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ABSTRACT

Key enzmyes of tricarboxylic acid (TCA) cycle, glyoxylate by
pass and serine patheway were demonstrated in cell-free extracts of 

Acinetobacter phosphadevorus grown on acetateo

Enzymes of the TCA cycle were demonstrated in extracts of cells 

grown on citrate with very low levels for enzymes of the glyoxylate by

pass.

An alteration in the distribution of labeled acetate following 

a period of starvation was observed in A. phosphadevorus. This alter

ation was influenced by the length of starvation of cells prior to 
exposure to labeled acetate9 preincubation with intermediate compounds 

and the growth phase of the organismo
Ac phosphadevorus was able to utilize the following one- 

carbon compounds after an adaption period: methylamine, formate and

formaldehydeo

viii



CHAPTER 1

INTRODUCTION

Previous work done in this laboratory with Acinetobacter 

phosphadevorus has shown that a diverse array of organic compounds may 
serve as carbon and energy sources (14). From among this group, the 
longer straight chain aliphatic hydrocarbons have been the subject of 
recent investigation (28). The major concern of this study was the 

metabolism of lower chain hydrocarbon compounds, in particular acetate, 
since it has been implicated as the major carbon source for A. phos

phadevorus in sewage (35).

A. phosphadevorus was isolated from activated sludge and removes 

phosphate from sewage (24,35)« It is a gram-negative rod, 1,0 yM x 1.5- 

2 o 0 yM, occurring in pairs or clusters when grown on conventional 

laboratory media or sewage. Pleomorphic forms have been observed with 
salt water conditions (unpublished data), in the presence of certain anti

biotics and mutagenic agents (15).

The ability of A. phosphadevorus to utilize aliphatic carbon 

compounds of chain length ranging from O l  to G-40 has led to the postu

lation of various pathways to account for their metabolism (14,24,28). 

Among the pathways suggested have been the tricarboxylic acid (TCA) cycle, 

the glyoxylate-bypass and the serine pathway.

Many microorganisms are able to grow on reduced one-carbon com
pounds as their sole source of energy. Generally these organisms fall . 

into two major classes: those able to metabolize reduced one-carbon

i ' ;;
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compounds via phosphorylated sugars as intermediates9 the ribulose 

monophosphate cycle (21) and those using serine as a key intermediate 9, 
the serine pathway (25931933 r34)»

The serine pathway was first proposed in 1961 by Large9 Peel 

and Quayle (25) based on short term isotope incubation studies using the 

facultative methylotrophs Pseudomonas AMI and Hyphomicrobium vulgare 
grown on methanol <,

Two possible versions of the serine pathway were originally postu
lated, One version involves the direct synthesis of glycine, and the 
other involves the cyclic regeneration of glycine, the carbon-1 acceptor. 

Serine transhydroxymethylase, the key enzyme of the pathway, is an

enzyme widely distributed in nature which catalyses serine synthesis
5 10from glycine and N 9 -methylenetetrahydrofolate. There are two species 

of this enzyme in Pseudomonas AMI (3). One is induced during growth on 

methanol and functions in the serine pathway. The other is induced on 

succinate or other complex media and is involved in glycine synthesis 

from serine.

There are three other enzymes characteristic of the serine path

way, serine-glyoxylate aminotransferase, hydroxypyruvate reductase and 

glycerate kinase, Hydroxypyruvate reductase has also been shown to be 

involved in tartrate catabolism in pseudomonads (22),

Serine-glyoxylate aminotransferase catalyses two important con

versions in the serine pathway. It is responsible for the formulation of 

glycine from glyoxylate and in the, same reaction catalyzing the con

version of serine to hydroxypyruvate.
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Hydroxypyruvate reductase is involved in conversion of hydroxypy- 

ruvate to glycerate. The mere presence of this enzyme in low activities 

has been.taken as evidence that a carbon-1 utilizing microorganism uses 

the serine pathway« It has been pointed out that such evidence taken 
alone is inadequate and further corroborating data is necessary (19).

Glycerate kinase catalyzes the conversion of glycerate and adeno

sine triphosphate (ATP) to phosphoglycerate and adenosine diphosphate 

(ADP). It has been found in high specific activity in Pseudomonas AMI

(18). This enzyme has been suggested to play a regulating role by 
monitoring the flow of carbon from the serine pathway into synthetic 
pathways when the energy status of the cell is high (.12 a, b,' 17).

The isocitrate lyase positive (ILrb) serine pathway is used by 

some microorganisms growing on reduced one carbon compounds (4). This 
pathway involves isocitrate lyase together with some enzymes of tri

carboxylic acid (TCA) cycle to bring about the regeneration of glyoxlate. 
The glyoxylate bypass operates during growth on acetate and other com

pounds metabolized by way of acetyl-CoAo The bypass allows the net 

synthesis of C-4 dicarboxylic acids which provide the acceptors for a 

0 2  unit entering the TCA cycle.

There are two key enzymes of the glyoxylate cycle, and these 

enzymes (together with certain TCA enzymes) effect the addition of two 

molecules of acetyl-CoA9 to give malate. Isocitrate lyase cleaves 
isocitrate to succinate and glyoxylate while malate synthase catalyses 

the condensation of glyoxylate and acetyl-CoA to give malate. This



effectively eliminates two decarboxylating steps that are occurring in 
the TCA cycle. . ,

The operation of a glyoxylate bypass also provides two entry 

points for acetate into the TCA cycle.

The TCA cycle is the means whereby acetate s after reacting with 
oxaloacetate, is oxidized to carbon dioxide5 with the regeneration of 
oxaloacetate. This cycle provides energy for the cell by the production 

of four pairs of electrons which may enter the electron transport chain. 

The cycle also has an important biosynthetic function9 since several, of 
its intermediates are precursors for the synthesis of amino acids and 

other cell components.

The ability to utilize methyl amines as growth substrates is
' ' : ■ ■ ' ■ ; " '■ ■■ ■ '
widespread among C-1 utilizing microorganisms. Methylamines are a series
of ammonia derivatives in which hydrogen atoms have been replaced with

methyl groups.
The oxidation of these compounds involves a series of N-demethyl- 

ations by which successive C-N bonds are cleaved and the methyl group 

released as formaldehyde. Currently there are two mechanisms that occur 

in bacteria, a direct route and the N-methylglutamate system.
The direct route is catalyzed by methylamina dehydrogenase, a 

soluble enzyme induced during growth on methylamine in Pseudomonas AMI

(19). .
The N-methylglutamate system consists of two enzymes: a soluble

N-methylglutamate synthase (EC2.1.1.2.1) and a particulate N-methyl

glutamate dehydrogenase (EC.5.9.9.5) (3). The dehydrogenase is part of
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an electron transport chain to molecular oxygen» The net effect of the 
oxidation is a molecule of formaldehyde, ammonia and water» This system 
has been reported in Pseudomonas MA, Pseudomonas MS and Pseudomonas 
aminovorans (3).



CHAPTER 2

STATEMENT OF PROBLEM

In order to better evaluate the potential of Acinetobacter 
phosphadevorus as an industrial and/or ecological tool, a more com
plete knowledge of its metabolic capabilities was required* A two 

phase study was designed to partially meet this requirement»

The initial phase consisted of an investigation into the 

ability of A, phosphadevorus to grow on compounds of varying carbon 

length, ranging from C-l to C-6, The utilization of one-carbon 

compounds at different levels of oxidation was also studied.

The final phase involved the identification of metabolic 

pathwats operating during growth on compounds tested in the initial 

phase. An enzymatic analysis of the serine pathway, the glyoxylate 

by-pass cycle and the tricarboxylic acid cycle was completed.

6



CHAPTER 3

MATERIALS AND METHODS 

Microorganism

Acinetobacter phosphadevorus was obtained from Irving Yall, Ph.D.

Chemicals
Chemicals used were of analytical reagent grade. The following 

sources of "^C were obtained from New England Nuclear Corporation, Boston, 

MA; acetic-l-^^C-acid, citric-l $5-”̂ ^C-acid, glycerol”!, S-^C and 

glyoxylate-l-^^C. Acetic-2-^^C-acid was obtained from International 

Chemical and Nuclear Corp., Irvine, CA. All isotopes had a radiometric 

purity of 97 .5 to 99%;.

Media
Acetate II broth contained per liter of distilled water: 1.5g 

sodium ammonium phosphate; Ig potassium phosphate, monobasic; 0.2g 

magnesium sulfate-7-hydrate and 4g sodium acetate. The pH was adjusted 

to 7.5 with 5.6% potassium hydroxide.

Koser Citrate broth (Difco Laboratories, Detroit, MI) contained, 

per liter of distilled waters 1.5g sodium ammonium phosphate; l.Og 

potassium phosphate, monobasic; 0.2g magnesium sulfate-7-hydrate and 

2.5g sodium citrate. The pH was adjusted to 7.5 with 5.6% potassium 

hydroxide. Slants were prepared by adding 2% agar to Koser Citrate 

broth. The organism was maintained on Koser Citrate slants.

■ ‘ ■ 7
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Glycerol I medium contained5 per liter of distilled water: 1.5g 

sodium ammonium phosphate; Ig potassium phosphate9 monobasic; 0.2g mag

nesium sulfate-7-hydrate and 3,5g glycerolo The pH was adjusted to 
7o 5 with 5* 6% potassium hydroxide0 Glycerol I + AclOO was identical to 

Glycerol I plus 100 parts per million (ppm) carbon of sodium acetate. 

Glycerol I + citrate 100 was identical to Glycerol I with the addition 
of 100 ppm carbon of sodium citrate.

Formate broth contained per liter of distilled water: 1.5g
sodium ammonium phosphate; l.Og potassium phosphate* monobasic; 0.2g 

magnesium sulfate-7-hydrate and 500 ppm sodium formate. The final pH 

was adjusted to 7.5 with 5.6 potassium hydroxide. The medium was filter 
sterilized.

Formaldehyde broth contained per liter of distilled water: l.Og
potassium phosphate* monobasic; 0.2g magnesium sulfate-7-hydrate; 1.5g 

sodium ammonium phosphate and 500 ppm formaldehyde. The pH was adjusted 

to 7.5 with 5.6% KOH. The medium was filter sterilized.

Methylamine I broth contained per liter of distilled water: l.Og 

potassium phosphate, monobasic and 0.2 magnesium sulfate-7-hydrate.

The pH was adjusted to 7.5. Seven grams of methylamine were brought to 

a pH 7.5 with 6N HCl. This solution was filter sterilized and added 

aseptically to the basal salts preparation.
Methylamine II broth contained per liter of distilled water: 1.5g 

sodium ammonium phosphate; !.0g potassium phosphate, monobasic and 0.2g 

magnesium sulfate-7-hydrate. The pH was adjusted to 7.5 with 5.6% 

potassium hydroxide. Seven grams of methylamine were adjusted to pH
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7.. 5 with 6N HC1. This solution was filter sterilized and added 

ascepticaily to the basal salts preparation.
Carbon-free basal salts contained: 1„5g sodium ammonium phos

phate; 1.Og potassium phosphate* monobasic; 0.2g magnesium sulfate-7- 

hydrate per liter of distilled watero The pH was adjusted to 7-5 with 
5.6% potassium hydroxide.

Conditions of Growth 
Broth cultures of A. phosphadevorus used for inoculation pur

poses, and modified growth curves,.were grown in 100ml of acetate II 

medium contained in 500ml Erlenmeyer flasks. Cells used in extractions, 

chromatographic procedures, isotope studies and enzyme assays were grown 
in 500ml of medium contained in 2800ml Fernbock flasks. Broth cultures 
were shaken continuously by a New Brunswick rotary shaker (model C.S.) 

at 200 rpm. All broth and slant cultures were incubated at a constant 

temperature of 250C.

Measurement of Growth 
Turbidimetric measurements were performed using a Bausch and 

Lomb Spectronic-20 colorimeter at a wave length of 540 nm /with special 

sidearm 500ml Erlenmeyer flasks.

Dry weight determinations of cell mass were obtained by the use 

of microporous filtration. Volume of cell suspension was passed 

through a tared 0.45 um (pore size) Millipore membrane filter pad 

using a Millipore filtration apparatus. The pads were then dried to a 

constant weight at 70°C in a Blue Dot drying oven overnight.. The pads
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were cooled in a dessicator prior to weight determination on a 
Mettier analytical balance.

Determination of Radioactivity 

A Packard Tri-Carb liquid scintillation counting system^ Model 

3320 was used to measure radioactivity. The scintillation fluid con

tained, per liter: 4g, 2,5-bis-2-(5-tert-Butylbenzoxazolyl)-thiophene

(BBOT), 80g naphthalene, 400 ml ethylene glycol monomethyl ether and 
600 ml toluene. Samples of 200 micro!iters (pi) were placed into glass 
scintillation vials containing 10 ml of scintillation fluid.

Cell Harvest

Cells were harvested by centrifugation with a Sorvall refriger

ated centrifuge, Model RC-2B,. in the cold at 18,000 X g for 15 minutes. 

The cells were washed one time in a carbon free basal salts solution. 

The resulting pellets from the first wash were made homogeneous in 
sufficient volume of basal salts to yield lOOmg of cells (dry weight) 

per 5 ml. This volume was then divided in half. One half of the cell 

suspension was used immediately, in various experiments and termed 

unstarved cells. The remaining half was placed in a flask of adequate 

size to provide a 1:5 ratio (volume solution: volume flask) and 

aerated by shaking for a 30 minute period. Cells receiving this 
treatment were termed starved.



Preparation of Cell-Free Extracts 

Bacteria obtained from 2 liters.of growth medium by centri

fugation were suspended in 10 ml of 0.05 M sodium phosphate buffer, pH
7.0. Half of this suspension was then placed under "starvation" con
ditions for 30 minutes. At the end of 30 minutes the "starved cells" 
were harvested and suspended in 5 ml of 0.05 M sodium phosphate buffer. 

Extracts were prepared by breaking the cells in a French pressure cell 

under 8000 pounds per square inch (psi). The cell preparation was run 
through the press twice to ensure sufficient breakage of the cells.

The preparation was then centrifuged in Sorvall glass centrifuge tubes,

15 ml, at 27,000g for 30 minutes at 4°C. The collected supernatant 
fraction constituted the crude enzyme source.

Protein Determihation 

Protein was determined by the Folin-Ciocalteu method as described 

with bovine serum albumin as a standard (26).

Extraction Procedures 

A modified Ogur-Rosen (29) extraction procedure was used on 

cells in order to determine the isotope distribution and for chromato

graphic pruposes. The extraction procedure was. 70% ethanol for 48

hours at 4°C to remove the soluble fraction; ethanol:ether, 2:1 (v/v), 

for one hour at 45°G to remove the lipid fraction; l-N perchloric adid
; • ' ■■■ I ' . . -

(PGA) for one hour at 4°C to remove the cold, acid-soluble nucleotide: ■ - " ' ‘ ' . . j . ' ■ ■"
pool fraction: 1. ON PGA for 18 hotlrs at 4°C for the 'RNA fraction: 1. ON 

PGA for 1 hour at 70°C for the DNA fraction; and 0.IN KOH for 1 hour
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at 70°G for alkaline-soluble fraction. The residual debris was solu

bilized with Soluene-100 (Packard Instrument) at 45°C for one hour.

Each fraction was checked for radioactivity by liquid scintillation 

counting. Extracts used for chromatography were concentrated by reducing 

the volume to approximately 0.2 ml - 0.5 ml by evaporation.

Bacterial Incorporation of Isotopes 

The set-up used for the basic isotope incorporation experiment 

consisted of 25 X 200 mm test tube containing basal saltss isotope and 

cells. The test tube was plugged with a rubber stopper fitted with two 

glass tubes: the inlet tube submerged in the cell suspension, the

outlet (exhaust) tube near the top of the test tube. Air washed with 

20% KOH to remove CO^ was passed through the inlet tube to provide 

agitation and aeration. Exhaust air passed through the outlet tube and 

into an ethanolamine trap to recover any isotope evolved as labelled CO^* 

After the specified length of exposure, the cells were removed 

by centrifugation and extracted according to the modified Ogur-Rosen 

technique. Radioactivity in the ethanolamine and the various fractions 

accounted for isotope recovery. A reaction vessel containing boiled 

cells plus the isotope was used as a control.

Effect of Age on Incorporation of Acetate 

The basic isotope incorporation experimental set-up was used with 

cells grown on AcIT media of the following ages: 12, 18, 24, 36 and

48 hours. Acetate-l-^C or acetate-2-^^C was added at zero time. The 

experiment was terminated after 30 minutes and the percent uptake and 

radioactive GO^ determined.



Effect of Starvation Times on the 
Uptake of Acetate-l-^C

The basic isotope incorporation experimental set-up was used
with AcII grown cultures* Prior to isotope introduction, the cells were

"starved” as previously described for the following length of time: 0,

5, 10, 15, 20, 30, 45, 60,. 90, and 120 minutes * Acetate-l-^C was

introduced at zero time* The experiment was stopped after 30 minutes

and percent uptake and radioactive CO^ determined*

Effect of Intermediate Compounds 
on the Uptake of Acetate-1- —C and Radioactive CO^ Evolved

Twenty four hour old AcIT grown cultures were harvested as

previously described and washed twice in carbon-free basal salts to
remove any exogenous carbon* The cells were resuspended in sufficient

basal salts to obtain a concentration of 20 mg of cells (dry weight)

per ml* Five ml aliquots of the cell suspension were placed into 95 ml

of a basal salts solution containing 100 ppm carbon of one of the
following compounds: sodium acetate, serine, glycerate, sodium glyoxy-

late, sodium citrate, succinate or malate*
The cultures were incubated for nine hours at 27°C on a rotary

shaker* At the end of the incubation, the cells were harvested and

prepared for the basic isotope incorporation experiment as previously

described.' Acetate-l-^C was added at zero time and incubated for 30

minutes. Determinations of uptake and radioactive CO^ evolved were made

by the usual methods *
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Paper Chromatography 

Two-dimensional chromatography was used to separate components 

of the ethanol soluble fraction* Whatman NoY 1 chromatography paper 

(46 cm x 57 cm) was used. The solvent system first direction was 

distilled phenol saturated with double distilled water. The second 

direction solvent system consisted of a butanol.water (125:10 v/v) 
solution and propionic acid:water (60:80 v/v) solution in a 1:1 (v/v) 

ratio = Migration times were 24 hours for the first solvent and 12 hours 

for the second solvent. The chromatogram was air dired for 12 hours 

prior to the introduction of the second solvent. The finished chromato
gram was then allowed to air dry for another 12 hour period prior to 
exposing the sheets to indicator systems.

Amino acids were detected by spraying with a 0.5% ninhydrin 

solution in acetone, followed by heating for 15 minutes at 60°C. 

Aliphatic acids were detected by spraying the chromatogram with a 

bromeresoT green reagent. The reagent contained bromcresol green 

(0.1% in absolute ethanol:acetone, 1:4 (v/v).
Presumptive identification of spots involved the comparison of 

their Rf values to those of known standards in ethanol. Further identi

fication used the overlay technique of known to unknown samples.

Pyruvic acid and alpha-ketoglutaric acid were detected and identified 

by synthesizing their diriitrophenol (DNP)-hydrazone derivatives.

Autoradiography 
Autoradiographs were made from duplicates of paper chrom

atograms. The chromatograms were marked with radioactive ink at the
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origin and along the solvent fronts. The chromatograms were attached 
to black, paper and placed into x-ray exposure holders (Kodak). In 
total darkness, a 35.6 x 43.2 cm sheet of x-ray film (Eastman-Kodak No 
Screen) was placed on top of the chromatogram and into the x-ray holder. 

The holders were stored in the dark for a 3 to 4 week period depending 

upon the concentration of radioactive material on the chromatogram.

The films were removed from the x-ray holders in total darkness and 
developed for 6 to 10 minutes in P-76 (Eastman-Kodak) developer. The 

film was then rinsed in running tap water and placed in P-46 fixer 

(Eastman-Kodak) for 15 minutes. The x-ray film was then thoroughly 

washed in running tap water and air dried.

Elution and Counting of Radioactive Spots 

Radioactive spots were located on the chromatogram by lining up 

the original chromatogram and the autoradiogram. The spots were cut out, 
then cut into small pieces and eluted with 70% ethanol. The paper was 

removed and a sample of the eluate counted for radioactivity. Less than 

10% of the radioactivity remained on the paper. An area of the chromato

gram (the size of an average spot) that did not give a darkened area on 
the autoradiogram was cut out and counted to give an estimate of the 

background counts on the chromatogram.

Identification of Radioactive Compounds 

The identity of the radioactive compounds was confirmed by co

chromatography with authentic standards. A portion of the radioactive 

sample was mixed with an authentic sample (50ug of carboxylic acid.
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lOyg of amitio acid) in a total volume of 0.2 ml. The. sample was spotted 

on Whatman No. 1 chromatography paper and chromatographed in two 

dimensions. After drying, the chromatographs were stained as described 
above. The stained areas were cut out and placed into 10 ml of scintil
lation cocktail for counting. The rest of the paper was cut into small 

strips and counted to ensure only one radioactive spot was present on 
the chromatogramo

Special Stains

Bacteria to be examined for phosphate or volutin granules were 
stained by the Neisser method (2,14,35), Cells appeared yellow while 
volutin granules were black to dark purple when viewed by light 

microscopy.

Enzyme Assays

All spectrophotometric assays were performed on a Beckman D IT 

spectrophotometer at room temperature.

Citrate Lyase

Citrate lyase was assayed by the method of Dagley (9) but modi

fied by coupling with the malate dehydrogenase system. The reaction 

mixture contained 2.75 ml of triethanolamine buffer, Q.lM, pH 7.6;

CL 5 ml of ZnClg, 4mg/ml; 0. 05 ml NADH, Na salt, lOmg/ml; 0.02 ml of 

sodium citrate, 0.1M; 0.05 ml of malate dehydrogenase, 2mg/ml; and 

0.10 ml of enzyme source in triethanolamine buffer (10 mM pH 7.6;

0.04mg ZnCl /ml, 60mg ammonium sulphate/ml).
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Citrate Synthase 

Citrate synthase was assayed by the method of P o D.J» Weitzman 

(39). The CoASH produced was reacted with 5,5 dithiobis-(2-nitro- 

benzoic acid) (DTNB) and the rate of change in extinction at 412 nm 

measuredo The reaction mixture contained the following: 0.93 ml of

Tris-HCl buffer, 0.1M, pH 8.0; 0.02 ml Acetyl-CoA, 8mM; 0.01 ml of 
DTNB9 lOmM; 0.02 ml enzyme source. The reaction was started by the 

addition of 0.02 ml of sodium oxaloacetate, lOmM, and the rate of 

increase in extinction at 412hm was recorded.

The molar extinction coefficient of the measured species at 

412nm was 13,600. The cells for the assay were broken in Tris-buffer 

solutions pH 8.0 with 10 mM MgCl^ as an activator.

Isocitrate Dehydrogenase (NAD)
Isocitrate dehydrogenase (ICD) was assayed according to the 

method of Bellion and Hersh (4). The isocitrate dependent reduction of 

NAD at 340 nm was measured. The reaction mixture contained 300 micro

moles of potassium phosphate buffer, pH 7.5; 2.0 yM of NAD; 10.0 yM 

of isocitrate; 15.0 yM of MgSO^ and enzyme source in a final volume of

3.0 ml.

Isocitrate Dehydrogenase (NADP)

Isocitrate dehydrogenase (NADP) was assayed according to the 

method of Bellion and Hersh (4) with slight modifications. The iso- 

citrate dependent reduction of NADP at 340 nm was measured rather than 
NAD. The reaction mixture contained 300 yM of potassium phosphate 

buffer, pH 7.5, 3.0 yM of NADP, 10 yM of isocitric acid.
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Alpha-Ketoglutarate Dehydrogenase 
Alpha-ketoglutarate dehydrogenase was assayed according to the 

method of Reed and Mukherjee (32). The assay was based on the alpha- 

ketoglutarate dependent formation of NADH. The reaction mixture con

tained the following: 0.1 ml of 0.5 M potassium phosphate buffers pH 8.0;

0.1 ml of 10 mM MgCl^, 0.02 ml of 0.1 M NAD; 0.1 ml of 20 mM cysteine 

hydrocloride (neutralized before use); 0=05-0.1 ml of enzyme source and 
double distilled water to a volume of 0=97 ml. The reaction was started 
at 25°C by the simultaneous addition of 0=02 ml of CoAs 30 mM and 0=01 ml 
of 0.1 M potassium alpha-ketoglutarate = The increase in absorbance at 
340 nm was followed.

Malate Dehydrogenase 

Malate dehydrogenase was assayed according to the method of 

Yoshida (40)= The assay was based on the increase in extinction at 340 nm 

due to the reduction of NAD and oxidation of the malate. The reaction 

mixture contained 2.5 ml of 0.1 M Tris-HCl buffer $ pH 8.8; 0.1 ml of 
O.i M sodium malate; 0.1 ml of 10 mM NAD; 0.05 ml of enzyme source and 

0.25 ml of double distilled water. The increase in absorbance at 340 nm 

was followed.

Isocitrate Lyase

Isocitrate lyase was assayed according to the method of McFadden 

(27). The enzyme activity was measured by determining the amount of 

glyoxylate formed from isocitrate in 10 minutes at 30°C by a relatively 

specific colorimetric assay for glyoxylate. A mixture containing the 

following was preincubated in 15 cm test ̂ tubes at 30°C for 10 minutes:
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1.5 ml of 0.1 M Tris-HCl buffer, pH 7.7, containing 3 mMMgCl^; 0.2 ml

+2of gluthathione, 0.12 M,. prepared fresh in Tris-Mg buffer; 0.2 ml of 
40 mM trisodium DL~isocitrate in Tris-Mg"^ buffer and 0.1 ml of enzyme 

source. After an incubation of 10 minutes at 30oC, the reaction was 
stopped by the addition of 1.0 ml of trichloroacetic acid, 10% (w/v).
One ml of this solution was transferred to a 50 ml beaker and 6.0 ml of 

oxalic acid-phenylhydrazine-mixture (5 -parts 10 mM oxalic acid to one

part 1% phenylhydrazine hydrochloride) was added. The mixture was heated
. . .  -

until just boiling, cooled at room temperature for five minutes, and then 
chilled in an ice bath for 2 minutes. The beaker was removed from the 

ice bath, 4.0 ml of concentrated HC1 was added and mixed thoroughly 

before the addition of 1.0 ml of potassium ferricyanide, 5% (w/v). .
Seven minutes after the addition of ferricyanide, the optical density was 
read at 520 nxn against a water blank.

Malate- Synthase

. Malate synthase was assayed according to the method of Dixon and 

Kornberg (11). The assay was based on the decrease in optical density at 

232 nm due to the cleavage of the thioester bond of acetyl-CoA in the pre

sence of glyoxylate; The reaction mixture was prepared fresh by mixing

4,0 ml of 0.1 M tris (hydroxymethyl) aminomethane-HCl buffer, pH 8.0;

0.15 ml of 0.1 M MgCl2 and 0.1 ml of 0* 002 M acetyl-CoAb Eight-tenths ml 

of this mixture was placed into a 1.0 ml silica Cuvette and 0.02 ml of 

the.enzyme source was added. The ^232 was reGorded for several minutes 
to detect acetyl-CoA deacylase activity. If the was zero, 0.02 ml
of 0.02 M sodium gloxylate was added to initiate the reaction. If malate
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synthase was present5 a decrease in the- ^232 was observed» The presence 
of malate was' confirmed by paper chromatography.

Serine Hydroxymethyltransferase 
Serine hydroxymethyltransferase was assayed according to the 

method of Scrimgoer and Huennekens (36), The assay, was based on the 

reversible hydrolytic cleavage of L-serine to glycine and formaldehyde. 
The free and bound formaldehyde were estimated colorimetrically using 

the acetylacetone reagent method. The following reagents were added to 

a 15 ml centrifuge tube: 0.05 ■ml of 1.0 M glycine; 0.01 ml of 0.025 M

formaldehyde (prepared fresh,daily); 0.01 ml of dl-tetrahydrofolate 
(3 mg/ml prepared immediately prior to the assay); 0.15 ml of 0.5 M phos

phate buffer, pH 7.5, 0.01 ml of 0.0003 M. pyridoxal phosphate; 0.05 to 
0.20 ml of enzyme source and double distilled water to make a total vol
ume of 1.20 ini.. The mixture was incubated for 8 minutes at 370C. The 

reaction was stopped by the addition of 0.3 ml of .15% trichloroacetic 

acid and centrifuged at 189 000 X g for 5 minutes in the cold to clarify 

and pack denatured protein. A 0.5 ml portion of the supernatant was 

placed in a 15 cm test tube containing 2.0 ml of Nash?s reagent B.

Nash’s reagent contained 2 ml of redistilled acetylacetone, 3 ml. of 

glacial acetic acid and 150 g of ammonium acetate in 1L double distilled 

water. After mixing, the solution was incubated at 37°C'for 45 minutes, 

then diluted to 10 ml with double distilled water. The mixture was read 

at 440 nm against a blank containing only Nash’s reagent B, and compared 

to a standard curve ranging from 0.1 uM to 1.2 uM of monomethylol" 
dimethyl-hydantdin.



L-Serine Glyoxylate Aminotransferase 
L-serine glyoxylate aminotransferase was assayed according to the 

method of Blackmore and Quayle (5)» The assay was based on the glyoxylate 
dependent formation of hydroxypyruvate from L-serihe. The reaction was 

coupled to the hydroxypyruvate reductase systems, allowing the aminotrans

ferase activity to be measured by recording the NADH oxidation at 340 nm. 
The complete reaction mixture contained 100 uM phosphate buffer9 pH 7.5,
0.05 uM pyridoxal phosphate, 0.03 uM L-serine, enzyme source and double 

distilled water to a final volume of 3.0 ml.

Hydroxypyruvate Reductase 
Hydroxypyruvate reductase was assayed according to the method of 

Kohn and Jakoby (22). The conversion of NADH to NAD in the presence of 

hydroxypyruvate was measured spectrophotometrically by a decrease in ab- 

sorbtion at 340 nm. The reaction mixture contained the following: 0.2 ml

of 0.5 M potassium phosphate buffer, pH 7.5,- 0.4 ml of 0.01 M lithium 
hydroxypruvate (prepared fresh), 0.1 ml of 10 xnM NADH, enzyme source and 

double distilled water to a final volume of 1.0 ml.

Definition of Enzyme Activity 
One unit of activity was defined as that amount of enzyme that 

catalyzed the formation of 1 micromole of product formed or substrate 
converted per minute under the assay conditions. Specific activity was 

defined as the number of units per milligram of protein in the sample.



CHAPTER 4

RESULTS 
One Carbon Growth Studies

Various one carbon compounds were investigated to determine if 

they could be utilized as a sole source of carbon and energy» Data are 
shown in Figure 1.

A step down from acetate to formate had a lag period of 40 hours 

followed by an exponential phase of 24 hours duration. The resulting cell 

density was approximately 70% of that reached by acetate grown cultures 

at the end of an exponential phase (Figure 2).

Cultures in. formaldehyde medium had a phase of adjustment lasting 
48 hours followed by a recovery. A similiar curve was seen for methyl- 

amine I grown cultures $ a phase of adjustment of 56 hours f ollowed by a 

gradual recovery. Howevers if a source of nitrogen other than that avail

able from the breakdown of methylamine was provided 9 as in methylamine II 
mediums the phase of adjustment was reduced to 16 hours and growth was 

stimulated.

The ability of A. phosphadevorus to form, phosphate granules in the 
various step-down media was estimated using the Neisser staining tech

nique. Between 45 and 50% of cells grown in formate or formaldehyde had 
phosphate inclusions. Ten percent of the cells grown on methylamine II 

medium had phosphate inclusions while no inclusions were seen in cells 

grown on methylamine I medium.
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The gross appearance of A „ phosphadevorus in liquid culture grown 
on both methylamine media was similiar to that seen in sterile sewage 
preparationso When grown on formate or formaldehyde, the gross appear
ance was similiar to that in acetate II media.

Acetate Growth Studies 

Acetate was chosen as a two carbon model since it has been impli

cated as a major carbon source for A. phosphadevorus in sewage (35). A 

typical growth curve for A. phosphadevorus in AcII medium is represented 

by Figure 2. A. phosphadevorus has a shorter doubling time in AcII 
medium than in the one-carbon media.

Dry weight determinations and optical density measurements cor
relate well for the midexponential range with the greatest deviation dur

ing the stationary phase. This deviation may be due to the clumping 

commonly seen in broth cultures of A . pho sphadevorus at this stage in the 

growth cycle. Phosphate inclusions were demonstrated in greater than 90% 

of the cells.

Growth on Citrate

A. phosphadevorus was able to utilize citrate after an adaptation

period (14). Citrate was chosen as a growth substrate to contrast against

one and two carbon growth studies. A typical growth curve is represented

by Figure 3. Phosphate inclusions were demonstrated in greater than 90% 
of the cells.
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Growth on Glycerol 

Attempts to adapt A. phosphadevorus to growth on glycerol proved 
unsuccessful (Fig, 4). The transfer of cells from acetate or citrate 

into glycerol resulted in a decline in cluture density through the 80 
hours monitored.

The addition of 100 ppm acetate or citrate carbon to glycerol 

media inoculated with acetate grown cells9 maintained culture density 
for more than 30 hours, The decline in culture density after 30 hours 
was most likely due to exhaustion of the usable'.carbon source, i, e, 9 
acetate or citrate.

The Effect of Age on the Uptake and 
Distribution of Radioactive Acetate

The amount of uptake and the distribution of radioactive carbon

incorporated from differentially labeled acetate during various stages

in the growth cycle of A, phosphadevorus was investigated. The differ—
14ence in uptake of acetate-1-= C between starved and unstarved cells was

5% or less for cells in early exponential phase to stationary phase

(Tables 1 and 2), A significant difference in uptake (P <0,05) was
observed by cell cultures that were 48 hours old. The difference in the

14amount of radioactive CO^ evolved from the acetate-1- C between starved 

and unstarved cells, were not significantly different. As the age of 

the cultures increased, the difference between the evolved radioactive 

COg for unstarved and starved decreased until finally no difference 

was found.
The greatest difference in radioactive CO^ evolved between 

starved and unstarved cells was at 24 hours, This time corresponds to
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14 i 1Table 1. Incorporation of Acetate-1 C by Unstarved Cells of Ac phosphadevorus

Age of Culture 14 2 @4 I
(Hours). - T ot s 1.Amount - Added' .Supernatant.. Cells CO^ . -Hptake (%)' CO^(%)

12 1.12 X io6 2.24 X so5 4.21 X io5 4.75' X B05 80 53

68 • 8.06 X ®o6 2.42 X ao5 2.08 X so5 . 5 o 60 X 105 76 7 3

2 4
- . : B. 6 3 X io6 2.82 % 105 ' 2.38 X io5 6,10 X io5 • 7 5 72

36 1,06 X ®o6 3.07 X to5 5.35 X so5 2,18 X 165 71 2 9

4 8 6 . 0 5 X io6 3.04 •x !Q5 5.30 X io5 2,86 X io5 7 8 2 9

1, Exposure to A c e t a t e - B - ^ C  for 30 minutes,

2. Expressed as percentage uptake per fiOO mg dr^ weight. 

Jo Expressed.as percentage■of total uptake.



14 - 1Table 2. Incorporation of Acetate-1- G by Starved Cells of A, phosphadevorus

Age of'Culture 
(Hours)- Tolal Asiioeml: Added Cell Oprake

12 1.08 K 106 ■ 2.53 X 105 5.53 X 805 2 05 X ao5 75 2 7
18 9.89 •X 105 2.67 X ao5 : 4.98 X ao5 2 24 X 10^ 73 31

24 1.12 X ao6 3.36 X ao5 6.82 X ao5 a 72 X 105 70 22

36' B. 03 X ao6 3.30 X ao5 5.39 X 805 a 68 X ao5 68 23

48 S. 18 X )o6 5.07 X ao5 5.88 X ao5 . a 55 X 8>05. 57 23

1. Starvation time 30 minutes8 Exposure time 30 minutes.

2. Expressed as percent uptake per 100 mg dry weight,

3. Expressed as percent of total uptake.
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the end of the exponential phase of growth and a change in the manner by 
which acetate is metabolized as indicated by the 40% reduction in the 
amount of labeled CO^ evolved»

14The uptake of acetate-2- C by A. phosphadevorus was similar to
that for acetate-l-^C (Fig„ 5(A)) o A significant difference in the
amount of uptake (P < 0.05).between starved and unstarved cells was

seen for 48 hour old cultures. The amount of radioactive. CO^ derived 
14from acetate-2- G was never more than 5% in either the starved or un—  

starved cells of the various aged cultures (Fig. 5(B)). This indicates 

that the metabolic fate of the number one carbon is different from that 

seen by the number two carbon. Since the difference seen between starved 

and unstarved cells is not significant (P > 0.05) (Fig. 5(B) )y the number 

two carbon appears to share a common fate under these conditions. This 

assumption is further demonstrated by the distribution of incorpo

rated into compounds of the ethanol soluble fraction (Fig. 6). The
amount of label present in the ethanol soluble fraction from acetate- 

14 •2-- G present in the ethanol soluble fraction was significantly dif

ferent (P < 0.05) in the starved and unstarved cells for the time 

periods of 12, 18s 24 and 36 hours. At 48 hours the difference was not 

significant. The smaller percentages found in the unstarved cells 

exposed to acetate-l-^C may be due to the high amount of label evolved 

as CO^«> Th^s would leave a considerably smaller portion of the label 

available for incorporation into the ethanol soluble fraction.
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A determination of the distribution of radioactivity in other
cell compounds revealed that regardless of the isotope used, less than
20% of that incorporated, appeared in other extracted fractions
(Tables 3 and 4).

Autoradiographic analysis was made of ethanol soluble extracts
14 •from 24 hour cultures, starved and unstarved, exposed to acetate-1- C

or acetate-2-^ MC. The chromatograms revealed many labeled compounds
most of which were unidentifiedc Overall, more labeled compounds were

14found in extracts from cells exposed to acetate-2- C„ Three compounds 

malate, alanine and glutamate, were common to all extracts chromato

graphed. Serine and glycine were identified in extracts from cells
14 " 'exposed to acetate-2- C in unstarved conditiono

Effect of Starvation Time on Uptake of
14 14Acetate-1- C and the CO^ Evolved

By varing the starvation times of the cells, the onset of reduc
tion in CO^ evolved began after a 10 minute starvation (Fig. 7). As

' 2,4the time of starvation increased the amount of CO^ decreased result
ing in a net change of 65% over 100 minutes.

An extended starvation period through 90 minutes did not
, 14significantly change the uptake of acetate-1- C„ However, an addi

tional 30 minute starvation, total of 120 minutes, produced.a 15% 
change in uptake.



14Table 3« Distribution of.-Radioactivity* from Acetate-1- C 
in Fractions Extracted from Ao phosphadevorus,

Fraction 12 hrs 24 hrs 48 hrs

UNS STR UNS STR UNS STR
co2 53 27 73 29 29 24
Ethanol Soluble 

Compounds 20, 43 12 38 37 35

Lipid Fraction 2 2 3 2 2 2
Nucleoside and 

Nucleotide Pools 4 5 3 3 4 3

Ribonucleic Acid 2 1 2 4 1 1
Deoxyribonucleic

Acid . 2 2 1 1 1 1
Cell Residue 6 8 4 7 3 5

Percent Recovery 89 88 98 84 77 71

^Expressed as percentage of uptake of Acetate-1- C per 100 mg cell 
mass
UNS - unstarved STR - starved
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14Table 4. •Distribution of Radioactivity* from Acetate-2- C in 

Fractions Extracted from A. phosphadevorus,

Fraction 12 hrs 24 hrs 48 hrs

UNS SIR UNS STR UNS STR

C02 17 15 22 19 18 13
Ethanol Soluble 
Compounds 51 49 45 46 42 42

Lipid Fraction 3 4 2 5 4 7

Nucleoside and 
Nucleotide Pools 4 5 3 4 4 3

Ribonuecleic Acid 2 1 2 2 3 1
Deoxyribonucleic

Acid . 2 1 3 2 2 1
Cell Residue 7 8 10 5 8 7

Percent Recovery 86 83 87 83 81 74

^Expressed as percentage of uptake of acetate-2- C per 100 mg 
cell mass.
TINS - unstarved STR - starved
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The S.A. of 48 hour citrate cultures was 57% of'that for -24 

hour cultures in the unstarved condition and 27% in cells starved 30

minutes»- -
The So Ac of 48 hour citrate cultures was 78% of that for .24 

hour cultures in the unstarved condition and 35% in cells starved 30 
minutes»

Citrate lyase (EC4.1o3o6) had low levels of activity in citrate 
cellsc No activity was detected in acetate grown cellsc

The low activities found for citrate lyase and citrate synthase 

in citrate grown cultures indicate that exogenous citrate may be able to 
enter the cell and possibly the TCA cycle as an intact molecule»

The isocitrate dehydrogenase in extracts of A, phosphadevorus 

showed an almost equal specificifity for NAD and NADP«, This equal speci

ficity for co-factors NAD and NADP indicates the presence of isoenzymes. 

Citrate grown cells showed higher S.A. than did acetate cells9 this may 
be a reflection of exogenous citrate entering the cycle (37)v By 48 

hours the S.A. in the extracts from both citrate and acetate cells had 

decreased to less than 50% of 24 hour levels.

Alpha-ketogluturate dehydrogenase had the highest specific activ

ity of all the TCA enzymes assayed. A significant difference (P < 0.05) 

the specific activities of starved and unstarved cells was found for 24 

hour acetate grown cells.

Cells grown in acetate or citrate appear to have a functional TCA 

cycle9 at least through the level of malate dehydrogenase (Table 5).



Table: 5. Enzymes of the TCA Cycle.

Enzyme Specific Activity

Acetate Citrate
24 hrs , 

UNS2 STR3

48 hrs

UNS STR

24 hrs

UNS STR
48 hrs

UNS STR
Citrate'Synthase■
(EC4.1,3.7)

Citrate Lyase 
(EC4.1.3.6)

Isocitrate Dehydrogenase 
(NAD) ,(EC1. 1. 4 5 )

Isocitrate Dehydrogenase 
(NADP) (EC 1.2.4.2)

A1pha-ketogultarate 
Dehydrogenase (EC 1.2.4.2)

Ha late Dehyrogenase 
(EC 1.1.1.37)

1.10 1.40

ND ■ ND

1.83 1.94

1.40 1.60

7.90 1.14

2.40 2.60

0.63 0.38

ND ND

0.87 0.71

0.42 0.33

1.51 1.01

I.10 0.97

0.50 0.52

0.11 0.09

2.40 2.28

2.84 3.01

5,88 5.69

1.40 1.42

0.39 0.18

.07 ND

1.09 0.61

1.41 0.83

3.11 1.87

0.83 0.65

1. umol/min/mgm protein
2. ' UNA=nnstarved
3. STK-starved
4. ND=not detected
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Effect of Intermediates on the Uptake of 
A c e t a t e - l - 1 4 c  and Radioactive COp Evolved

Cells resuspended in 100 ppm acetate were used as a standard for 

comparison for the other intermediate compounds * Sodium citrate was the 
only compound to significantly alter the uptake of acetate-l-^C (Fig. 8) . 
A 50% decrease in uptake by unstarved cells and a 57% decrease for starved 
cells was the result of cell injury or death through a depletion of endo

genous carbon and energy sources. Citrate may be supplying the same 

products as acetate5 so it is antagonistic. Ferguson (14) has previously
reported the failure of cells grown on acetate to incorporate any citrate- 

141,5- C. Experiments performed by the author have substantiated these 

results (not shown). All other compounds did not alter the uptake of 

isotope to any significant degree.

Serine, citrate, malate and succinate had a demonstable effect on 

the amount of radioactive CC^ evolved by unstarved cells (Fig. 9). Serine 

and citrate reduced the evolved CO^ to the level of acetate cells in the 
starved condition, Succinate and malate had a more moderate effect re

ducing levels of CO2 evolved to 60% of that for unstarved acetate cells. 
The intermediates had no significant effect on the amount of radioactive 

CO^ evolved by cells in starved condition.

Enzymes of the Tricarboxylic Acid Cycle (TCA)

Citrate synthase (EC4.1.3.7), the "condensing enzyme", could be 

demonstrated in acetate and citrate grown cells (Table 5). The specific 

activity (S.A.) in citrate grown cells was approximately one-half that 

found in acetate grown cells.
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Highest activity levels were found in extracts from cells in the exponen

tial phase of growth (24 hours)e Lower levels of activity were found 
for cells in the stationary phase (48 hours)»

Enzymes of the Glyoxylate Cycle 
Both enzymes necessary for the operation of the glyoxylate by-pass 

were demonstrated in extracts of A. phosphadevorus grown on acetate 

(Table 6)« This is consistent for members of the genus Ancinetobacter 

when grown on acetate (7 $ 20) . Low levels of isocitrate lyase and malate 
synthase were detected in 24 hour citrate grown cells but not in 48 hour 
cells.

Enzymes of the Serine Pathway 

Key enzymes of the serine pathway were detected in extracts of 

acetate grown cells. The highest activity was found in 24 hour cells 

and became almost undetectable by 48 hours (Table 7). Hydroxypyruvate 

reductase and serine hydroxymethyl transferase had very low specific activ

ities in citrate cell's.... Serine-glyoxylate aminotransferase was not 
detected in citrate cells. Alanine could not substitute for serine in 

the aminotransferase system from extracts of acetate grown cells.



Table 6. Enzymes of the Glyoxylate By-Pass»

Enzyme Specific Activity

Acetate Citrate

48 hrs 

UNS SIR

ND

ND ND

1. pmol/min/mg protein
2. UNS=unstarved '

3. STR=starved 
4- ND=not detected

24 -hrs ■ 48 hrs 24 hrs

 """ "   7 .UNS2 STR3 UNS STR UNS STR

Isocitrate Lyase 1,40 1.41 1.09 0.63 .11 .02
(EC 4.1.3.1)
Malate Synthase
(EC4.1.3.2) 1.20 1.48 1,01 0.72 .25 .07

4>-



Table 7o Enzymes of .the Serine Pathway

Enzyme Specific Activity1

.Acetate

24 hrs 

UNS2 STR3
48 hrs

' UNS •STR

Citrate

24 hrs

UNS ' STR

48 hrs

UNS STR

Hydroxypyruvate Reductase
(EC1.1.1.29) 1.87 ■ 1.87
Serinehydroxymethyl
Transferase (EC2.7.2.1) 0.69. 0.64

Serine-glyoxylate
Aminotransferase (EC2.6.1.-) 0.14 0.13

0.10 ND

0.04 ' ND

ND ND

0.05 0.08

0.20 0.18

ND ND

0.03 ND

.04 ND

ND ND

1. pmol/min/mg protein

2. UNS=unstarved

3. STR=starved

4. ND=not detected



CHAPTER 5

DISCUSSION

The apparent obligatory aerobiosis of A. phosphadevorus has lead 

previous investigators to propose a tricarboxylic acid cycle (TCA) for 
the production of energy and intermediate compounds for cellular con
struction (14,24). During the growth of micro-organismss intermediates 

of the TCA cycle are utilized to provide the carbon skeletons of syn

thesized amino acids. Growth on simple substrates9 such as acetate, 
requires the possession of alternate pathways to compensate for the loss 

of intermediates from the cycle. The TCA cycle, simply stated, is a 
means whereby acetate, after reacting with oxaloacetate, is oxidized 

to carbon dioxide with the regeneration of oxaloacetate. Removal of any 

intermediates from the cycle prevents the regeneration of oxaloacetate 

and therefore cause a stoppage of the cycle. When grown on acetate or 

other simple substrates, mechanisms must operate whereby an acceptor 

for C^ units can be synthesized from acetate.

Several mechanisms for circumventing this problem have been 
identified. The glyoxylate cycle (glyoxylate bypass) (23) allows for 

the assimilation of acetate without losing it as COg* The glyoxylate 

cycle involves the inducible enzymes isocitrate lyase which cleaves 

isocitric acid to succinic acid and glyoxylic acid, The glyoxylic acid 

is then condensed with acetyl-CoA via malate synthase to form malic 

acid which can then be converted to oxalacetic acid.

46
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Other micro-organisms have handled the assimilation of acetate 

by variations of the glyoxylate cycle„ Rhodopseudomonas gelatinosa 
has been shown to contain isocitrate lyase but lacks malate synthase 
when grown phototropically on acetate (1). An enzyme sequence for the 

synthesis of phosphoenolpyruvate (PEP) and C^— dicarboxylic acids from 

glyoxylate which does not involve malate synthase was found. The 

sequence consisted of alanine-glyoxy1ate aminotransferase and the 
enzymes of the serine pathway9 PEP synthase and PEP carboxylasee This 

is the first reference involving the serine pathway and the assimilation 
of acetate (1).

Beggiatoa has evolved a system for acetate incorporation into 

four carbon compounds without, the presence of key enzymes of the TCA 

cycle or glyoxylate cycle (6). In this schernes acetyl-coenzyme A (CoA) 
is condensed with glyoxylate to form malate which is then converted to 

oxaloacetate. Oxaloacetate then reacts with glutamate to produce 

alpha-ketoglutarate which is converted to isocitrate. Cleavage of the 
isocitrate produces glyoxylate and succinate.

The presence of acetate in the grwoth medium of Anabaena 

variabilis3 a blue-green algaes did not alter the activity of activating 
enzymes or glyoxylate cycle enzymes (30).

Results of this study show that acetate enters the tricarboxylic 

acid cycle at two sites9 to form citrate at one and malate at the other. 
In order to participate in these two reactions, a preliminary acti

vation of acetate through conversion to acetyl CoA must take place (20). 

Two main mechanisms are known to bring about this activation. One of
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these mechanisms 9 involves an enzyme referred to as the acetate acti
vating enzymes catalyzing the reversible conversion of adenosine tri
phosphate (ATP)9 acetate and CoA to adenosine monophosphate, 
pyrophosphate and acetyl CoA. The other mechanism, restricted to 

bacteria, involves two enzymes, acetokinase and transacetylase.

Once the acetate is activated to acetyl-CoA it is able to 
participate in the citrate synthase reaction (see Table 5) and the 

malate synthase reaction (see Table 6). Both of these enzymes can be 

found in crude extracts from A. phosphadevorus when grown on acetate.

Two-dimensional chromatography and radioautography of ethanol
14soluble fractions of A. phosphadevorus exposed to acetate-1- C or

14 14acetate-2- C showed that the C from acetate appeared in intermediates

of the TCA cycle and in amino acids derived directly from the cycle.

The metabolism of acetate-l-^^C and acetate-2-^^C as measured
: 14 V: ■ -by C carbon dioxide evolved during respiration (see Tables 1 and 2

' * 14and Fig. 7(B)) showed a greater amount from acetate-1- C. This finding 

is consistent with operation of a tricarboxylic acid cycle. However, 

the ratio of radioactivity from the carboxyl group as compared with 
the methyl group was greater than expected, indicating the presence of 

another route of acetate oxidation apart from the TCA cycle.

The alternate route of acetate metabolism involves an initial 

decarboxylation followed by the assimilation of the methyl portion of 
acetate via serine hydroxymethylase (5,10-methylenetetrahydrofolate: 
glycine hydroxymethyltransferase, EC 2.1.2.1) into the serine pathway 

(Fig. 10). Serine hydroxymethyltransferase, a pyridoxal phosphate—  

dependent enzyme, catalyzes the L-serine-glycine interconversion shown
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Figure 10. Serine Pathway.
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5 10in Reaction 1 (16)„ N 5 N -methylenetetrahydrofolate + glycine

serine + tetrahydrofolate (1) .

Serine hydroxyhydroxymethyltransferase has been found to 

catalyse a variety of reactions: alpha, beta-cleavage of beta-hydroxy-L

amino acidss transamination with D-alanime, tetrahydrofolate-dependent 

alpha-proton exchange of the Pro s-proton of glycine and the de

carboxylation of alpha-aminomalonate (16). A similar decarboxylation 

may occur in A. phosphadevoruso The activity for serine hydroxy- 

methytransferase was four times greater in crude extracts from acetate 

cells than in extracts from citrate cells» : The finding of activity in 
citrate cells reflects the reversible nature of the reaction, the 

biosynthesis of glycine from serine„

As demonstrated in Pseudomonas AMI, there may be two species of 
serine hydroxymethylase in A. phosphadevorus (3)«, One of these functions 

in the serine pathway during growth on acetate and the other provides 

for glycine synthesis from serine during growth on citrate or other 

complex substances„

The synthesis of cellular compounds from the operation of the 

serine pathway requires the expenditure of one molecule of glycine per 
each molecule of phosphoglycerate or oxaloacetate formed. The cyclic 

regeneration of this carbon-1 acceptor comes /about by a variation of 
the ICL-serine pathway and serine-glyoxylatei amino-transferase

I .

(see Fig. 12) (3,17,31,33). Although the activities found are low 

considering the levels of hydroxypyruvate reductase and isocitrate
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lyase9 the assay was run at conditions optimum for serine-glyoxylate
aminotransferase which are necessarily not optimal for that of.the

coupled reaction, hydroxypyruvate reductase. y

The continued operation of- this cyclic process would require
the maintenance of a concentration of serine necessary to keep gloxy-

late flowing through the assimilatory pathway. Withdrawal of glycine
or serine for synthesis of proteins or purines might therefore alter
the main flow of carbon into the cell. Likewise, the addition of

glycine or serine may cause an alteration in the flow of carbon. The

addition of serine resulted in a decrease in the amount of CCL evolved
' 2

from unstarved cells to levels seen for starved cells (Fig. 9).
Glycine, glyoxylate and glycerate had no such effect. Therefore, 

serine may play a regulation role in the role in the flow of one 
and two carbon fragments through the serine pathway (see Figures 11 and 

12).
The flow of carbon to the serine pathway in A. phosphadevorus 

may also be governed by the relative energy status of the micro

organism. With sufficient energy available, the serine pathway operates 
and provides glycine, serine and the other three carbon compounds re

quired for biosynthesiso. Thus in A. phosphadevorus, the serine path

way would be expected to operate during the exponential phase of growth. 

Table 1 shows that the elevated levels for labeled CO^ derived from the 

carboxyl portion of acetate persist until the stationary phase is 
reached, 36 hours. A ten-fold reduction.in two key enzymes of the 
serine pathway and the disappearance of a third enzyme (Table 7) for
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cells in the stationary phase also indicate the closing down of the 
serine pathway„

The depletion of endogenous energy stores causes a rechannel

ing of carbon from the serine pathway to the TCA cycle (Fig, 11). A
15 minute starvation period decreased the radioactive CO^ by 12 

percent (Fig, 7), As the starvation time increased and consequently 
the depletion of endogenous energy stores, less and less acetate would 
be going through the serine pathway and the decarboxylating step, The
acetate would be going into the TCA cycle for energy production.

Enzymatic evidence for the shut down of the serine pathway 

during starvation could not be shown. The preparation of cell free 

extracts would disrupt the control mechanism(s) for entry into the 

pathway such end-product or catabolite inhibition.

Acetate in A. phosphadevorus can be assimilated either as an 

entire molecule, become activated and enter the TCA and glyoxylate 

cycles or it can be decarboxylated and the methyl moiety enter the 

serine pathway (Figs„ 11 and 12),

The C^ unit is assimilated via a proposed scheme seen in Fig., 

12, This scheme regenerates a molecule of glycine through the trans

amination of glyoxylate; this allows a C^ or C^ compound to be with
drawn from the cycle for assimilation into cell substance. The use 

of the serine pathway, isocitrate lyase and some enzymes of the TCA 
cycle has been termed the isocitrate lyase positive (11+) serine 
pathway (8)•
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This pathway has been found in Pseudomonas MA, Pseudomonas 

aminovoras and Pseudomonas MS (8,10). Bellion and Hersh (4) found that 
the isocitrate lyase present during growth of Pseudomonas MA oh 
methylamine was distinct from the isofunctional enzyme found during 
growth on acetate. This allowed for the independent regulation of 
isocitrate lyase activity during growth on acetate, when isocitrate 

lyase is involved with malate synthase in a complete glyoxylate cycle, 
and methylamine when malate synthase was represessed.

Unlike the organisms reported by Juni (20), growth of A. 

phosphadevorus on acetate does not result in repression of alpha- 

ketoglutarate dehydrogenase (Table 5)-. In fact, key enzymes of the 

serine pathway, TCA cycle and the glyoxylate cycle coexist during 

growth on acetate.

The inability of A. phosphadevorus to utilize glycerol as a 

sole source of carbon may be due to a lack of genetic machinery to code 

for either a glycerol kinase or a glycerol specific aldose reductase. 
Transport in the cell does not appear to be the problem since experi

ments with labeled glycerol (results not shown) show a fifty percent 
uptake by acetate grown cells. *

When growing on one-carbon compounds, A. phosphadevorus is 

presumed to assimilate the majority of its carbon by either the 

ribulose monophosphate pathway (BMP) or a variant of the serine pathway. 

In the case of A. phosphadeorus the pathway of choice is the one in

volving serine as the key intermediate. The factors supporting the 

serine pathway are basically three^fold. First, sugars or sugar
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phosphates have not been identified in cellular extracts from A. 
phosphadevorus. If an organism was using the RMP pathway a pool of 

these sugar intermediates should be of sufficient concentrations to be 

identified. Second9 serine and glycine, both intermediates of the 
serine pathway, have been found in cellular extracts. This finding 

correlates well for an organism which utilizes the serine pathway for 

carbon assimilation. Third, "key enzymes of the serine pathway (Table 7) 
were found in extracts from A. phosphadevorus.

„ The operation or existence of a RMP pathway cannot be absolutely 

excluded because some type I methylotrophic organisms have been shown 

to contain low levels of hydroxypyruvate reductase and serine-glyoxylate 
transaminase activity (8). These findings support the suspicion that 

some microorganisms may use. more than one mechanism for one-carbon 

assimilation during different growth conditions or perhaps simul

taneously.

One of two mechansims for methylamine oxidation apparently 

exist in the biochemical library of A. phosphadevorus as demonstrated 
by its ability to grow on methylamine. The direct route involves 
methylamine dehydrogenase which catalyzes the oxidation of primary amines 

and diamines to the corresponding aldehydes using, phenazine methosulfate 

as an electron acceptor in vitro (8). The natural acceptor may be a 

Cytochrome C-551 and the prosthetic group, a pyridoxal type. Kinetic 

analysis of the enzyme suggests a ping-pong mechanism (3),
The indirect route involves two enzymes, N-methylglutamate 

synthase (EC2.1.1.2.1) and N-methylglutamate dehydrogenase (EC1.5.9.9.5)
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which catalyze reactions one and two respectively (4,8).

Methylamine „  N-methylglutamate (I)
N-methylglutamate synthase

ammonia glutamate

N-methy 1 g 1 utamate -.........................formaldehyde (2)

N-methylglutamate dehydrogenase 

The formaldehyde formed in Reaction 2 can then condense with 

glycine via tetrahydrofolate derivatives to form serine. This would be 

a logical step in the metabolism of methylamine and the formaldehyde 
produced.

Formaldehyde (in the free and bound state) is the oxidation 

product of methanol and N-methyl compounds. In many utilizing micro

organisms formaldehyde is oxidized to formate as the next step in energy 

yielding metabolism.
The reduced C^-substrate may be oxidized to formate in an

oxidative assembly where the carbon at the Intermediate levels is not
5 10available for assimilation (3). The N 9 -methylenetetrahydrofolate

(bound formaldehyde) would be formed for assimilation by the reduction

of 9̂ ^-methenyltetrahydrofolate (bound formate). This reaction is
5 10catalyzed by N 9 -methylenetetrahydrofolate dehydrogenase (3).

5 ioN 3 N -methylenetetrahydrafolate dehydrogenase is an NADP-
- ' ■ .' ; - ■ . ' ' ; ' ' : linked dehydrogenase present in Pseudomonas AMI and is able to oxidize

5 10"bound formaldehyde" to the level of formate (N , N -methanyltetra

hydrofolate) (8). Formaldehyde reacts non-enzymatically with tetra-
5 iohydrofolate to give N , N -methylenetetrahydrofolate which can be
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oxidized by this dehydrogenase and also be the substrate for serine 

hydroxymethylase. During the assimilation of formate this dehydro

genase reduces formate to oxidation level of formaldehyde (8). Further 

studies are needed to establish the actual mechanisms involved in 
methylamine, formaldehyde and formate metabolism in A. phosphadevorus.
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