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CHAPTER I
INTRODUCTION

Grula (1960, pp.269-374) reported that cell division in Erwinia sp. was
partially inhibited by the addition of D=glucose to nutrient broth. It
was also reported that Erwinia sp. would not grow in a defined medium
containing only D-glucose, ammonium, and mineral salts unless an organic
source of nitrogen (preferably aspartic acid) was present. Addition of
the DL-isomers of serine, methionine, phenylalanine, histidine, threo-
nine, or tryptophan to the L-aspartic acid-glucose medium (no ammonium
ions added) resulted in varying amounts of inhibition of division and
growth of the organism. Further testing revealed that the D=isomer of
each amino acid was causing these inhibitions (Grula9l960%ppm375-385ﬁ

Although several agents that inhibit cell division in Erwinia sp.
have been studied in this laboratory, D-serine has received the greatest
attention. In a series of publications, it has been repcrted that D-
serine causes the following biochemical lesions: (a) inhibits synthesis
of alpha-ketopantoic from alpha-ketoisovaleric acid and subsequent re-
duction of alpha-ketopantoic acid, (b) inhibits alpha-decarboxylation of
aspartic acid whiéh would allow formation of beta-alanine, (¢) inhibits
mucopeptide synthesis (Grula and Grula, 1962, pp- 981-988; 1962, pp. 989-997;
1963; 1964; Grula, Smith and Grula, 1965). The authors suggested that
the inhibition of cell wall mucopeptide synthesis, leading to a defec-~

tive cell wall, could result in secondary membrane damages, thus



leading to inhibition of cell division. The importance of the membrane
in cell division was inferred from the fact that hypertonic conditions
vrevented division inhibition from ocecurring. They also reported that
D-serine was incorporated into the cell wall mucopeptide of Erwinia SPo s
replacing glycine; however, néither pantoyl lactonenor ammonium chloride
would stop the incorporation of D-serine.

As a result of these studies, it has been concluded that the cell
membrane is probably the key structural entity in the division of
Erwinia sp. (Grula and Grula, 1964; Grula, Smith, and Grula, 1965).
Since structural alteration of the membrane could result from some
defect in the metabolism of carbon in the cell, the ufilization of
carbon by Erwinia sp. was investigated.

The first problem was simply one of growth since, as stated above,
this organism will not grow in a glucose-ammonium salts medium unless
supplemented with an organié source of nitrogen (preferably aspartic
acid). Once utilization of aspartic acid and glucose was better under-
stood, data were collected relative to utilization of carbon from these
and other compounds using conditions that allowed or did not allow cell

divisiocn.



CHAPTER II

LITERATURE REVIEW

Part A. Possible Mechanisms of Action of D-amino Acids

It has been reported that D-amino acids, and in some cases L-amino
acids, can cause inhibition of growth and (or) morphological changes in
cells. It appears that the D-isomers of the amino acids generally have
more toxic effects than the L-isomers.

Studying the effects of certain D-amino acids, Fox, Fling, and
Bollenback (1944), Fling and Fox (1945), Kobayashi, Fling, and Fox
(1948), and Yaw and Kakavas (1952) reported inhibition of growth by some
of these compounds. Coleman (1959) was the first to report division
inhibition, as well as growth inhibition, using a D-amino acid. Using

D-glutamic acid to inhibit cell division in Rhodospirillum rubrum, he

reported that D-glutamic acid inhibited synthesis of nucleic acid,
particularly ribonucleic acid. Tuttle and Gest (1960) reported that a

variety of morphological changes occurred in Rhodospirillum rubrum due

to the addition of D-isomers of glutamic acid, isoleucine, alanine,
aspartic acid, serine, valine, histidine, lysine, leucine, or
methionine. They reported that these D-amino acids caused an increase
in the amino sugar content of the cell wall of the organism.

Grula (19609 P 575—585) reported that the D-isomers of serine,

histidine, tryptophan, phenylalanine, threonine, and methionine



inhibited both growth and division in Erwinia sp. Division inhibition
by D=-serine could be prevented by the addition of pantoyl lactone,
pantoic acid, para-amino-benzoic acid, D or L-alanine, ammonium chloride,
or by osmotically protecting the cell (Grula, 1960; Grula and Grula,
19625 1964).

Maas and Davis (1950) reported that D-serine interfered with the
synthesis of pantothenic acid by blocking the condensation of beta-

alanine and pantoic acid in Escherichia coli. Grula and Grula (1962)

reported that D-serine did not inhibit the condensation reaction but,
rather, inhibited the hydroxymethylation of alpha-ketoisovaleric to
alpha-ketopantoic acid and the further reduction of alpha-ketopantoic
to pantoic acid in Erwinia sp. They also noted that D-serine inhibited
the glﬁgg—decarbbxylation of L-aspartic acid to form beta-alanine
(Grula and Grula, 1963). These blocks in the synthesis of pantothenic
acld were responsible for the lowered levels of pantothenate and
coenzyme~A in Erwinia sp. These metabolic lesions resulted in accumula-
tion of pyruvic acid since pantothenic acid is an integral part of the
coenzyme~A molecule which functions in oxidative-decarboxylation
(pyruvic acid oxidizing complex) of pyruvic acid. Durham and Milligan
(1961; 1962), using nutritional data alone, suggested that beta-alanine

synthesis is inhibited by D-serine in a species of Flavobacterium.

Grula and Grula (1962, pp. 981-988) further observed that although
pantoyl lactone and pantoic acid were able to overcome division inhibi-
tion caused by D-serine, they could not restore completely normal
pantothenate levels in the cell even though division appeared normal.
The addition of pantoyl lactone and beta-alanine together did allow

normal and even excessive levels of pantothenate to be synthesized



(Grula and Grula, 1963); from this it was inferred. that a deficiency of
beta-alanine occurréd in’ the presence of D-sérine.

It was apparent.that the inhibition of pantothenic acid synthesis
by D-serine did not account for the inhibition of cell division in
Erwinia sp. since compounds such as alanine or ammonium chloride which
overcome inhibition of division by D-serine did not restore ability of
fhe cells to synthesize pantothenic acid. These authors have also re-
ported;that D-serine interferes with the metabolism of aspartic acid in
the ceil.‘

Eisenstadt, Grossman, and Klein (1959) reported that the D-isomer
of aspartic acid inhibited protein synthesis in Pseudomonas

saccharophilia. The conversion of inosine monophosphate (IMP) to

adenbsine monophosphate (AMP) by transamination with L-aspartic acid

was impaired when D-aspartic acid was present. This caused a decrease
in adenosine triphosphate (ATP) synthesis and a lowering of total energy
poténtial for the cell and thus slowed growth and division. These
:WCrkers claimed that protein synthesis was inhibited because of an
“energy deficit in the cell.

Murachi and Tashiro (1958) showed that D-lysine inhibited D-amino
acid oxidase by competing with the substrate for the apo-oxidase h
protein. |

Lark and Lark (1959) reported that D-methionine induced the forma-

tion of crescent-like protoplasts in Alcaligenesfaecalis. The D-

methionine effect resembled the action of penicillin in that both com-
poﬁnds caused a decrease in cell wéll maCOpeptide (Lark and Lark, 1959;
1961, Lark, Bradley and Lark, 1963). Lark (1959) demonstrated that

D-methionine would inhibit the incorporation of L-methionine into the



cell wall of Alcaligenesfaecalis but not into protein. The author pos-

tulated that two intracellular pools were present in the organism. They
were the expandable pool which was maintained by the exogenous amino
acids and the internal pool which was not directly affected by the
exogenous amino acids. They postulated that D-methionine was replacing
L-methionine in the expandable pool, but not in the internal pool This
would allow the organism to utilize the L-isomer for protein synthesis
while depending on the D-isomer of the expandable pool for cell wall
synthesis. The idea of two metabolic pools was supported by Kempner

and Cowie (1960) using Escherichia coli.

Lark and Lark (1961) further demonstrated that the incorporation
of D-methionine into the mucopeptide was chloramphenicol resistant. In
another publication, Lark, Bradley, and Lark (1963) reported that the
D-methionine incorporated into the cell wall could be released by
treating the wall with lysozyme. The D-methionine peptides behaved dif-
ferently in paper chromatographic systems than those released from
normal cells. They observed that D-methionine was neither N- nor C-
terminal in the peptide.. When the organism was grown in a medium whiéh |
contained only low concentrations of D-methionine lesions in the cell
wall mucopeptide could be observed with the electron microscope.

Neuhaus (1962) isolated an enzyme (D-alanyl-D-alanine synthetase)

from Streptococcus faecalls which would substitute D-serine for one of

the D-alanine molecules in the dipeptide present in the cell wall
mucopeptide. The compound normally formed is D-alanyl-D-alanine. When
D-serine was added to the reaction mixture, D—élanyl-D—serine was
formed. The D-alanyl-D-serine formed by the enzyme inhibited the action

of the enzyme on its normal substrate.



Grula and Grula (1964) reported that D-serine inhibited muco-..
peptide: synthesis 30 to 40 per cent in Erwinia sp. The filamentous
cells which developed were not osmotically fragile.. "It has also‘been
shown that D-serine is incorporated into the cell wall mucopeptide and
can partially replace glycine present in the cell wall in either Erwinia

sp. or Micrococcus lysodeikticus (Grula, Smith, and Grula, 1965; Whitney

and Grula, 1964). An alteration in ratio of the other mucopeptide amino
acids was not observed in either organism.

Grula and Grula (1964) have suggested.that the inhibition of cell
wall synthesis could cause secondary membrane damage to Erwinia sp.
When the cells are protected from division inhibition with pantoyl
lactone or osmotically protective agents, inhibition of mucopeptide
synthesis still occurs. Also, neither pantoyl lactone nor ammonium
chloride prevent incorporation of D-serine into the cell wall (Grula,
Smith, and Grula, 1965). Thus, neither inhibition of mucopeptide
synthesis nor incorporation of D-serine in the mucopeptide is, by it-
self, a sufficient condition for inhibition of division. Membrane
damage, occurring as a result of wall damage, is essential. When the
membrane is physically protected under hypertonic conditions, division

can occur normally.

Part B. Glucose Metabolism in Escherichia:céli

When glucose is used as sole carbon source, it is a simple matter
to account for all the carbon metabolized by the bacteria.

The main flow of carbon used for synthetic reactions is siphoned
froh compounds formed via the Embden-Meyerhof scheme or from carbon that

enters the citric acid cycle (Roberts, Cowie, Abelson, Bolton, and



Britten, 1963, pp. 418-428). These schemes are illustrated in Figure 1.
The pentose shunt is also very important and provides five carbon

sugars (ribose and deoxyribose) for synthesis of the nucleic acids.

Amino Acid Synthesis

The synthesis of histidine from glucose is illustrated in Figure 2.
The carbon backbone comes from ribose S5~phosphate formed via the
pentose shunt (White, Handler, and Smith, 1964, pp. 501-506). This com-
pound may be formed in one of two ways. Glyceraldehyde-3-phosphate from
the Embden-Meyerhof pathway may condense with sedoheptulose-7-phosphate
from the pentose shunt to form xylulose-5-phosphate and ribose-5-
phosphate, or ribose-5-phosphate may come exclusively via the pentose
shunt.

The serine family of amino acids includes serine, glycine, and
cysteine (Roberts et al., 1963, pp. 280-286). Serine may be formed by
one of two pathways. The first and most direct method is the reduction
and dephosphorylation of dihydroxyacetone phosphate from the Embden-
Meyerhof pathway to form hydroxypyruvic acid, and transamination of
this compound to form serine (Sallach,. 1956). The second method in-
volves the oxidation of 3-phosphoglyceric acid to 3-phosphohydroxy-
pyruvic acid and subsequent transamination to form 3-phosphoserine -
(Ichihara and Greenberg, 1957). The 3-phosphoserine may then be used
for phosphatide synthesis, or dephosphorylated to form serine (White,
Handler, and Smith, 1964, pp. 488-489). Glycine may be formed from L-
serine by a loss of the beta-carbon of serine. This reaction appears
to be reversible, requiring tetrahydrofolic acid as a Cl accepter. L=

Cysteine is formed from L-serine essentially by the substitution of a



ribose and deoxyribose

gluiose
glucqse-6-phosphate:::::::;;—»pentose shunt
fructosef6£phosphate
fructose-l,6Tdiphosphate erythrose-4=-phosphate
dihydroi%acetdne glyceraldehydg—B-phosphate
phosphate
1,3-diphosphoglyceric acid
serine Tamily 3-phosphoglyceric acid

~'of amino acids
2=phosphog%iceric acid

phosphoenol pyruvate————lsaromatic amino
acid family
pyruvic acid —>pyruvate family

cof amino acids

aspartic acid acetylaélenzyme-A————————*lipid metabolism
family of aminz\\\\\\ i eteo
aCidS///////,/)’°Xaloacetic acid citric acid
@im acid

malic”acid

fumaric acid Co S isocitric acid

6\‘\\\\\\“-succinic acide alpha-ketoglutaric acid—>glutamic acid
family of amino
acids

Figure 1. Embden-Meyerhof Pathway and Citric Acid Cycle for Glucose Metabolism



pentose shunt
ribose=5-phosphate
S=phosphoribosyl=-1l-pyrophosphate

Nl-(5“~phosphoribesyl) adenosine
triphosphate

glutamine
imidazoleglyéerol phosphate
imidazole acetol phosphate
histidinol phosphate
histidinol
histidine

Figure 2. Synthesis of Histidine

10
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sulfhydryl group for the hydroxyl group on the beta-carbon of L-serine.
These pathways are illustrated in Figure 3.

The aromatic amino acids, tyrosine, tryptophan, and phenylalanine
are formed from two intermediates of glucose metabolism (White,
Handler, and Smith, 1964, pp. 522-52%). Erythrose-L-phosphate, from
the pentose shunt and phosphoenolpyruvate, from the Embden-Meyerhof
pathway, condense to form the first intermediate leading to synthesis
of aromatic amino acids. These pathways are illustrated in Figure k.

The precursor molecule for alanine, valine, and leucine synthesis
is pyruvic acid (Roberts et al., 1963, pp. 275-280). The synthesis of
L-alanine involves the transamination of pyruvic acid or its direct
amination. Valine and leucine are formed after the initial condensation
of two pyruvate molecules with elimination of carbon dicxide to form the
longer chained carbon backbone. These pathways are illustrated in
Figure 5.

There are two families of amino acids which originate from the
citric acid cycle. These include the glutamic and aspartic acid family
of amino acids.

The glutamic family of amino acids are formed from alpha-
ketoglutarate,a normal constituent of the citric acid cycle (White,
Handler, and Smith, 1964, pp. 495-499). L-Glutamic acid may be formed
either by the direct amination of alpha~ketoglutarate or by transamina-
tion with aspartic acid or alanine. The direct amination of alpha-
ketoglutarate represents one of the most important ammonia utilizing
reactions in the cell. Arginine and proline are formed essentially
from the carbon backbone of glutamic acid (Roberts et al., 1963, pp-

249.259). These pathways are illustrated in Figure 6.



3~phosphoglyceric acide sglyceric acid
3-phosphohydroxypyruvic hydroxypyruvic
acid acid
3~-phosphoserine > L=serine

Figure 3.

N

clycine

L-cystathioninee homocysteine

L~cysteine
+

homoserine

Synthesis of the Serine Family of Amino Acids

12
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erythrose-%-phosphate phosphoenolpyruvate

3=deoxy-2=keto=D-arabino
heptulosonic acid-7-phosphate

5-dehydroquinoic acid

S5=dehydroshikimic acid

shikimic acid

S=phosphoshikimic acid

phosphoenolpyruvate

prephenic acid
phenylpyrhvic acid

L-glutamic acid

-

N \alghamketdglutarate

L-phenyialanine

L-tyrbsine

Figure k4. Synthesis of L-tyrosine and L-phenylalanine



pyruvate

pyruvate

1h

N\

002

| L-glutamic acid

NH
5\\\\ \—salpha-ketoglutarate

\L

L—ala;:.'ine

alpha-ketoisovaleric
acid

L-glutami
acid

alpha-ketoglutaratee«j.

v,
L-valine

L-glutamic acid

alpha-ketoglutaratee.

sacetolactic acid

. A 4
ihydroxyisovaleric acid

v
hydroxy-beta-carboxy
isocaproic acid

W
alpha-kétoisocaproic
acid

TN

4
L-leucine

Figure 5. Synthesis of the Pyruvic Family of Amino Acids
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alghapketoglutﬁrate
[
rﬁ R—C -COOH
R S 0
il
ko> R~ C= COOH

L-glutamic acid

’ glufamicegamma-Semialdéhyde

delta~-pyrroline-5-carboxylic acid

L-proline

N-acetylglutamic acid

N-acetylglutamicwgamma=
semialdehyde

N-acetylornithine

L-ornithine

carbamyl
phosphate

L-aspartic aci L-citrulline

fumarate
L-apginine

Figure 6. The Synthesis of the Glutamic Acid Family of Amino Acids
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The aspartic acid family of amino acids originates from either
oxaloacetic acid or fumaric acid (White, Handler, and Smith, 1964,
Pp. 497-503). L-Aspartic acid may be formed from oxaloacetic acid by
transamination, usually with glutamic acid. This is the most direct
route for synthesis and is the predominant pathway. The other pathway
involves the direct amination of fumaric acid. Other members of the
aspartic acid family, including lysine, methionine, threonine, iso-
leucine, and diaminopimelic acid, are formed from the carbon backbone
of aspartic acid (Roberts et al., 1963, pp. 259-268). These pathways

are illustrated in Figure 7.

Lipid Material

‘Most of the cellular 1lipid of bacteria may be found in the cell
membrane and consists primarily of phospholipids (O'Leary, 1962). The
lipids generally contain low amounts of carbohydrate, and are high in
inositol and glycerol containing lipids, while ethanolamine, choline,
and serine are the most common nitrogen-containing phospholipids.

The major synthesis of the fatty acids for 1lipid material origi-
nates from acetyl coenzyme-A (White, Handler, and Smith, 1964, pp. 452-
480). One acetyl coenzyme-A molecule and a carbon dioxide molecule
condense to form malonyl-coenzyme-A. The malonyl-coenzyme-A molecule
is then condensed with an acetyl-coenzyme-A molecule in the presence of
reduced pyridine dinucleotide and adenosine triphosphate to form acyl-
coenzyme-A with the release of carbon dioxide. The molecule then con-
denses with more acetyl-coenzyme-A molecules to form the fatty acids.
This scheme is illustrated in Figure 8.

The glycerol backbone for phosphatide synthesis is formed from
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oxaloacetic acid fumaric acid

NH3

/
R-CH=COOH
NH
L
R-C-COCH €

Le-aspartic acid
.
beta-aspartyl phosphate

4
aspartic semialdehyde

pyruvate homosérine > homocysteine
L,L—diam%nopimelic L-threonine L-methionine
acid

alpha-ketobutyric acid
meso-diaminopimelic

acid 1
alpha-keto-beta methyl-
valeri¢ acid
L-lysine

\' 4
L-isoleucine

Figure 7. The Synthesis of the Aspartic Acid Family of Amino Acids
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pyruvic acid

///fcoenzyme-A
v
acetyl-coenzyme-A

ATE—\\\\\\V/,fﬂzo

biotin

PO / ~~sco
ADg(/ \‘2}12

v
malonyl-coenzyme-A

0o, ]

n(NADPH)————| — 1"

é/”,,//r———n(acetyl-coenzyme»A)
n(COQ)

coenzyme-A

n(NADP)e— 0

fatty\;cids

Figure 8. The Synthesis of Cellular Fatty
Aclds
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L-alpha-glycerol-phosphate (White, Handler, and Smith, 1964, pp. 452~
480). This compound is condensed with two molecules of fatty acid to
form L-alpha-phosphatidic acid. This compound then reacts with
cytidine triphosphate to form cytidine diphosphate diglyceride. This
compound can then react with L-serine to form phosphatidyl serine or
glycerol to yield phosphatides. Phosphatidyl serine may be decarboxyl-
ated to form phosphatidyl ethanolamine which in turn can add three
methyl groups to yield phosphatidyl choline. These reactions are il-

lustrated in Figure 9.

Nucleic Acid Synthesis

The three components of nucleic acid are a pentose (ribose or
deoxyribose) purine or pyrimidine bases and phosphate (Roberts et al.,
1964, pp. 282-317). The pentose shunt provides the sugar component for
all nucleic acid synthesis. Ribose may be used for ribonucleic acid
synthesis or transformed to deoxyribose for deoxyribonucleic acid
synthesis.

The purines and pyrimidines derive their carbon primarily from
glycine and L-aspartic acid respectively (Roberts et al., 1963, pp.
287-207). Formate and carbon dioxide also contribute to the carbon of
the purines and pyrimidines. The general schemes for the synthesis of
the nucleic acid bases are presented in Figure 10.

Kornberg (1966), studying various mutants of Escherichia coli, has

reported that the presence or absence of various enzyme systems in the
organism can be deduced from the growth responses obtained in different
defined media. The author's findings are presented in Table I. One can

determine whether an organism is deficient in a particular enzyme system
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TABLE I

ESCHERICHIA COLI AND CULTURAL CHARACTERISTICS AND RELATIONSHIP
OF MUTANTS TO METABOLIC BLOCKS IN METABOLISM

Enzymic dysfunction

Special growth characteristics

None
Lacks citrate synthase

Lacks first enzyme of pyruvic
dehydrogenase complex

Lacks isocitrate lyase

Lacks phosphoenol pyruvate
carboxylase

Lacks phosphoenolpyruvate
synthase

Lacks phosphoenolpyruvate
synthase and phosphoenolpyruvate
carboxylase

Lacks phosphoenolpyruvate
synthase and first enzyme of
pyruvic-dehydrogenase complex

Lacks phosphoenol pyruvate
synthase and is constitutive for
isocitrate lyase

None
Requires glutamate

Requires acetate

Does not grow on acetate

Does not grow on glucose unless
medium is supplemented with tri-
carboxylic acid cycle intermedi-
ates; grows on acetate

Does not grow on pyruvate, grows
on glucose or acetate

Does not grow on pyruvate or glu-
cose unless media supplemented
with tricarboxylic acid cyle
intermediates; grows on acetate

Requires acetate

Grows on pyruvate
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by nutritional analysis. A combination of nutritional and isotope
tracer data aids in determining the biochemical basis for an organism's

ability or inability to utilize a particular carbon source.
Pantoyl Lactone

Several reports have been made of pantoyl lactone as a reverser of
cell division inhibition but very little is known of its mode of action
(Grula and Grula, 1962, pp. 981-988); Adler and Hardigree, 1964; 1965,
pp. 223-226; 1965, pp. 92-102). Grula and Grula (1962, pp. 981-988)
have reported that the addition of pantoyl lactone or pantoic acid does
not restore normal pantothenate levels in the presence of D-serine. It
will, however, allow growth and division of the cell.

Whitney and Grula (1964) reported that D-serine was incorporated

and partially replaced glycine in the mucopeptide of M. lysodeikticus

Grula, Smith, and Grula (1965) reported also that D-serine would enter
and partially replace the glycine in the mucopeptide of Erwinia sp.
They found when pantoyl lactone was added to reverse division inhibition
in Erwinia sp. no significant decrease in D-serine incorporation into
the mucopeptide was noted. This would indicate that revefsal qf incor-
poration of the D-amino acid into the wall is not the mechanism of
reversal of cell division inhibition by pantoyl lactone. Majerus,
Alberts, and Vagelos (1965) reported treatment of the acyl carrier
protein with pronase released pantoyl lactone. When the acyl carrier
protein is treated with 3N NaOH,a phosphorylated compound is released.
If this compound is treated with pronase, it releases pantoyl lactone.

They identified the compound as 4'-phosphopantothenic acid. This is



the prosthetic group of the acyl carrier protein and represents a new

function for pantoyl lactone.

ol



CHAPTER IIT
MATERTALS AND METHODS
Test Organism

The organism used throughout this study was a stock culture of a
species of Erwinia. The biochemical and morphological characteristics

most nearly resemble those described for Erwinia carotovora in the 7th

edition of Bergey's Manual of Determinative Bacteriology (Grula, 1960).

The organism is gram-negative, motile, and rod-shaped. Optimum temper-
ature for growth is approximately 25 C and acid but no gas is produced
from glucose, lactose, and maltose.

Stock cultures were maintained on nutrient agar containing 0;5 ?er
cent sodium chloride with and without 1.0 per cent glucose-. Transféfé
were made daily alternating media with and without glucose. To insure
purity, the culture was periodically streaked on Petri plates containing

nutrient agar.
Media

The basal medium used in this study contained the following per
100 ml: DL-aspartic acid (300 mg), D-glucose (300 mg), KH,PO, (136 mg),
K HPO, (174 mg) and MgSO, (30 mg). The following were added as trace
mineral salts: H,BO, (0.5 ug), caco3 (10.0 pg), Cu$0,, « 5H,0 (1.0 pg),

3 3
FeSO, (NH,), S0, 6H,0 (50 ug), KI (1.0 pg), MnS0, : H)O (2.0 pg), MoO3

25
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(1.0 pg), and ZnS0, * 7H,0 (5.0 pg). When desired, D-serine (to

0.026 M), pantoyl lactone (to 0.0115 M), and glutamic acid (to 0.0284M)
were added. All solutions were adjusted to pH 6.8 to 7.0 prior to
addition to the medium. Glucose, D-serine, and pantoyl lactone were
sterilized by filtration. Phosphates, aspartic acid, magnesium sulfate,
and mineral salts were sterilized by autoclaving for 10 minutes at 240

F.
Growth of Cells

Nutrient agar slants containing 0.5 per cent sodium chloride were
inoculated from stock cultures and incubated 24 hours at 25 C. The
cells were suspended in steri}e 0.85 per cent saline and washed two
times with saline by centrifugation. Cells from one nutrient agar slant
were then resuspended in saline to an optical density equivalent to 0.03
at 540my in 12 mm by 75 mm tubes (Coleman Junior Spectrophotometer).
One drop of this suspension was used to inoculate 5.0 ml of medium.
Twenty-five ml volumes of medium were incubated at 25 C on a Dubnoff
metabolic shaking incubator in 50 ml Erlenmeyer flasks. Volumes of 5.0
ml were incubated in 20 mm by 150 mm test tubes at 25 C on a rotary
shaker at 120 revolutions per minute. Volumes of 100 ml were incubated
at 25 C in 250 ml Erlenmeyer flasks on the rotary shaker. Cells were

generally harvested by centrifugation after 14 hours incubation.
Procedures for Cell Fractionation

After growth in a particular medium, cells were harvested and
washed two times with 0.85 per cent sodium chloride. The cells were

then fractionated by one of two methods. The first method is as
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follows: The cells were suspended in water and heated at 100 C for
twenty minutes to remove the soluble portion of the cellular material.
The extract was centrifuged and the residue was resuspended in 95 per
cent ethanol to remove the lipid material. The residue was then washed
and hydrolyzed. This technique was used when cellular protein was of
greatest interest.

The extraction procedure of Roberts, Cowie, Abelson, Bolton, and
Britten (1963, pp. 13-30) were used if more exact data relating to the
different fractions of the cell was desired. The cell pools were ex-
tracted from the cells with 5 per cent trichloroacetic acid at 4 C for
30 minutes. After centrifugation any residual trichloroacetic acid was
wiped from the walls of the tube and the lipid was extracted from the
cell with 75 per cent ethanol at 40 C for 30 minutes. Any residual
lipid material was then removed from the pellet by extracting with a
mixture of 75 per cent ethanol and ether 1:1 at 40 C for 15 minutes.
After centrifugation, the nucleic acid was removed from the residue by
boiling at 100 C in 5 per cent trichloroacetic acid for 30 minutes.

The residue was then washed five times with distilled water and the

protein mucopeptide residue was hydrolyzed.

Determinations of Dry Weight

The relationship between dry weight and absorbancy at 540 mi on a
Coleman Junior Spectrophotometer was determined for cells grown in an
aspartic acid medium. Cells which had grown for 14 hours were washed
three times with 0.85 per cent saline. Serial dilutions of the cell
suspension were made and the absorbancy of each sample was measured.

Aliquots were pipetted into preweighed aluminum dishes and dried to a
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constant weight at 100 C in a dry air oven. Results were plotted as jug

dry weight of cells versus absorbancy at 540 mu.
Techniques for Isotope Labeling

Cells were grown in 25 ml of medium with the desired additions for
14 hours. At that time, the desired labeled compound was added such °
that the final amount was 0.05 PC per ml of medium. Incubation was con-
tinued for various time intervals from 5 minutes to 1.5 hours. The
radioactive compound was always diluted with non-labeled carrier in the
medium to insure correct concentrations during growth. Immediately
before harvest, the absorbancy of the cells was measured at 540 my using
a Coleman Junior Spectrophotometer. The cells were harvested and frac-
tionated and the radioactivity of the fractions determined. Results are

expressed as counts per minute per mg dry weight of cells.

Procedures for Determination of Uptake of

Labeled Compounds

Cells were grown in the desired medium at 25 C, harvested, and
placed in fresh medium for two hours incubation. The various additions
were made and allowed to equilibrate for 5 minutes. The labeled com-
pound was added and 0.3 ml samples of the culture were collected by
filtration at various time intervals beginning with 30 seconds. Im-
mediately after the cells were collected on the membrane filter, they
were washed three times with a mineral salts solutibn (1 m1 amounts) at
the concentration used in the basal medium. The filter pads were dried
at 100 C in a warm air oven. One-half ml of 1,4-dioxane was added to

the dried sample to be analyzed and the material was allowed to
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dissolve. After the sample had dissolved 9.5 ml of the counting fluid,
prepared by adding 4.0 g diphenyl-oxazole and 50 mg of 1,4-bis-2
(phenyloxoyl) benzene to 1 liter of 1,4-di-oxane,was added. The samples
were counted in a Nuclear of Chicago Scintillation counter. Results are

expressed as counts per minute per mg dry weight of cells.
Acid Hydrolysis of Protein Material

Amino acid hydrolysis was performed by placing 0.3 to 2.0 ml of a
protein sample in an & mm by 100 mm test tube. An equal volume of 12N
hydrochloric acid was added and the tube sealed in vacuo. Hydrolysis

was allowed to proceed for 18 hours at 100 C.
Preparation of Hydrazone

One ml of the material to be analyzed was mixed with 0.2 ml of
2/3 N H2SOM, 2.0 ml of 4 per cent tungstic acid, and 3.0 ml of 0.2
per cent 2,4-dinitrophenylhydrazine in 2N HCL (Strassman, Shatton, and
Weinhouse, 1960). The reaction was allowed to ?roceed for 20 minutes
without shaking. The reaction mixture was then extracted with ether
until the lower layer was colorless. The ether extract was dried under
a stream of warm air. The dried residue was redissolved in a mixture
of chloroform and 1N NHMOH (%3:1). The NH,OH layer was removed and the
pH lowered to 1.0 with 6N H2804° This layer was then extracted with
ether and the ether fraction dried under a stream of warm air. The
residue was then ready to be spotted for chromatography or to be re-
duced with hydrogen to form the corresponding amino acids. The amino

acid is formed by the reduction of the hydrazone with hydrogen, in an
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acetic acid solution with platinum black as the catalyst (Kun and

Hernandez, 1956).
Chromatography and Detection of Amino Acids

Paper chromatograms for aminoc acid analysis were developed in the
two-dimensional systems of Redfield (1953) and Roberts, Cowie, Abelson,
Bolton and Britten (1963, p. 40). Thin layer chromatograms were devel-
oped in the two-dimensional system of Heathcote and Jones (1965).
Whatman No. 1 filter paper was used for the papergrams and MN-300
cellulose was used for the thin layer plates. Samples of 10 to 200 ul
were spotted under a stream of warm air. Amino acids were detected by
spraylng with a solution of 0.5 per cent ninhydrin in 95 per cent
acetone containing 5 per cent water (v/v). After spraying, the chroma-
tograms were heated at 100 C for 3 minutes. Amino acids appeéred as

blue, yellow, or reddish-brown spots on a white background.
Quantitation of Amino Acid

Amino acids were quantitated according to the procedure of Giri,
Radhakrishan, and Vaidyanathan (1952). Protein samples were hydrolyzed
%gd chromatographed on thin layer chromatograms as described previously.
' The chromatograms were sprayed with 0.5 per cent ninhydrin in 95 per
cent ethanol and heated at 65 C for 30 minutes. The ninhydrin-positive
spots were scraped off and placed in a test tube. Four ml of 75 per
cent ethanol containing 0.05 mg of copper sulfate per ml were added.
The tubes were allowed to stand approximately 5 minutes with frequent

shaking. The supernatant fluid was decanted and absorbancy measured at
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540 mu. The concentrations of amino acids were then read from a stand-

ard curve plotted for each amino acid.
Chromatography and Detection of Hydrazones

The dried hydrazone material was taken up in 0.5N NHQOH and
spotted on 8 by 8 inch sheets of Whatman No. 1 filter paper. The
sheets were then developed in either l-butanol; 0.5N NHQOH; ethanol
(70:30:10); or l-butanol saturated with water (Bassett and Harper,
1958). The hydrazones appear as yellow spots on a white background.
When observed under ultraviolet light, the hydrazones appear dark on a
light background. If the paper is sprayed with 3N NaOH, hydrazones

will turn a chocolate brown.
Radiocautography

Radioautography was performed by placing paper chromatograms or
thin layer chromatograms next to Blue Brand medical x-ray film and
allowing them to stand 1 to 4 weeks at 25 C. Previous work in this
laboratory has shown that this method allows detection of 100 counts

per minute of a Clq—labeled compound in 16 days.
Conversion of Pantoyl Lactone to Pantoic Acid

Since pantoyl lactone but not pantoic acid is available commer-
cially, it was necessary to‘hydrolyze pantoyl lactone in order to
obtain pantoic acid. This was done by heating 2.0 g of pantoyl lactone
in EQ_m; distilled water containing 0.56 g of NaOH at 100 C for 10

minutes (Grula and Grula, 1962, pp. 981-988). The solution was pH 6.8
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to 7.2 after cooling with no adjusting. The solution was maintained at

pH 7.2 to prevent reconversion to the lactone form.
Procedure for Counting Planchets

Samples to be analyzed were plated at infinite thinness and counted
using a Picker automatic gas-flow planchet counter operated windowless.
A counting efficiency of approximately 40 per cent was obtained with
this unit. Samples were plated on plain stainless steel planchets. All

planchets were discarded after one use.



CHAPTER IV
RESULTS AND DISCUSSION
Glucose Utilization in Erwinia Species

Grula (1960) reported that growth will not occur when Erwinia sp.
is cultured in a glucose-ammonium salts (GA) medium. Two possibilities
may be considéred to explain inability of the organism to grow under
these conditions: (1) Glucose may be unable to enter the cell or (2)

a block exists in the metabolism of glucose. The first possibility has
been eliminated since Dr. Mary Grula, using a Warburg apparatus, has
shown that cells of Erwinia sp. immediately oxidize glucose (unpublished
data). It, therefore, appeared that the organism possesses a block at
some point in the metabolism of the glucose molecule.

The organism was grown in GA medium for sixteen hours with D-
glucose-UL-C14 added as a tracer. At the end of this time, a slight in-
crease in turbidity may occur, depending on inoculum size, but the cells
do not exhibit observable lysis. The cells were harvested and extracted
to obtain the protein-mucopeptide fraction, as described previously.
After hydrolysis and chromatography, amino acids were analyzed by radio-
autography. Using this approach, it was observed that good labeling
occurs in the serine, histidine, and aromatic amino acid families; a
very light labeling pattern is present in the pyruvate family. No car-

bon from glucose could be located in the aspartic or glutamic acid

33
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families of amino acids. These data are presented in Table II.

These data further confirm that Erwinia sp. can take glucose into
the cell and in addition demonstrate that the Embden-Meyerhof pathway is
operating at least to the phosphoenolpyruvate (PEP) stage since glucoée
carbon is present in the serine and aromatic families in appreciable
amounts. The pentose shunt must also be operating since histidine,
which requires prior synthesis of ribose-5-phosphate, is synthesized.
Since the pyruvate family is poorly labeled and since no glucose carbon
enters the aspartic or glutamic acid families, two blocks involving
glucose utilization appear possible. (1) This organism has difficulty
in synthesizing pyruvic acid from PEP or, (2) if pyruvate is formed,
entry of carbon into the citric acid cycle is completely blocked. Poor
labeling into the pyruvate family indicates that pyruvic acid synthesis

is probably the key reaction that is affected.
Stimulation of Growth by Pantoyl Lactone

Because lysis of the cells could occur in the GA medium and in
that way limit any possible increase in cell mass, pantoyl lactone was
added to the medium in the presence and absence of glucose to protect
the cell membrane. Pantoyl lactone will allow growth, but only when
glucose is present in the medium (Figure 11).

To determine whether pantoyl lactone was entering the carbon pool
of the cell, or instead, allowing the utilization of glucose, cells were
grown in the GA medium with glucose-wUmel4 in the presence of pantoyl
lactone. Data presented in Table III revesal that pantoyl lactone is
allowing complete utilization of glucose carbon since label from glucose

now appears in all families of amino acids. These data do not rule out
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TABLE IIT

IN THE GA MEDIUM
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L

Amino acid*

Estimated Amount of Label

histidine

serine
glycine

tyrosine

phenylalanine

alanine
valine
leucine

aspartic
lysine

acid

methionine
threonine
isoleucine
diaminopimelic acid

glutamic
arginine
proline

acid

++

4t
bt

+++
+4+

+

*Tryptophan and cysteine were not detected since hydrolysis

++
et
bt

no label

just detectable

light label
moderate label
heavy label

using these conditions destroys the amino acids.
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Figure 11.

Stimulation of Growth by Pantoyl
Lactone in the GA Medium
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TABLE III

14

37

IN THE GA MEDIUM

WITH ADDED PANTOYL LACTONE

Amino acid*

Estimated Amount of Label

histidine

serine
glycine

tyrosine

phenylalanine

alanine
valine
leucine

aspartic
lysine

acid

methionine
threonine
isoleucine
diaminopimelic acid

glutamic
arginine
proline

acid

o+

+++
+4+4+

+4+4
4+

e+
4+
4+

++
++

+ + 4+ +

++
++

*Tryptophan and cysteine were not detected since hydrolysis

++
+++
+H++

no lezbel

just detectable

light label
moderate label
heavy label

under these conditions destroys the amino acids.
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the possibility that carbon from pantoyl lactone is directly contrib-
uting to growth,'howeveri it was knowh at this time (Dr. Mary Grula,
unpublished data) that addition of pantothenic acid in catalytic amounts
to the GA medium also allowed growth to occur. Therefore, it appeared
that the organism would not grow in the GA medium because the cells
could not synthesize the pyruvic acid needed for synthesis of pantothenic
acid and ultimately, coenzyme-A.

Because of the leads developed to this point, intermediates in the
biosynthetic pathway of pantothenic acid were tested to determine
whether they could stimulate growth in a manner similar to pantoyl
lactone (Table IV). In all cases, growth was not obtained when glucose
was omitted from the medium. Since valine, pantoic acid, and
pantothenate all stimulate growth to some extent, it appears that
pantoyl lactone allows growth by permitting synthesis of pantothenic
acid which, in turn, makes possible the synthesis of coenzyme-A. In-
ability of the organism to synthesize needed pantothenic acid is not due
to a lesion in synthesis of the beta-alanine portion of the molecule
since addition of this compound does not allow growth to the extent
obtainable when the pantoic acid portion of the molecule is added. Lack
of growth response to alpha-ketoisovaleric acid is probably due to lack
of entry into the cell by this compound since its amination product
(valine) permits good growth. Thus, it appears that synthesis of
coenzyme-A, once accomplished, could cause any small amount of pyruvate
formed to enter the citric acid cycle and allow growth of the organism
in a GA medium, although at a slow rate as shown in Figure 11. Data to

be considered later will deal with the aspect of slow growth rate.
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TABLE IV

STIMULATION OF GROWTH BY PRECURSORS OF PANTOTHENIC ACID
AND PANTOTHENIC ACID IN A GLUCOSE-AMMONIUM SALTS

MEDIUM

Compounds added for Optical density at

growth stimulation 540 mp at 24 hours
pantoyl lactone* .18
pantoyl lactone* + beta-alanine* .18
pantoic acid* .125
beta~alanine* .Q7
pantéic acid* + beta-alanine* .17
L-valine** .195
alpha-ketoisovaleric acid** 0,00
pantothenic acid*** 029
glucose only 0.01

Concentration

*0.016 M in the medium
**0,017 M in the medium
**¥*¥0,0001 M in the medium

Readings taken on the Coleman Jr. Spectrophotometer
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Identification of a Glucose Metabolic Product

The writer found that a keto-acid of some type was accumulating
from cellular metabolism in the GA medium since the compound reacted
with 2,4-dinitrophenylhydrazine yielding a hydrazone derivative. This
derivative was identified as pyruvic acid hydrazone on the basis of its
chromatographic mobility and reductive amination to alanine. However,
if lack of pyruvate kinase is the biochemical lesion existing in this
organism the product accumulating should be PEP rather than pyruvic
acid. The point now to be established was whether or not PEP could
undergo destruction during hydrazone preparation and, thus, be identi-
fied as pyruvic acid. A carbonyl group for reaction with 2, 4-
dinitrophenylhydrazine does not exist in PEP; however, the phosphate
group is very reactive and should be labile to the acid conditions
required for hydrazone formation.

When hydrazones were prepared from PEP, pyruvate, and the compound
present in the expended growth medium, all three hydrazones behaved
similarly in this paper's chromatographic system (Table V). When the
three compounds were reduced with hydrogen in the presence of platinum
black to form the corresponding amino acid, all three of the hydrazone
derivatives formed alanine. This indicates that the organism could be

piling up PEP instead of pyruvic acid.
Stimulation of Growth by Pyruvic Acid

Since all data presented t6 this point indicated that the organism
had difficulty synthesizing pyruvic acid, it was nutritionally tested.

Data are given in Figure 12. Pyruvic acid will allow growth either in
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TABLE V

INFORMATION ON HYDRAZONE FORMING COMPOUNDS

Compound Rf value* Amino acid formed**
phosphoenolpyruvate hydrazone Lz alanine
pyruvic acid hydrazone 43 alanine
medium hydrazone bl alanine

*Solvent system: Il-butanol, O.5M NquH, ethenol (70:20:10).

**Solvent system: Redfield's two dimensional system described
previously.
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the presence or absence of glucose; however, a relatively long lag peri-
od is noted and total amount of growth is limited. These data indicate

that Erwinia sp. probably cannot synthesize pyruvic acid from glucose or
PEP; however, it can carry out the reverse reaction making glucose or

PEP from pyruvate.

Stimulation of Growth by Intermediates of

the Citric Acid Cycle

Grula (1960, pp. 375-385) reported that organic nitrogen, prefer-
ably aspartic acid, was required for growth of Erwinia sp. in the GA
medium. Our results using either pyruvic acid, pantoyl lactone, or
pantothenic acid indicate that the problem is not one inveolving nitro-
gen; rather, it involves inability of Erwinia sp. to synthesize needed
carbon intermediates (pyruvic acid) from glucose. Even though pyruvate,
pantoyl lactone, or pantothenic acid allowed growth (pyruvate in the
absence of glucose), we were still not satisfied because of the lengthy
lag period and decreased growth yields obtained at the end of 36 hour
incubation periods (with aspartic acid present, growth is rapid and
quite abundant after 15 hours incubation). The lengthy lag period and
final low growth yields indicated that, even though pyruvate was sup-
plied as a growth substrate, the organism might also have difficulty
in carbon dioxide fixation reactions emanating from pyruvate or PEP
necessary to replenish citric acid cycle intermediates normally drained
off for biosynthetic reactions. Therefore, the writer tested for abil-
ity of Erwinia sp. to grow in the presence of various intermediates of
the citric acid cycle. These data are presented in Table VI. Erwinia

sp. grows rapidly and abundantly in the presence of citric, isocitric,



TABLE VI

STIMULATION OF GROWTH BY VARIOUS CITRIC ACID CYCLE INTERMEDIATES
IN THE GA MEDIUM

Optical density at 540 mp**

16 hours 24 hours 236 hours
Intermediate added* + glucose - glucose + glucose - glucose + glucose - glucose
pyruvic acid 0.20 0.30 0.40 0.45 0.50 0455
acetate 0.00 0.00 0.00 0.00 0.00 0.00 -
~citric acid 0.82 0.50 1.00 0.90 .1.20 1.10
isocitric acid 0.86 0.00 1.10 0.00 1.20 0.00
alpha-ketoglutarate 0.00 0.00 0.00 0.00 0.01 0.00
succinic acid 0.00 0.00 0.00 0.00 0.00 0.00
fumaric acid 0.015 0.00 0.05 0.01 0,07 0.01
malic acid 1.30 0.95 1.50 1.20 1.60 1.50
Loxaloacetic acid 0.07 0,07 0.32 0.25 0.75 0.60
“ glyoxalate 0.00 0.00 0.00 0.00 0.00 0.00
aspartic acid 1.10 0.85 1.40 1.10 1.50 1.4o
control 0.00 0.00 0.00 0.00 0.00 0.00

*Intermediates added to a concentration of 0.0225 M in the medium.

**Optical density on Spectronic 20.

i
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or malic acid. Growth obtained using malic acid as the carbon source is
faster and more abundant than that obtained when aspartic acid is the
carbon source (either in the presence or absence of glucose). Growth in
the presence of oxaloacetic acid (OAA) is poor compared to malic acid,
but slightly better than that obtained when pyruvate is present. This
is attributed to the lability of OAA and its probable conversion
(spontaneous decarboxylation) to pyruvic acid in the growth medium.
Lack of, or poor growth in the presence of alpha-ketoglutarate, suc-
cinate, or fumarate can be attributed to poor penetration by these com-
pounds into the cell (Dr. Mary Grula has obtained data using the
Warburg apparatus which indicates poor or nonexistent oxidation of these
compounds by whole cell suspensions).

The excellent growth obtained in the presence of malic acid appears
to confirm the belief that the organism has difficulty in forming this
compound (or OAA) from pyruvate or PEP via carbon dioxide fixation.

Reactions involving carbon dioxide fixation are as follows:

Mg++

(1) PEP + C02 PEP carboxylase

> 0AA

Mg++, ATP, H20, biotin

(2) pyruvate + CO? pyruvic carboxylase A
NADPH 3,
(3) pyruvate + C02 NADP-malic dehydrogenase s

To obtain conclusive data relative to the ability of Erwinia sp.
to fix carbon dioxide into malate or OAA, cells were cultured in the GA
medium in the presence of ClLPO2 (NaHClhOB). Analysis was based on total

incorporation compared to Escherichia coli grown under the same condi-

tions and on the appearance of radiocactivity in aspartic or other amino

acids. Pantoyl lactone was added to duplicate flasks to determine if it
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might aid carbon dioxide fixation. Data are presented in Table VII.
Erwinia fixes carbon dioxide 49 per cent as well as E. coli. These data
indicate that although Erwinia sp. can fix carbon dioxide, the system is
only one-half as efficient as in E. coli. The addition of pantoyl
lactone did not greatly aid carbon dioxide fixation in either organism,
although some stimulation was evident.

Although fixation of carbon dioxide into Erwinia sp. is only one-
half as efficient as fixation that occurred using E. coli, it should be
remembered that Erwinia sp. has difficulty in forming pyruvic acid when
cultured in the GA medium. Because of this metabolic lesion, most car-
bon dioxide would have to be fixed into PEP rather than into the small
amount of pyruvic acid that is synthesized. Fixation into either prod-
uct should result in synthesis of OAA or malic acid which should replen-
ish the citric acid cycle and allow growth of the organism to at least
one~half the amount obtainable using E. coli. This does not occur.
Therefore, our data were umsatisfactory and actually in conflict with
all theory develoyed to this point.

Fixation of carbon dioxide in the GA medium by E. coli results in
heavy and equal labeling into all amino acids of the aspartic and glu-
tamic acid families (Roberts et'al., 1963, pp. 95-112). When radio=~
autograms of the protein-mucopeptide amino acids labeled in the carbon
dioxide fixation experiment were observed, it was very clear that
Erwinia sp. fixed the great bulk of 01402 into carbamyl phosphate,
since arginine was by far the most heavily labeled compound (Table VIII).
Although the aspartic and glutamic acid fawmilies of amino acids were
labeled, the amount of labeling was low. Since it was known that PEP

is formed (heavy labeling from glucose into the aromatic amino acids),



TABLE VII

CARBON DIOCXIDE UPTAKE IN CELLS OF ERWINIA SP.
AND ESCHERICHIA COLI

Organism Specific Activity*
Erwinia sp. , 2490
Escherichia coli 5130
Erwinia sp. plus pantoyl lactone 2950

Escherichia coli plus pantoyl @ :
lactone 6150

*Counts per minute per mg cells dry weight.




TABLE VIII

48

LABELING PATTERNS FOR CARBON DIOXIDE FIXATION IN ERWINIA SP.
IN THE PRESENCE AND ABSENCE OF PANTCYL LACTONE

Amino acid*

Estimated Amount of Label

no pantoyl lactone

plus pantoyl lactone

histidine

serine
glycine

phienylalanine
tyrosine

alanine
valine
leucine

glutamic acid
proline
arginine

aspartic acid
methionine
threonine
isoleucine
lysine

diaminopimelic acid

++
++
4+

++
o+
4
++
++

++
++
++++

A

++

++
++

*Tryptophan and cysteine were not detected since hydrolysis
under these conditions destroys the amino acids.

- no label
+ Jjust detectable
++ light label
+++ moderate label
++++ Theavy label
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these datg indicated that Erwinia sp. does have a sluggish mechanism for
fixing carbon dioxide into PEP, so sluggish that it is apparently not
sufficient to replenish the carbon drained from the citric acid cycle
for biosynthetic reactions. Apparently, the cells are better adapted to
fix carbon dioxide into pyruvic acid since growth is possible when
pyruvic acid is present (with or without glucose). Carbamyl phosphate
synthesis in Erwinia sp. is extremely efficient, but, unfortunately,
carbon dioxide fixed into arginine is poorly utilized by the cell for
priming the citric acid cycle. Data to support the latter statement
have been obtained by feeding radioactive arginine to Erwinia sp. and
following utilization of carbon. Carbon from arginine is not cycled
since arginine is the only amino acid that is labeled in the cellular
protein-mucopeptide fraction after an exposure time of one and one-half
hours when the cells are grown in the presence of aspartic acid. Also,
Erwinia sp. will not grow in the GA medium when supplemented with

arginine.
Summary of Glucose Metabolism

The inability of Erwinia sp. to grow in the GA medium is due to at
least two blocks in the metabolism of the glucose molecule. Radioauto-
graphi data have shown that glucose carbon reaches PEP probably via the
Embden~-Meyerhof pathway. Further synthetic reactions appear to be very
sluggish. Phosphoenolpyruvic carboxylase and pyruvic kinase appear to
be blocked. Although pyruvic kinase functions, it is at too slow a
rate to provide carbon either for pantothenate synthesis or synthesis
of citric acid cycle intermediates. This was demonstrated by the abil-

ity of the organism to grow in the GA medium when pantothenate, or its
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precursors (pantoic acid and pantoyl lactone), pyruvic acid, or some
intermediates of the citric acid cycle were added to stimulate growth.
Further evidence that a block exists at the PEP carboxylase and pyruvic
kinase steps was obtained by demonstrating the possible accumulation of
PEP in the expended growth medium.

The stimulation of growth by the citric acid cycle intermediates
indicates that Erwinia sp. has difficulty forming these acids in the GA
medium. This is further evidence that the organism has difficulty
fixing carbon dioxide to PEP or pyruvate. When Erwinia sp. was checked
for ability to fix carbon dioxide, it assimilated it only 49 per cent
as effectively as E. coli. This carbon dioxide fixation was primarily
into carbamyl phosphate used for arginine synthesis. The lack of car-
bon dioxide fixation into malate or OAA is evident since these compounds,
if present, not only stimulate growth, but if synthesized from glucose
would cause heavy labeling of aspartic acid in the cell. Therefore,
there must be a complete block in PEP carboxylase. The inability to
form the citric acid cycle intermediates from pyruvate is due to the
sluggish pyruvic kinase and also a lack of pantothenic acid synthesis
by the cell.

Erwinia sp. will grow on pyruvate, aspartate, OAA, malate, and
citrate as sole carbon sources. Since PEP carboxylase and pyruvic
kinase are blocked or very sluggish in the organism there must be some
alternate route providing carbon for synthesis of Embden-Meyerhof inter-
mediates from pyruvic acid. Kornberg (1965) reported that E. coli was
capable of converting pyruvic acid to PEP without involvement of
pyruvic kinase. The author called the enzyme phosphoenolpyruvic syn-

thase. This enzyme must be operating in Erwinia sp. and its activity
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would allow any molecule which could reach pyruvic acid to enter the
Embden-Meyerhof pathway. The proposed model for the pathways of carbon

utilization in Erwinia sp. is presented in Figure 13.
Effect of D-serine on the Metabolism of Erwinia Species

After the metabolic blocks involving glucose metabolism were better
understood, the effect of D-serine on the utilization of various carbon
sources was tested. It was first necessary to determine the normal re-
sponses of the organism to two major carbon sources. The organism was
grown for fourteen hours in an aspartic acid-glucose medium (aspartic
carbon was utilized since radioactive malic acid could not be purchased)
and then divided into two portions. Glucose-UL—C1£+ was added to one
flask and aspartic—UL—Clu to the other. The cells were then incubated
in the presence of label for 1.5 hours, harvested and fractionated as
described in the materials and methods section. The specific activities
of the cell pool, lipid, nucleic acid, and protein-mucopeptide frac-
tions were determined after planchet counting (Table IX).

Aspartic acid and glucose are both extensively incorporated into
the cell. Glucose labels lipid and nucleic acid material to a greater
extent than aspartic acid. This is probably because glucose contrib-
utes relatively large amounts of carbon to lipids, carbohydrates,
pentoses, and purines in addition to the proteins of the cell. The
protein-mucopeptide fraction is well labeled by both aspartic acid and
glucose.

After hydrolysis and chromatography, amino acid labeling pat-
terns were analyzed using radioautography (Table X). Glucose contrib-

utes carbon to the amino acids of the histidine, serine and aromatic
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NORMAL LABELING PATTERNS OF ERWINIA SP.

TABLE IX

23

AFTER GROWTH

IN THE PRESENCE OF GLUCOSE AND ASPARTIC ACID

Fraction

Specific activity*

Glucose=UL=C14

Aspartic acid-UL-C

i

cold trichloroacetic
acid (cell pool)

ethanol, 75%
(1ipid-protein)

ethanol, 75%, ether (1:1)
(1ipid)

hot trichloroacetic
acid (nucleic acid)

protein-mucopeptide

Total

137

700

265

226

1,780

3,208

*Counts per min per mg cells dry wt.

35
501

Lo

93
1,695
2,364




TABLE X

5

AMINO- ACID LABELING PATTERN OF ERWINIA SP. AFTER GROWTH

IN THE PRESENCE OF GLUCOSE AND ASPARTIC ACID*

I

Amino acid**

Labeling Compound

GluCOSe-UL-Cl4

Aspartic~UL~Cl

I

histidine

serine
glycine

phenylalanine
tyrosine

alanine
valine
leucine

glutamic acid
proline
arginine

aspartic acid
methionine
threonine
isoleucine
lysine

diaminopimelic acid

+++4

44+
ot

4+t
FH++

+++
+++
+++

+4
++
++

F4++
F+++
+++4

s
4t
bt
bt
++++
-

*Cells were grown in the aspartic acid-glucose salts medium.

**Tryptophan and cysteine were not detected since hydrolysis

++
+++
4+

using these conditions destroys the amino acids.

no label

Just detectable

light label
moderate label
heavy label
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families, while both aspartic acid and glucose contribute carbon to the
pyruvate family of amino acids. Aspartic acid apparently provides all

the carbon for the aspartic and glutamic acid families of amino acids.

Effect of D-serine on the Labeling Patterns From

Glucose and Aspartic Acid

D-Serine was added to the medium to study its effects on utiliza-
tion of aspartic acid and glucose (Table XI). The level of D-serine
which was used inhibited both growth and division of the cell. These
data show that although glucose and aspartic acid labeling in all frac-
tions of the cell, except lipid from aspartic acid, are reduced by D-
serine, the greatest effect is in the labeling of the protein-
mucopeptide fraction of the cells grown in the presence of labeled
aspartic acid. After hydrolysis and chromatography the amino acids were
analyzed by radioautography (Table XII). These data reveal that D-
serine does not have a marked qualitative effect on metabolism of
glucose or aspartic acid; however, there is a very sizable quantitative
effect on utilization of aspartic acid. The labeling pattern obtained
from aspartic acid into the protein-mucopeptide fraction thus appeared
to be an excellent method for studying the effects of D-serine and,

possibly, those compounds which reverse the action of D-serine.

Labeling Pattern of D-serine

To obtain the labeling pattern for D-serine, cells were grown in
the presence of cold D-serine for fourteen hours in the GA medium,
after which they were incubated for an additional 1.5 hours in the

presence of added D—serine-}-clh. Chromatography of the hydrolyzed
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TABLE XI

LABELING PATTERNS OF ERWINIA SP. OBTAINED USING GLUCOSE
AND ASPARTIC ACID IN THE PRESENCE OF D-SERINE

Specific Activity

Fraction Grlucose—UL-C]'L+ Aspa:w:'tic-UL-C]'L+

cold trichloroacetic

acid (cell pool) 50 85

ethanol, 75%

(1ipid-protein) . 478 214

ethanol, 75%, ether (1:1)

(1ipid) 202 69

hot trichloroacetic acid

(nucleic acid) 120 63

protein-mucopeptide 983 515
Total 1,853 ok6

*Counts per min per mg cells dry wt.
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TABLE XII

AMINO ACID LABELING PATTERNS OF ERWINIA SP. AFTER GROWIH
IN THE PRESENCE OF ASPARTIC ACID AND GLUCOSE WITH
ADDITION OF D-SERINE*

Labeling Compound

. . 14 . 14
Amino acid** Glucose-UL~C Aspartic-UL-C
histidine ++++ -
serine ++++ -
glycine ++++ -
phenylalanine ++++ -
tyrosine ++++ -
alanine +++ +
valine +4++ +
leucine +++ +
glutamic acid ' + ++
proline + +4
arginine + ++
aspartic acid - +
methionine - +

. threonine - +
1soleucine - +
~lysine *
diaminopimelic acid - +

*Cells were grown in the aspartic acid-glucose medium with
D-serine present

**Tryptophan and cysteine were not detected since hydralysis
using these conditions destroys the amino acids.

- no label
+ Just detectable
++ light label
+++ moderate label
++++ heavy label
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protein-mucopeptide fraction was accomplished after fractionation and
amino acids analyzed for radiocactivity by radioautography (Table XIII).
D-Serine labeled serine, histidine, and alanine in the protein-
mucopeptide fraction. The label in alanine is due to contamination by
alanine of the D-serine. Grula, Smith, and Grula (1965) reported that
D-serine replaces glycine present in the mucopeptide. Therefore, the
label in serine is probably present only in the mucopeptide. The label
in histidine is probably derived from the number three carbon (B-carbon)
of serine. When serine is converted to glycine, the B-carbon is removed
and transferred by tetrahydrofolic acid as a Cl moiety to be used in
purine synthesis. Carbon present in the purine ring can be utilized for
synthesis of the imadazole ring of histidine. The nucleic acid fraction
of D-serine-labeled cells has a high specific activity indicating that
the B-carbon can be used for purine synthesis. Thus, in labeling the
histidine, serine must also be converted to glycine. Therefore, D-
serine carbon is utilized for the synthesis of glycine, histidine, and
purines. Also, D-serine can be incorporated intact into the mucopeptide
portion of the cell wall. It should be noted that D-serine does not
contribute carbon to either the aspartic or glutamic acid family of
amino acids; therefore, the quantitative change in utilization of car-
bon from aspartic acid in the presence of D-serine cannot be attributed

to isotopic dilution (Table XII).
Reversal of the D-serine Effect by Pantoyl Lactone

The inhibition of growth and division in Erwinia sp. by D-serine
can be reversed using several compounds; for example, pantoyl lactone

and ammonium chloride. When pantoyl lactone is added to an aspartic



INCORPORATION OF D—SERINE—}-Cl

TABLE XIII

L

INTO CELLULAR AMINO ACIDS*

59

Amino acid*

Amount of Label

histidine

serine
glycine

phenylalanine
tyrosine

alanine
valine
leucine

glutamic acid
proline
arginine

aspartic acid
methionine
threonine
isoleucine
lysine

diaminopimelic acid

++

o+

*Cells were grown in the aspartic acid-glucose medium with D-

serine present.

**Tryptophan and cysteine were not detected since hydrolysis
using these conditions destroys the amino acids.

- no label

+ Jjust detectable

++
+++
e+t

light label
moderate label
heavy label
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acid-glucose~D-serine medium, division occurs in what appears to be a
normal manner. Since the writer knew the labeling patterns that could
be expected from glucose and aspartic acid in the presence or absence
of D-serine as well as the labeling pattern of D-serine, effects by
pantoyl lactone on the patterns in the presence of D-serine were stud-
ied. Data are given in Table XIV. Pantoyl lactone has no marked effect
on the qualitative labeling patterns of aspartic acid or D-serine. It
does, however, affect utilization of glucose carbon for synthesis of
serine and glycine since these amino acids are labeled very extensively
in the presence of pantoyl lactone. Also, pantoyl lactone caused the
synthesis of at least three compounds from glucose that could not be
identified by these procedures. The qualitative and quantitative
changes occurring in the metabolism of giucose as a result of growth in
the presence of pantoyl iactone were not further studied since new com-
pounds were involved and they were present in low amounts. Regardless
of the importance of these unknown compounds in the division process,
pantoyl lactone does have its effécts primarily on the metabolism of
glucose since the amounts of glucose carbon shunted to the synthesis

of serine and glycine are very striking.
Reversal of the D-serine Effect by Ammonium Chloride

Effects of ammonium chloride on the utilization of carbon from
asﬁartic acid, glucose, and D-serine are presented in Table XV. The
effects of ammonium chloride are very striking and this compound allows
what appears to be normal utilization of aspartic acid. It does not
alter metabolism of D-serine since label is still present in serine and

histidine. Since D-serine does not qualitatively alter glucose



TABLE XIV

LABELING PATTERNS OF GLUCOSE, ASPARTIC ACID, AND D-SERINE

~ IN THE PRESENCE OF PANTOYL LACTONE*

61

Labeling Compound

Amino acid** Glucose-UL-CL?  Aspartic-UL-CT'  D-Serine~3-C1'
histidine (#)? + ++
serine o+t + ++
glycine et + -
phenylalanine ++ - -
tyrosine ++ - -
alanine + ++ ++
valine + ++ +
leucine + ++ +
glutamic acid + +4 -
proline - ++ -
arginine - ? -
aspartic acid A+ + -
methionine - - -
threonine - + -
isoleucine - + -
lysine - + -
diaminopimelic acid ? - ?

*Medium contains glucose, aspartic acid, pantoyl lactone and
D-gerine.

**Tryptophan and cysteine were not detected since hydrolysis

using these conditions destroys the amino acids.

- no label

+ Just detectable
++ light label

+++
++++

moderate label
heavy label




TABLE XV

6

LABELING PATTERN OF GLUCOSE, ASPARTIC ACID, AND D-SERINE
AFTER GROWTH IN THE PRESENCE OF AMMONIUM CHLORIDE

2

Amino acid**

Glucose«-UL--C14

Labeling Compound
Aspartic-UL-cl?

D-serine-}-—C1

L

histidine

serine
glycine

phenylalanine
tyrosine

alanine
valine
leucine

glutamic acid
proline
arginine

aspartic acid
methionine
threonine
isoleucine
lysine

diaminopimelic acid

and D-serine.

b

++
++

o+t
e+t

++
++
++

+4+
++

++
++
++

e+t
e+t
++++

+H++
e+t
F+++
FH++
FH+F

++

++

*Medium contains glucose, aspartic acid, ammonium chloride,

**Tryptophan and cysteine were not detected since hydrolysis

++
+++
o

using these conditions destroys the amino acids.

no label

just detectable

light label
moderate label
heavy label
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metabolism (Table XII), ammonium chloride would not be expected to have
an effect on glucose utilization. Therefore, the net effect of growth
in the presence of ammonium chloride is to allow what appears to be
normal utilization of aspartic acid. It should be remembered that the
most obvious effect of D=serine on these cells is to inhibit utilization

of aspartic acid (Table XII).
Reversal by Glutamic Acid

Grula and Grula (unpublished data) have observed that added
glutamic acid will reverse the effects of D=gerine on growth and divi-
sion in a medium containing aspartic acid as the sole source of carbon,
nitrogen, and energy. Before effects on carbon utilization by glutamic
acid could be studied, it was necessary to establish carbon flow pat-
terns for a glutamic-aspartic acid medium. Experiments were carried
out as previously described; i.e., cells were grown in the desired
medium for approximately fourteen hours after which either radiocactive
aspartate or glutamate (both uniformly labeled) were added and incuba-
tion continued for an additional 1.5 hours. Normal labeling patterns
are given in Table XVI. These data were very striking and revealed
that glutamic acid carbon flows very poorly into both the citric acid
cycle and the Embden-Meyerhof pathway. They further revealed that
glutamate carbon is used almost exclusively for synthesis of glutamic
.acid and its two family members (proline and arginine), thus greatly
diluting flow of aspartic acid carbon into these compounds.

When the experiment was duplicated employing D=serine in the dif-
ferent media, the patterns shown in Table XVII were obtained. It is

clearly evident that D=serine does not alter utilization of carben from



TABLE XVI

6L

LABELING PATTERNS OF ASPARTIC ACID AND GLUTAMIC ACID
IN THE ASPARTIC ACID MEDIUM*

Medium and Labeling Compounds

Aspartic- “"Cold glutamic acid*** Cold aspartic acid
o ai 1 ok o
Amino acig** UL-C™ only + aspartic-UL*C + glutamic=~UL-C
histidine o+t oot +
serine ++++ +bt +
glycine s +t+ +
phenylalanine ++++ ot +
tyrosine s + +
alanine okt ++++ +
valine ot NI +
leucine ot ++++ +
glutamic acid s + FIERIER
proline e + At
arginine ++++ + NI
aspartic acid ++++ ++++ +
methionine +ot ++++ +
threonine +++ +Ho +
isoleucine e+t bt +
lysine ++++ 4+ +
diaminopimelic acid ++++ +++ +

acid added.

*Cells were grown in the aspartic acid medium with glutamic

**Tryptophan and cysteine were not detected since hydrolysis

using these conditions destroys the amino acids.

%%, 0288 M added to medium.

++
+4+
++++

no label

just detectable

light label
moderate label
heavy label




TABLE XVII

65

EFFECT OF D-SERINE ON THE METABOLISM OF ASPARTIC ACID
AND GLUTAMIC ACID IN ERWINIA SP.*

Amino Acid**

Aspart
UL-CL

B

Aspartichanl
+ D-serine and
glutamic acid

b

Aspartic acid + D=
serine + glﬁtamic—
UL-Cct

histidine

serine
glycine

phenylalanine
tyrosine

alanine
valine
leucine

glutamic acid
proline
arginine

aspartic acid
methionine
threonine
isoleucine
lysine

diaminopimelic acid

++

++
++

++
++

++

++

.

++

+ + 4+ + + +

bt

e
s

+++
R s

4+t
b
o+

+
+
-+

++++
e+t
o
4+
+4++
++++

++

et
bt
+H+t

+ + 4+ + + 4+

*Cells were grown in the aspartic acid medium with D-serine
and glutamic acid added.

**Tryptophan and cysteine were not detected since hydrolysis
using these conditions destroys the amino acids.

- mno label

+ Jjust detecfable

++ 1light label
moderate label
heavy label

+++
etk
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glutamic acid in contrast to its effects on aspartic acid carbon. Fur-
ther, it is obvious that glutamic acid allows what appears to be normal
utilization of aspartic acid. Data given in Table XVIII reveal that
glutamic acid does not qualitatively alter utilization of D-serine;
however, data shown in Table XIX supplement data given in Tables XVII
and XVIII revealing profound quantitative effects by glutamic acid on
aspartic acid and D-serine utilization by cells of Erwinia sp.

Since glutamic acid was aiding utilization of aspartic acid while
inhibiting utilization of D-serine, it appeared that glutamic acid or a
compound formed from it %as necessary for aspartic acid utilization.
The efficient utilization of aspartic acid carbon, in turn, could
greatly dilute flow and, thus, utilization of carbon from D-serine. It
was also possible that glutamic acid was exerting its effects by an
action involving entry of aspartic acid and D-serine into the cells

(increasing aspartic acid and decreasing D-serine entry).
Isotope Uptake Experiments

Since it was possible that glutamic acid was reversing inhibition
of growth and division by the action on cell permeases, the effect of
glutamic acid and several other reversers of cell division inhibition
on the uptake of aspartic acid and D-serine was studied. It was first
necessary to determine if D-serine inhibited the uptake of aspartic
acid into growing cells. Data given in Figure 14 show that D-serine is
blocking entry of aspartic acid into the cell. Therefore, the first
effect of D-serine on metabolism is the inhibition of uptake of
aspartic acid.

Since glutamic acid appeared to be inhibiting, the uptake of



LABELING PATTERNS OF D-SERINE=-3%-C
MEDIUM WITH AND WITHCUT GLUTAMIC PRESENT FOR REVERSAL*

TABLE XVIII

1k

IN THE ASPARTIC ACID

67

Amino acid**

Aspartic acid +

Dmserinemzucl

serinembGl
glutamic acid

~Aspartic:acid, + D-

histidine

serine
glycine

phenylalanine

tyrosine

alanine
valine
leucine

glutamic acid

proline

arginine

aspartic acid
methionine

threonine

isoleucine

lysine

diaminopimelic acid

*Cells were grown in the aspartic acid medium with D-serine with

and without glutamic acid.

¥**Tryptophan and cysteine were not detected since hydroly51s using

4
ot
s

no label

just detectable
light label

moderate label
heavy label

these conditions destroys the amino acids.




TABLE XIX

68

SPECIFIC ACTIVITIES OF CELLS WITH GLUTAMIC ACID REVERSAL
OF D-SERINE INHIBITION OF GROWIH AND DIVISION

Medium

Specific activity of cells*

aspartic--UL-C14

+ D-serine
aspartic acid "
+ D-serine-3—01
aspartic-UL—ClLF

+ D-serine + glutamic acid

aspartic acid
+ D-ser:“Lne-B—ClL+ + glutamic acid

*Counts per min per mg cells dry wt.

3925

%218

5835

1091
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D-serine, the effect of glutamic acid and a related compound, alpha-
ketoglutarate, were tested for ability to inhibit the uptake of D-serine
(Figure 15). Both glutamic acid and alpha-ketoglutarate inhibit uptake
of D-serine.

Various reversers of the D-serine inhibition of growth and division
were then tested in the system to determine whether the inhibition of
aspartic acid uptake was reversed in their presence (Figure 16). The
only compound which stimulated the uptake of aspartic acid was glutamic
acid. Spermine, spermidine, and pantoyl laétone, which allow division
to occur do not stimulate the uptake of aspartic acid by the cell.

Grula and Grula (1964) suggested that pantoyl lactone allowed division
to occur by somehow protecting the membrane from secondary damage.
These data support the hypothesis that pantoyl lactone, as well as
spermine and spermidine, protect the membrane rather than relieving

some block in carbon utilization within the cell.

Accumulation of Keto-Acids in the Medium in the

Presence and Absence of D-serine

Grula and Grula (1962, pp. 989-997) reported that D-serine caused
the accumulation of pyruvic acid when cells are grown in the presence
of D-serine. They attributed this accumulation to the inhibition in
synthesis of pantothenic acid and coenzyme-A by D=-serine. It had never
been determined which carbon source (glucose or aspartic acid) was con-
tributing most of the carbon for synthesis of the accumulated pyruvic
acid. ©Since it is known that both compounds contribute carbon to
pyruvic acid, and since it has been postulated that D=serine greatly

interferes with utilization of aspartic acid, tests were conducted to
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*Cells were grown for 14 hours in the aspartic acid medium,
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and

allowed to equilibrate for two hours. The glutamic

acid and alpha-ketoglutarate were added five minutes prior
to the addition of the hot D-serine. '

Figure 15.

Uptake of D--ser:'i.ne—}—ClLP in the Presence and Absence of
Glutamic Acid and Alpha-Ketoglutarate in an Aspartic
Acid Medium*
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was added with the other reversers of cell division and allowed
to equilibrate one hour before labeled aspartic acid was added.

Figure 16. Reversal of D-serine Inhibition
Various Reversing Agents*

of Aspartic Acid Uptake by
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determine: (a) the relative amounts of carbon contributed by glucose
and aspartic acid in the basic medium; (b) the effect of D-serine on
this ratio; and (c¢) the effect of pantoyl lactone on any change pro-
duced by D-serine. These tests were to be done by studying differen-
tial labeling of pyruvate hydrazones obtained under the various
conditions. The specific activity of these pyruvate hydrazones are
presented in Table XX. Although D-serine increased the amount of
material reacting with the reagent from both glucose and aspartic acid,
the metabolism of aspartic acid was altered to a much greater extent.
The addition of pantoyl lactone and ammonium chloride to the medium
reduces the amount of reactive compound formed from both aspartic acid
and glucose. These data constitute further evidence that D-serine is

interfering with utilization of aspartic acid.



TABLE XX

7k

SPECIFIC ACTIVITIES OF PYRUVATE HYDRAZONES FORMED IN THE

ASPARTIC ACID-GLUCOSE MEDIUM

Specific activity of pyruvate hydrazone*

Additions Glucose-UL-CH* Aspartic-UL-Cl"
None 240 283
D-serine 1,840 23,050
D-serine and pantoyl lactone 1,720 54525
D-serine and NH,Cl 860 1,700

*Counts per min per mg cells dry wte




CHAPTER V
DISCUSSION AND CONCLUSIONS

Data presented in this thesis relate to two problem areas involving
the species of Erwinia: (1) Inability of the orgénism to grow in a GA
medium and (2) inhibition of growth and cell division by D-serine and
reversal of this inhibition by specific agents.

The key reaction that is difficult for Erwinia sp. to perform is
synthesis of pyruvic acid from glucose. Lack of this metabolic reaction
results in inability to synthesize sufficient pantothenic acid (and
coenzyme~A) to prime the citric acid cycle with needed acetylated co=-
enzyme~A. Although the cycle can be primed with acetylated coenzyme-A
molecules by addition to the medium of pyruvate, pantothenate, pantoyl
lactone, or pantoate, the growth that results is still umsatisfactory in
terms of lengthy lag time and insufficient total yield. Further exami-
nation of the problem revealed that carbon dioxide fixation via PEP
carboxylase is probably nonexistent and even when pyruvic acid is pres-
ent for fixation of carbon dioxide, rate of fixation is not conducive to
rapid or extensive growth. The writer's nutritional and chemical exper-
iments constitute proof that carbon dioxide is not fixed to PEP and is
poorly fixed to pyruvic acid. Experiments utilizing 01402 are more
direct proof for our conclusions.

Utilizing information gained from these experiments, vexing ques-

tions relative to growth, lack of growth, and slow or diminutive growth
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can be satisfactorily answered.

Additional data reported in this thesis shed more light on inhibi-
tion of the cell division process by D-serine in this organism. A key
reaction that has been focused involves the extremely poor entry of
aspartic acid into the cell in the presence of D-serine. The inhibition
of entry caused by D-serine definitely aids in explaining inhibition of
growth by this compound. However, the discovery of this phenomenon
makes it difficult in the absence of direct enzymatic proof to ascer-
tain if endogenous utilization of aspartic acid or one of its metabolic
intermediates is also inhibited by D=serine. Therefore, whether the key
to lack of cell division activity is intimately associated with endoge=.
nous utilization of aspartic acid remains a scmewhat shady problem area.

In experiments utilizing glutamic acid and ammonium chloride for
reversal of cell division inhibition, it was observed that these com=-
pounds permit normal utilization of aspartic acid at least with regard
to synthesis of amino acids. Although stimulation of endogenous utili-
zation of aspartic acid by these compounds was not studied., it was
conclusively demonstrated that addition of glutamic acid to the growth
medium resulted in near normal entry of aspartic acid in the presence of
D-serine. Unfortunately, glutamic acid also inhibits entry of D=serine;
therefore, it must be further postulated that endogenous levels of D=
serine are reduced by glutamic aéid and might, therefore, be too low to
exert any ""normal® inhibition of utilization of aspartic acid. For
these reasons, a strong defensive position relative to possible lack of
inhibition in utilization of aspartic acid by D=serine under these con=-
ditions cannot be maintained. A strong position can be taken only to

inhibition of entry of aspartic acid by D=serine.
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Several agents (spermine, spermidine, and pantoyl lactone) that
allow cell division in the presence of D-serine do not overcome inhibi~
tion of entry of aspartic acid by D-serine. Division activity that
occurs in the presence of these compounds must be stimulated in a manner
different from that which occurs in the presence of glutamic acid since
growth also remains largely inhibited. Lack of growth would be ex-
pected if a major carbon source could not enter the cell. If normal
entry of aspartic acid and subsequent utilization is the major prerequi-
site for cell division, then compounds that reverse division inhibition
caused by D-serine should always allow near normal entry of aspartic
acid; otherwise, the endogenous levels of aspartic acid will remain low
as in a division inhibited system. Under such circumstances, the cells
should not divide.

At this writing, the data can be correlated in the following way.
Inhibition in entry of aspartic acid by D-serine causes starvation for
all compounds arising from carbon intermediates in the citric acid cycle
since glucose carbon is poorly utilized either via pyruvate and its
subsequent oxidative-decarboxylation to acetyl coenzyme-A or via fixa-
tion of carbon dioxide to PEP or pyruvate. The net result is certainly
a lack of potential energy yielding reactions, but also, two major amino
acids (diaminopimelic and glutamic acid) for fabrication of wall muco-
peptide will be in short supply.

The paucity of these amino acids will result in partial inhibition
of mucopeptide formation which, in turn, could result in secondary mem-
brane damage unless the membrane is physically protected. A malfunc-
tional cell membrane will lead to lack of invagination activity by this

structure, a necessary prerequisite for initiation of the cell division
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process (Grula, Smith, and Grula, 1965).

Although more data are offered in this thesis concerning effects of
D-serine, the theory that evolves still supports a hypothesis already
presented; i.e., D-serine inhibits cell division by causing inhibition
in synthesis of the cell wall mucopeptide which, in turn, results in

secondary physical damage to the cell membrane (Grula and Grula, 1964).
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