was also incorporated into the solid medium
instead of starch (37) as an alternate method to possibly
neutralize fatty acids, and other toxic materials having an
antibacterial effect which are present in the agar used for
the solid media.

Gelatin was added to the liquid growth

medium to possibly absorb any toxic materials produced by
53
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the growing cultures and to possibly provide a balance for
the osmotic pressure of the cells.

The addition of gelatin

may also serve to act as a "protective colloid" which may
be influencing the isoelectric points of the cells (65).
The bacteria tend to acquire the isoelectric characteristics
of the added colloid (65).
Most gonococcal strains were capable of substantial
growth in the liquid growth medium, after a prolonged lag
phase, in the absence of a CO^ atmosphere.

The gonococcal

cultures grown in the liquid grov/th medium containing 0.075%
sodium bicarbonate (NaHCO-.) showed a much shorter lag phase
and also greater total growth than those cultures grown in
air without NaHCO^.
La Scolea and Young (68) reported somewhat similar results using a minimal medium.

In their growth system, the

gonococcal cultures grew in air, if the growth medium had
been incubated overnight at 37 C with an atmosphere of
8-10% CO^.

With the preincubation of the medium in a CO^

atmosphere, no further CO^ was required for growth.
It is of special interest that the concentration of
NaHCO-. found to greatly stimulate early growth of Neisseria
gonorrhoeae is in the range of NaHCO^ concentration (0.012 M)
required for the growth of virulent cells of Yersinia pestis
in agitated broth cultures at 37 C (96).
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The concentration of supplemental NaHCO^ required to
support the growth of Neisseria gonorrhoeae cultures on a
solid medium varied greatly with the size of the container
used for incubation.

When plates were incubated in a con-

tainer with a large airspace, the concentration of NaHCO^
had to be increased to 0.072 M to obtain growth.

However,

when each individual plate was incubated separately in a
sealed polyethylene bag to eliminate the loss of NaHCO-. to
the atmosphere, good growth of the gonococcus was obtained
when the concentration was 0.009 M to 0.09 M.
The addition of sodium bicarbonate to the solid and
liquid growth medium replaces the requirement for a carbon
dioxide atmosphere.

The use of a candle extinction jar to

provide CO^ not only increases the amount of 00^ in the
atmosphere, but also decreases the oxygen tension. The
question of which condition of the atmosphere is most important to the growth of the gonococcus is a vexing problem.
Ferguson (3 9) found that simply reducing the oxygen tension
did not permit growth of the gonococcus as compared with the
enhancement of growth with increased carbon dioxide.
From these observations it can be concluded that sodium
bicarbonate is not reducing the oxygen concentration in the
medium, but is supplying CO^ or HCO^

ion for growth.

The

bicarbonate ion (HCO..") could be supplying the source of
extra carbon atoms necessary for the formation of dicarboxylic
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acids which are intermediates of the tricarboxylic acid
cycle.

However, the diffusion of the bicarbonate into the

medium could be providing an equilibrium between the surface
tension and the atmosphere.

This condition would provide

CO^ equilibrium and supply adequate amounts of CO^ for
growth of the organism.
All organisms are restricted to growth within a limited
range of concentration of hydrogen and hydroxyl ions, the
limits varying for different species.

Each organism has a

pH range within which growth is possible, and each usually
has a well defined optimum pH.

The optimum pH for growth of

Neisseria gonorrhoeae in a NaOH or sodium bicarbonate buffered
liquid growth medium was found to be pH 6.8.

Although rapid

growth occurred in the sodium bicarbonate buffered medium at
pH 7.0, extensive and rapid lysis of the culture occurred 14
to 20 hours later.

At pH 7.2 to 7.4 lysis of the gonococcus

cultures was extensive.
Similar results were reported by Brookes and Heden (19,
20) using a aerated peptone based medium.

In their growth

studies, the greatest total growth was obtained at pH 6.4,
while at pH 7.2 to 7.6 lysis was extensive and little growth
was obtained.
Preliminary investigations show sodium bicarbonate can
be replaced by products of known carbon dioxide fixation
reactions, such as, aspartic acid and glutamic acid
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(dicarboxylic amino acids), and carbamyl aspartate (ureidosuccinate), an intermediate of pyrimidine synthesis.

Orotic

acid was also found to replace, to a lesser extent, the requirement for sodium bicarbonate.

However, the addition of

sodium bicarbonate to either the liquid or solid medium
showed greater stimulation of growth than either aspartic
acid, glutamic acid or carbamyl aspartate.
Members of the tricarboxylic acid cycle permit growth
of Escherichia coli at low aeration rates with CO^-free air
(4).

These compounds might decrease the total requirement

for CO^ by the amount which is involved in their synthesis
and metabolism, and may also provide through decarboxylation, a source of CO^ to participate in other reactions (4).
The major function of sodium bicarbonate would appear
to be the enhancement of the production of aspartate,
carbamyl aspartate, and carbamyl phosphate because each are
common precursors of the pyrimidines and intermediates of
orotic acid.

Carbamyl phosphate is formed from carbamic

acid, which is in equilibrium with carbonate and bicarbonate
ions as well as dissolved CO^ in the medium.
Somewhat similar aspects were studied by Baugh et al.
(12) on the effects of substituting products of carbon
dioxide fixation for sodium bicarbonate during the growth
of virulent cultures of Yersinia pestis.

In their growth

system, virulent cells were stimulated and remained virulent
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if sodium bicarbonate was replaced by orotic acid.

They

also found that growth and the retention of virulence was
effected by the addition of uracil, cytosine, and citrulline.
However, the effect on growth of these latter compounds was
not as great as with sodium bicarbonate or orotic acid.
Griffin and Racker (50) observed that secondary cultures of Neisseria gonorrhoeae grew in the absence of carbon
dioxide, if hypoxanthine, uracil, and oxalacetic acid were
added to the growth medium.

However, when primary cultures

were plated on the same medium composition, growth occurred
only in the presence of carbon dioxide.

The latter results

must be considered carefully as oxalacetic acid spontaneously
decarboxylates to pyruvate and CO^•

The decarboxylation of

oxalacetic acid would then function as a source of CO^ and
not as a replacement.
Gitterman and Knight (4 6) found that oxalacetic acid
could replace the CO^ requirement in Penicillium chrysogenum.
However, they also concluded that the rate of breakdown of
oxalacetate in the medium probably functioned as a source of
CO^ and not as a true replacement.

It was further concluded

that the cell permeability of oxalacetate must also be
considered.
In an evaluation of replacement experiments, Glitterman
and Knight (46) concluded a substance may replace CO^ because
the substance provides a metabolite which is the product of
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a fixation reaction.

it was further concluded replacement

may also be a result of the addition to the medium of substances which permit the organism to produce more CO^,
either through enzymatic decarboxylation of the substances
added or through an increased metabolic rate which increases
the output of CO^.
In Neisseria gonorrhoeae, NaH-^^CO^ was incorporated into
the organic cellular material and approximately 10% of the
14
NaH CO^ was incorporated into the organic cellular material.
The radioactivity was found in every fraction of the cells
with the highest activity being associated with the nucleic
acid fraction and cellular protein.
14
The NaH CO^ mcorporated into the organic cellular
material of both the clinical isolate (CI 974) and laboratory
strain (CDC 9) indicated that less

CO^ was being incorpo-

rated into the organic cellular material of the laboratory
strains.

With the laboratory strain (CDC 9), the highest

activity was associated with the cellular protein.

However,

with the clinical isolate (CI 974), the nucleic acid fraction was found to have the highest activity. In Neisseria
14
gonorrhoeae, approximately 10% of NaH CO^ is mcorporated,
whereas, only 1% of

CO^ is incorporated by the organic

cellular material of Escherichia coli as reported by Roberts
et al. (86).
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In the incorporation of ^^CO^ into the amino acids and
proteins, heterotrophic bacteria have been shown to utilize
carbon dioxide primarily to synthesize aspartate, glutamate,
and arginine (64). The distribution of [^^c] among amino
acids varies, depending on the nutritional requirements of
the bacteria (64)
In preliminary chromatographic studies of the amino
acids of Neisseria gonorrhoeae, the fixed "'"^CO^ appeared in
aspartate, glutamate, and arginine.
In Escherichia coli,

CO^ was incorporated into a num-

ber of amino acids of which the majority of the label was
found in aspartate, glutamate, and arginine (64). Wright
(138) observed that the

CO^ fixed by Streptococcus bovis

was contained in the protein fraction and most of the radioactivity label was present in aspartate.

Glutamate and

threonine were also found to be labelled.
The incorporation of

CO^ into the amino acids aspartate

and glutamate indicates the requirement of these amino acids
for growth by Neisseria gonorrhoeae.

These amino acids may

permit the gonococcus to produce additional CO^, either
through enzymatic decarboxylation of these substances added
to the medium, or through an increased matabolic rate which
increases the output of CO^.

It has been demonstrated that

Neisseria gonorrhoeae requires CO^ for its metabolic activities and growth and either gaseous CO^ or HCO^ ion or
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metabolically produced CO^ will provide the amount of CO,
^
2
required.
From the evidence presented in this study, extracts of
Neisseria gonorrhoeae contain enzymes which catalyze at
least two apparent reactions for the formation of oxalacetate
by carbon dioxide fixation into phosphoenolpyruvate.
An irreversible addition of carbon dioxide (-^"^CO^) to
phosphoenolpyruvate has been observed and also a irreversible, nucleotide dependent reaction in which phosphoenolpyruvate is carboxylated to form oxalacetate.
The irreversible reaction is somewhat similar to the
reaction catalyzed by phosphoenolpyruvate carboxylase described by Bandurski and Greiner (9) in spinach leaves;
Thiobacillus thiooxidans (97, 98); Norcardia corallina (13);
Escherichia coli (6); and Yersinia pestis (14). Minor differences between the reactions have been noted such as,
metallic ion requirements.
The carboxylation of PEP to oxalacetate by a dialyzed
extract of Neisseria gonorrhoeae was shown without the addition of nucleotides.

In most cases, the highest rate of

activity is observed when 10 y moles of magnesium (Mg
is used in the reaction.

) ion

Divalent maganese (Mn ) is less
++
effective but still active and cobalt (Co ) is also found
to be active.
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Somewhat similar results were shown with extracts of
Norcardia corallina (13) and Yersinia pestis (14). The
enzyme, PEP carboxylase was shown to require a divalent
metal ion for activity.

Phosphoenolpyruvate was carbox-

ylated without the addition of a nucleotide in an irreversible reaction.
Phosphoenolpyruvate carboxylase has been demonstrated
as the catalyst for carbon dioxide fixation reactions in
plants and bacteria.

However, PEP carboxylase has not been

reported in animal tissues, yeasts, and fungi.

Many of

these tissues and cells have been shown to contain pyruvate
carboxylase, an enzyme which probably fulfills the same
metabolic function as PEP carboxylase.
Walker and Brown (115) showed that the optimum CO^ concentration of PEP carboxylase was low and that high concentrations of CO^ inhibited the reaction noncompetitively.
Suzuki and Werkman (98) found that the enzyme in Thiobacillus
thiooxidans also required a very low carbon dioxide tension.
It was suggested by Suzuki and Werkman (98) that this enzyme
would be favored for carbon dioxide fixation relative to
other carbon dioxide fixation reactions at an acid pH.
A pH optimum was found at pH 6.9-7.0, for the enzymecatalyzed reaction observed in Neisseria gonorrhoeae.

Ozaki

and Shiio (82) reported that the optimum pH for this enzyme
isolated for Brevibacterium flavum was pH 6.5.

An apparent

63
PH optimum was found at pH 6.8, for the enzyme isolated
from Yersinia pestis (14).
The irreversible CO^-fixation reaction catalyzed by PEP
carboxylase appears to be particularly suited to form dicarboxylic acids from carbohydrates at low CO^ tension.

Fur-

ther studies on PEP carboxylase activity in Neisseria
gonorrhoeae must be made before its physiological significance can be properly evaluated.
An irreversible, nucleotide-dependent carbon dioxide
fixation reaction involving PEP is also catalyzed by the
dialyzed extract.

The reaction is similar to the fixation

reaction catalyzed by PEP carboxykinase (109).
In addition to the nucleotide requirement, the reaction
also has an absolute requirement for a divalent metal ion.
++
++
The divalent ions, magnesium (Mg
cobalt (Co

) , manganese (Mn

) , and

) will satisfy the divalent ion requirement.

However, a combination of Mg

and Mn

showed the highest

rate of activity.
Guanosine and ionosine nucleotides gave maximum activity
among the nucleotides examined.

However, adenosine showed an

increased activity in the presence of the divalent ion,
magnesium (Mg ).
Baugh et al. (13), demonstrated that inosine nucleotides
(IDP, ITP) and guanosine nucleotides (GDP, GTP) play a role
in carbon dioxide fixation reactions in Norcardia corallina.
However, in extracts of Yersinia pestis, adenosine was
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demonstrated as the active nucleotide in the PEP carboxykinase catalyzed reaction (14). The varied activity of the
various nucleotides with different metallic ion additions
apparently are effective due to contaminating nucleotides
and possibly nucleoside diphosphokinase activity (14).
The formation of PEP from OAA by extracts of Neisseria
gonorrhoeae could not be demonstrated as measured by the
14
CO^-OAA exchange reaction.

However, Utter and Kurahashi

(110) pointed out that the demonstration of the formation
of PEP from OAA may be difficult or impossible if phosphopyruvic kinase is present in the extract.
Griffin and Racker (5) reported preliminary results
in a CO^-fixation study with a cell extract of Neisseria
gonorrhoeae.

In their studies they described a COp-fixation

reaction similar to the reaction studied by Griffin and
Racker in 1953 (50). However, they did not mention the existence of a reversible reaction.

It was also found that CO^-

fixation was stimulated by the hypoxanthine derivative
inosinic acid and that most of the radioactive counts were
incorporated in oxalacetate.

In their study, Griffin and

Racker (50) also reported that the adenine derivative,
adenylic acid, was not only inactive but was inhibitory.
However, in this current study, adenosine diphosphate was
found to stimulate carbon dioxide fixation in extracts of
Neisseria gonorrhoeae.
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The presence of a P E P carboxytransphosphorylase catalyzed reversible reaction (91) could not be demonstrated in
extracts of Neisseria gonorrhoeae.

Although this reaction

appears to be very similar to the one catalyzed by PEP
carboxylase, the characteristics of the two systems are different in several important respects in addition to the
obvious difference in phosphate acceptor molecules.

The PEP

carboxytransphosphorylase catalyzed reaction is readily reversible while the PEP carboxylase-catalyzed reaction is not.
In this study it has been impossible to demonstrate the
reversibility of the reaction in extracts of Neisseria
gonorrhoeae even with the addition of pyrophosphate or
pyruvate.
The relative rates of OAA and pyruvate formation from
PEP depend not only on the availability of CO^, but also on
the presence of thiols, metal ions, and other varying factors
Although the enzymes involved in the carbon dioxide fixation reactions were not isolated and purified, the existence
of a irreversible, nucleotide-dependent reaction indicates
the possible existence of a new enzyme involved in the carbon
dioxide fixation reactions by Neisseria gonorrhoeae.

The

high carbon dioxide requirement for growth by Neisseria
gonorrhoeae could explain requirement for the presence of a
different enzyme moiety.
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The action of this enzyme could involve the decarboxylation of oxalacetate to pyruvate and carbon dioxide.

How-

ever, many substances such as metal ions, amino acids,
amines, amides, and specifically proteins influence the
decarboxylation of oxalacetate.

The mechanism of OAA decar-

boxylation is not well understood in many cells although
OAA decarboxylase have been reported in bacteria (62) . Purification of the enzyme could eliminate the protein interference and a study of the amount of a metallic ion required
to stimulate the carbon dioxide-fixation reaction possibly
would explain the decarboxylation of oxalacetate.

It is

possible the irreversible carbon dioxide fixation reaction
is not dependent on the addition of a nucleotide, but is
simply stimulated by the presence of ADP, IDP, or GDP
nucleotides.
When phosphoenolpyruvate is carboxylated to form
oxalacetate via a carbon dioxide fixation reaction by
Neisseria gonorrhoeae, the requirement for carbon dioxide
by the enzyme or enzymes and the presence of a nucleotide
could be indicating that the equilibrium of the reaction is
in the physiological direction of oxalacetate.

The produca-

tion of oxalacetate could be essential to the organism as a
precursor for synthesis of aspartate.
A transamination reaction initiates the synthesis of
aspartate and subsequently related amino acids, homoserine,
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lysine, methionine, threonine and isolecucine.

The syn-

thesis of aspartate could be important not only for the
synthesis of amino acids (aspartate family), but also for
pyrimidine biosynthesis.
As previously stated, the function of HCO." ion or CO^
would appear not only to be involved in the carboxylation
of phosphoenolpyruvate, but also for the enhancement of the
production of pyrimidine precursors, such as, aspartate,
carbamyl aspartate, and carbamyl phosphate.

Therefore, it

would appear to be advantageous for the pathogenic organism,
Neisseria gonorrhoeae, which requires an increased carbon
dioxide tension for growth, to have a enzyme system which
readily carboxylates phosphoenolpyruvate to form oxalacetate.
The following reaction illustrates the possible function of the enzyme or enzymes which catalyze a carbon
dioxide fixation reaction in cell-free extracts of Neisseria
gonorrhoeae.
PEP + HCO^

+ ADP

-3

OAA + ATP
I
I
I
I

pryimidines

-^

Aspartate

->

amino acids
(aspartate family)
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Although the crude and dialyzed extracts carried out
the carbon dioxide fixation reactions, these observations
do not warrant the conclusion that the same reactions carried out by purified enzymes involve the same proteinmoiety, therefore the existence of a new enzyme is highly
probable in the carbon dioxide fixation reactions by
Neisseria gonorrhoeae.
It is of interest that this is the first study in which
the function of carbon dioxide has been studied in the organism, Neisseria gonorrhoeae.

It is of special interest that

this is the first detailed investigation of any organism
requiring an increased CO^ tension for growth.

This is also

the first report of replacing the carbon dioxide atmosphere
requirement of Neisseria gonorrhoezie with the addition of
NaHCO^ directly to the growth medium.

It is also noted that

a cell-free extract of Neisseria gonorrhoeae can carboxylate
phosphoenolpyruvate to form oxalacetate by two carbon dioxide
fixation reactions somewhat similar to the reactions catalyzed by PEP carboxylase and PEP carboxykinase.

CHAPTER V
SUMMARY
Following the development of a growth medium for
Neisseria gonorrhoeae, the replacement of the carbon dioxide
atmosphere required for growth was demonstrated by the direct
addition of sodium bicarbonate to the gowth medium.

The ad-

dition of sodium bicarbonate to the liquid growth medium
proved the medium could support the rapid growth and reduce
the lag phase of various gonococcal cultures.

The addition

of sodium bicarbonate to a solid growth medium demonstrated
the ability of the organism to growth without the presence
of a carbon dioxide atmosphere.
The assimilation of radioactive sodium bicarbonate
14
(NaH CO^) by growing cultures of Neisseria gonorrhoeae was
also investigated to measure the metabolic activity of the
cells.

Approximately 10% of the NaH 14CO^ was incorporated

into the organic cellular material.

The radioactivity was

found in every fraction of the cells with the highest activity being associated with the nucleic acid fraction and
cellular protein.

Preliminary investigations of the amino

acids of Neisseria gonorrhoeae mdicate the fixed

14
CO^

is present in aspartic acid, glutamic acid and arginine.
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Further studies indicated sodium bicarbonate could be
replaced by aspartic acid, glutamic acid, carbamyl aspartate,
and to a lesser extent, orotic acid.

However, the supple-

ments could not reduce the lag phase or stimulate growth as
well as the addition of sodium bicarbonate.
A cell-free extract of Neisseria gonorrhoeae was
observed to carboxylate PEP to form OAA by a carbon dioxide
fixation reaction similar to that catalyzed by PEP carboxylase. The reaction is irreversible and requires a metallic
-. ^
,^, ++ , Mn
,, ++ , Co
^ ++V).
cofactor
(Mg
The cell-free extract can carboxylate PEP to form OAA
by a reaction somewhat similar to that catalyzed by PEP
carboxykinase.

The reaction, however, is irreversible and

requires a metallic ion and a nucleotide.

Mg

, Mn

, Co

will satisfy the metallic ion requirement.
Freshly dialyzed extracts do not require a supplemental
reducing agent, however, aged extracts and frozen extracts
show a decreased CO^-fixation ability.

The addition of a

reducing agent (gluthathione) did not increase the ability
of the extract to fix carbon dioxide.
The use of guanosine or inosine dinucleotides results
in greater carboxylation activity than other nucleotides.
Nucleoside diphosphokinase is probably present in the
cell-free extract.

This enzyme is possibly responsible for

the greater part of the activity fixed when adenosine nucleotide is utilized in the carboxylation reaction.
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