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IHTRODUCTION

A number of enzymes catalyzing reactions wnich lead to
in vitro destruction of amlanes have been shown to be present
in animal and plant tissues, but comparatively little is
known about the distribution and properties of such enzyumes
in bacteria. 1In addition to contributling to our knowledge
of nitrogen metabolism of microorganisms,studies of the
bacterial enzymatic processes which bring about the utili-
zation of amines may help to interpret other phenomena. For
example, many antiblotic agents are monoamines or polyamines,
hence the effect of these agents on bacteria may be explained
by thelir ability to interfere with amine metabolism., Recent-
ly, a diamine nas been added to the list of required growth
substances for some bacterla, however the reason for the need
of this accessory growth factor is not known. Wnile the im-
portance of the removal of amines formed in the large intes-
tine 18 realized, the role that the bacteria play in thelir
destruction is not fully known.

Not only are the enzymes involved in the utilization of
amines of importance but also the bacteria themselves are of

interest. Presently, the genus Protaminobacter are classi-

fied on the basis of the degradation of alikyl amines. Other
genera nave been shown also to possess this biochemical

funetion.



It is the purpose of this thesis to investigate the
extent of the bacterial utilization of amines and establish

the role of these enzymes in bacterial metabolism.



II
HISTORICAL

Any attempt to assess significance of the utilization
of amines by bacteria must first consider the formation of
these compounds. With thls in mind, a briefl survey of pub-
lisnhed work on the bacterial production of amines will pre-
cede tne literature review on utilization of these compounds.

The presence of amines due to action of bacterial de-
carboxylases on amino acids has been reported at different
times, first by mixed putrefactive bacteria and later by
pure cultures. kflller in 1857 obtained isoamylamine from
putrefied yeast. Probably this amine was formed {rom the
decarboxylation of leucine (Schales, 1951]).

Putrescine and cadaverine were isolated by Ellinger
{190G), after ornithine and lysine, respectively, had under-
zone degradation. Work showing the formatlion of amines in
mixed cultures has been cited by others (Schales, 1351;
Porter, 194b).

Various workers using pure cultures studied the blologl-
cal production of amines. This ability has been shown to be
characteriagtic of actlon on a variety of amino acids by
bacteria belonzing to widely separated genera (Gale, 1946;
Porter, 1946; Schales, 1951).

Gale (1946) reported that the production of amines by

bacteria 1s due to specific amino acid decarboxylases formed
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within bacterial cells in response to well defined condi-
tions of growth. The enzymes have been obtained in a cell-
free state and their properties have been investigated in
detail. The amino acid decarboxylases are {orined and are
active only when the organisms are grown at low pi values,
Although the formation of amines by bacteria had been
¥nown for some years, published reports on the further degra-
datlon of thne amines were not available until 1926. At this
time the classical studies of den Dooren de Jong (1926, 1927)
showed that a large number of compounds can serve as the sole
gource of carbon in a synthetic medium for a group of common
organisms which can utilize ammonia as the sole source of
nitrogen. Of the 200 compounds tested, 4l were amines. The
group tried were not able in general to utilize the amines
as sources of carbon and nitrogen under the conditions used.

These organisms were: DBacillus subtilis; Baclllus mycoides;

bacillus polymyxa; Aerobacter aerogenes; Lscherichis coli;

Serratia marcesens; Bacillus herbicola; Proteus vulgaris;

iwycobacterium phlei; hiicrococcus pyogenes ver. albus;

Pseudomonas fluorescens; Spirilium tenue and Pseudomonas

aminovorans . When glucose was added and the amine was the

source of nitrogen, many of the organlsms were able Lo grow.

Pseudomonas aminovorans  was most active 1In decomposing

amines., Den Dooren de Jong did not study the dissimilation
products of the various amines, but merely their ability to

support visible growth.
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Den Dooren de Jong (1926) proposed a separate genus of

bacteria, Protaminobacter, differentiated from other bacterisa

on the basis of their abllity to dissimilate alkyl amines.

In the present editlon of Bergey's ilanual (bBreed et al.,

1948) the Protaminobacter comprise a genus of the Family

Pseudomonadaceae; there are two species: Protaminobacter

alboflavu and Protaminobacter rubrum.

Weaver et al., (1338) isolated a culture from a sewage

disposal plant having characteristics of Protaminobacter

rubrws den Dooren de Jong, except that the organlsus were
actively motile by means of single polar flagella, Although
the original specles had been reported as non-motlile, Bergey's
kanual changed the description upon the recommendation of
these investigators.

Gale (1942) studied the oxidatlon by washed cells of

Pseudomonas aeruginosa of several amines that are formed upon

the decarboxylation of some amino aclids. This species carries
out the oxidatlon of putrescine, cadaverine and agmatine to
completion, l1.e., to carbon dioxide, water, and ammonia. The
oxidation of tyramine and histamine was found to be incomplete.
The oxidations took place more rapidly at pH values between
7.5 and 9.5 and all oxidations but the oxidation of tyramine
were found to be inhibited by k/100 semicarbazide or /10000
cyanide. In the sense of Karstrdm (1930), the enzymes appear
to be constitutive while tne primary stages of hnistamine and
tyramine oxidation are adaptive. Some strains of E. c¢oli

could oxlidize tyramine, putrescine, and cadaverine, but in



no case was the activity marked. The organisms used were
not able to utilize primary amines such as metihyl amine or
etnhyl amine.

Zeller et al., (1951) found that ethylene dlaxine,
l,3-trimethylene dismine, 1,3-dlaminopropanol, l,3-diamino-
butane, putrescine, cadaverine, and hexamethylene diamine

undergo oxidative deamination by kycobacterium smegmatis

due to the presence of dlamine oxidagse. This diamine oxidase
is inhibited by direct interaction by 1l,4-diguanidinobutane
(arcaine)}, streptomycin, and dihydrostreptomycin.

This inhibition of diamine oxlidase by these same com-

pounds was also found to occur in Mycobacterium aviwg,

Mycobacterium tuberculosis wvar. nominis, Pseudomonas serugi-

nosa and Hflcrococcus pyogenes VAar. aureus.

Other antiblotic agents such as pyocyanin, streptoth=-
ricin, chloramphenicol, and a wide variety of synthetic
amines, also gave this inhibition (Owen et al., 13951).
Interest is shown in the inhibition of diamine oxidase by
dihydrostreptomycin because of the possible explanation of
the thersapeutic action of this drug.

An unidentified factor necessary for the growth of

Hemopinilus parainfluenzae was found later to be putrescine,

a dlamine. Other compounds containing the 1,4j-diaminobutane
residue, such as spermidine and spermine were effective.

The requirement is not satisfied by oranithine, hence it is
assuuied that the enzyme which catalyzes the reaction, orni-
thine to putrescine, ornithine decarboxylase, 1s absent

(Herbst and Snell, 194%a, 1949b).



Other workers have found putrescine to be & growtin

requirement of Neisseria perflava; spermidine, agmatine,

and cadaverine also satisfy this need (lartin et al., 1951).
Animal and plant tlissues contain two enzymes which
oxidize amines: monoamine oxidase whichh ls specific for
amines containing one NH)group; and diaxcline oxidase which
is specific for amines contalning two NH, groups. These
enzymes split off NH3 from the amine with the utllization
of 1 atom of oxygen per molscule to form the corresponding

aldenhyde and hydrogen peroxide in the following manner:

RCH,NH, + 0, —> RCH = NH + H

2NH, 0

2 272

Monoamine

or
Diamine

RCH = NH 4’H20 —> RCHO + NBB

The two enzymes are not only differentiated by their
specificity but alsc by the following: the monoanine oxi-
dase is the less soluble and is active in the presence of
semicarbazide while the diamline oxidase is relatively mnore
soluble and is inhiblited by semicarbazide and other carbonyl
fixatives (Sumner and Somers, 1947; Lardy et al., 1949;
Zeller, 1951}.

Kenten and iann (1951}, in an investigation of enzyues
catalyzing reactions which lead to the formation of hydro-

gen peroxide in extracts of pesa seedlings, found that not
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only diamines but also certaln monoamines were oxidized by
these extracts with formation of hydrogen peroxide. They
believe that the pea-seedling enzyme which attacks mono-
amines differs from the previously described plant and
animal monoamine oxlidases.

Amines have also been studied in regards to their
ability to prevent growth. Tilley and Schaffer (1928) re-
ported on the relation between the chemical constitution
and the bacterlicldal sctivity of some alkyl and aryl amines
and found that low molecular welght amines had poor germici-
dal gqualities but that the disinfectant powers increased as
the homologous series lncreased., Since then, long-chain
monoamines and diamines have been found to be strongly

bactericidal (Fuller, 1942).



III
MATERIALS AND HWETHODS

ledia. The basal medium used in preliminary lsolation
work of organisms was that of den Dooren de Jong (1926}).
This consisted of 0.1 per cent KCl; 1.0 per cent EgHPOh.?HgO;
tap water, This medium was considered unsatisfactory due to
the use of tap water and because of a precipitate formed by
the WgHFPO .

A basal medium of Gray and ThoDaton (1928) modified by
the omission of a nitrogen source, composed of KpHFPO)

0.10 per cent; FeCl3 trace; distilled water; was next used.
kach ingredient was made up and sterilized separately but
upon mixing of the ingredients there was a slight turblidity
and a flocculent preciplitate formed.

Before turbidimetric measurements could be made, a
clear medium was reguired., Such a mediuwm was the medium of
Sushnell and Haas (1941) modified by the omission of a
nitrogen source and reductlon in the concentration of CaCly.
This medium was composed of MgSO@ 0.02 per cent; CalClp
trace; KHaPOh 0.10 per cent; KZHPOA 0.10 per cent; FeGlB
trace; distilled water.

Cultures. Two known cultures, Protaminobacter rubrum

ATCS 8457 and Protaminobacter alboflavum ATCC 8458 were

acquired from the American Type Culture Collection, Washing-
ton, D.C. Enrichment culture technigues were used to isolate

other cultures. The metnod consisted of adding 0.5 g of
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801l or ohiick feces to 25 wml autoclaved basal medium plus
auine concentrations of (.01 ¥ end C0.001 ¥ of the HCl1 or
HEr salt of various amines previously sterillized by Seltz
filtration., Adjustament Lo pid 7.0 was made by bthe wddition
of eltner HNaoH or HCl., Tuess flasks were incubated at 28 C
for 5 days. Aafter being subcultured taree times by trans-
ferring O.1 ml of each flask €O new mediuw, the sultures
were placed on solid zedium conslating of basal saltis, the
appropriate concentration of the asine and 2.0 per cent
azar. Jdsolated colonies were trausferrea to & liguid
medium contelning the amine used originally for isolation
and were subseguently tranazflerred to amine agar and nutrient
azar alants,

Morphology and physiologzy of cultures. Ilorphologloal
studies were performed using a 48 hour culture grown in the
basal medium plus 0.0l ¥ ethyl amine. The hanging drop
technique was used to determine motility of cultures and
flagella were demonstrated using the method of Balley (192%).
The gram staln technigue and tilochemical teats employed
were those sBuggested in the sanusl of Kethods for rfure
Culture Study (1348},

Fermentation of carbohydrates were tested by the addi-

tion of the previously filtered carbohydrate to sterile

matrient broth containing phenol red indicator and Jurhan

tubsea. These determinations were made alfter 14 days at 30 C.
Jptlmwn temperature requirements of organismswere deter-

mined by inoculatlng one loopful of bacteria from tubes
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containing basal and ethyl amline into tubes of the same
medium. These were incubated at 6 days at 4 C, 20 ¢, 30 C,
37 ¢ and 55 ¢, and examined for growth as indicated by
turbidimetric measurements using the Klett-Swummerson photo-
electric colorimeter using a blue filter (400-465 mu).
Optimum pH requirements for organismswere determined
by inoculating one loopful of bacteria into tubes of various
pH units contalning basal and ethyl amine. These tubes were
ad justed to the proper pH by the addition of NalOH or HC1l and
the pH was determined by the use of a Beckman glass electrode
pH meter. These tubes were incubated at & days at 28 C and
examined for growth turbidimetrically as given previously.
Growth curve experiments were made by pipetting O.1 ml
of lj day old ethyl amine-glucose cultures into 5.0 ml of
the same medium in matched Klett-Summerson tubes. Growth
was determinec at various intervals by turbidity readings on
the Klett-Summerson photoelectric colorimeter using the blue
filter (L400-465 mu).

bstimation of Growth on Test Compounds. Washed cells

from an ethyl amine agar slant were transferred to liguid
syntnetic media prepared by the addition of salts and the
specific carbon compound or compounds. These tubes were in-
cubated at 30 C for 6 or 13 days depending on the organism
used and the growth was estimated turbidimetrically with the
aid of a Klett-Summerson photoelectric colorimeter using a
blue filter (400-465 mu). Approximately 0.05 ml from tubes

showing growth was placed into new media. Growth in at
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least three serial transfers was considered the criterion
for utilization of the carbon compounds added.

Cell Crop for Respiration Studies. For respiration

studies organisms were grown at 30 C for 48 hours in a
modified Bushnell and Hass liquld medlium containing 0.0l H
ethyl amine and 0.10 per cent glucose in addition to the
basal salts. 0.25 ml of this culture was spread on plates

of an agar medium of the same composition by means of a
sterile bent glass rod. After incubation at 30 C for 48
hours the cells were harvested by the addltlon of water
followed by a dislodging of the growth with a bent glass rod.
After filtering through two layers of cheese clothh to remove
particles of agar medium, the cells were centrifuged st

4250 g for 10 min with a Sorvall type S81 centrifugze. The
supernatant was discarded and the cells were resuspended in
water and washing wes repeated twice to remove as rmuch oxi-
dizeble material as possible. The washed cells were resus-
pended in /10 phosphate buffer pH 6.75 to obtain a suspension
of such turbidity that 0.1 ml added to 9.9 ml distilled water
gave a reading on the Klett-Summerson photoelectric colorime-
ter using the blue filter (400-465 mu) corresponding to the
desired concentration in terms of bacterial nitrogen per ml
of suspension as determined by the micro-kjeldanl method
(figure 1.

ilero-kijeldanl Determination of bacterial Nitrogzen.

Cell nitrogen was determined by the micro-kjeldanl method

wiherein the cell protein is digested to ammonium sulphate with
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sulfuric acid and sulfates in the presence of selenium cata-
lyst. In 8 micro-distillation apparatus the ammonia evolved
by treating with NaOH is absorbed in boric acid which is
then titrated with sulfuric acid. A minor modification of
the method of Kabat and layer (19438) was followed.

Manometric Meassurements. Oxygen utilization was measured

by means of Warburg constant volume respirometers of both the
single and double arm type according to standard techniques
(Umbreit et al., 1949). The fluld volume of 3.1 ml consisted
of 1.0 ml %/10 potassium phosphate buffer pH 6.75, 1.0 ml
cell suspension, 0.5 ml substrate and distilled water to

zive a total volume of 3,0 ml in the main well and side arm;
while the center well contained a strip of fllter paper
folded in accordion fashion moistened withh U.l ml 25 per cent
KOH to absorb the COp evolved during the oxidation. The
flasks were shaxen in an atmosphere of air in a constant
temperature bath at 30 C.

An endogenous flask consisting of no substrate was in-
cluded to check respiration of cells alone and to permit
corrections for varlous chemical determinations. Gas ex-
cnanges and analyses were corrected for endogenous activity
except where indicated in the results.

Substrates were made up as 0,01 M solutions in distilled
water and neutralized to pH 6.8 with NaOH or HC1.

Inhibitors, where used, were added from a second side

arm at the same time as the substrate,
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The indirect method of Warburg was used for the deter-
mination of COp. At the end of an experiment involving
COy determination, G.2 ml of 10 N H2$0u was added to liberate
dissolved COs5.

Storage of Cells. In the early studies fresh cells

were prepared for each separate manomeitric determination.
Experiments were carried out to determine the effect of stor-
age of cells at a low temperature., The cells were prepared
as given previously, stored in /10 phosphate bulfer pH .75
at 5 €, and tested for thelir ability to oxidize ethyl amine.

Lyophilization of Cells. Lyophilized cells were pre-

pared by quick freezing and vacuum drying according to the
standard method used for the preservation of cultures
(Flosdorf and Hudd, 1935).

Vacuum Dried Cells. A heavy suspension of cells was

placed in a flat dish over concentrated HpS30Q) for 12 hours
in a dessicator which was evacuated for L hours using a
pump.

Acetone Preparations of Cells. A bacterial suspension

consisting of a thick cream was added dropwise to 20 ml ice
cold anhydrous acetone. This mixture was stirred vigorously
and allowed to settle after flocking of the cells had oc-
curred. The supernatant was discarded and the remainder

was filtered through a Buchner funnel by suction. The resi-
due was treated with a sisall portion of anhydrous cold

acetone and then was drled under a vacuum (Umbreit et al.,

1949).
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Alumina Preparation of Cells. A cell suspension

obtained as described above was recentrifuged in & chilled
cup 10 win at 4600 g. The recovered paste of wet bacterial
cells of a total welght of 1.5 g was transferred to a
chilled wmortar with the aid of 2 ml chilled buffer. After
the addition of 4.5 g alumina the mixture was ground for

L min, mixed with 6 ml more of cold buffer and recentri-
fuzed for 10 min at 4600 g. The resulting supernatant was
retained for further study (Staniér, 1951).

Ammonia Determination. Ammonia was determined by a

modification of the Conway diffusion method (Toahazy, 1952).
To the Warburg flask 0.3 ml 100 per cent trichloroacetic
acld was added to precipitate the cells. After mixing, the
suspension was centrifuged for 10 min at 1457 z in a Clay-
Adams safety-nead centrifuge. One ml of tue supernatant
was placed in the outer cnamber of a Conway vessel. In the
inner chamber one ml of 0.1 N HpSQ) was distributed. To

the side opposite that of tne sample in the outer chamber
was placed 1 ml 50 per cent KOH. The ground glass cover,
smeared with petroleum jelly to make an adequate alir-tight
seal, was fixed over the vessel. The KOH and the sample were
mixed and the vessel was incubated at room temperature for
two hours. At the end of this time 0.6 ml was withdrawn
from the center chamber and was pipetted into & Klett-
Summerson colorimeter tube. The volume was made up to 8 ml
with distilled water followed by the addition of 1 ml gum

arabic and 1 ml Nessler's reagent. The ingredients were
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mixed by inverting the tubes and after 5 min colorimetric
mneasurements were made using a Klett-Summerson photoelectric
colorimeter using the blue filter (400-465 mu). The samples
were compared with ammonla standards treated in the same

manner.

Qther Chemical Tests. Attempts to bind aldehyde possibly

formed during the oxlidation of amlnes were made by the addi-
tion of various concentrations of aqueous solutions of 2,i-
dinitrophenylhydrazine or sodium bisulfite directly to the
Warburg flasks added ln the same manner as the inhibltors

as given previously.

Possible hydrogen peroxide formatlon was studied by the
addition of other oxidizable substances assuming that hydro-
gen peroxide formed causes a secondary oxidation through the
action of another enzyme such as peroxidase thereby giving
inereased oxygen consumption (Stevenson, 1943). Oxidizable
substances which were used included ethyl alcohol, hemoglo-
bin, and indigodisulfonate.

During and at the completion (30 and 150 min) of the
oxidation of ethyl amine and putrescine, several additional
chemical analyses were made. Host of these tests were in
the nature of qualitative spot tests done according to methods
of Feigl (19yb).

The reaction mixtures in the Warburyg flasks were treated
to remove the cells as given previously for ammonia determina-
tion except when the malachite green test was performed. The

trichloracetic acid interfered with this test, therefore the
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reaction mixtures were removed from the flask and immedlately
centrifuged in a Sorvall type SS 1 centrifuge at 4250 g for
10 min., The test was then run on the supernatant.

Attempts to show aldehydic or ketonic groups were made
by the use of a malachite green test and a bisulfite test.
The former is carried out by placing a drop of neutralized
(pH 7.0) test solution on a dry filter paper impregnated with
an alkali sulfite decolorized solution of malachite green.
This paper is prepared by suspending 0.8 g malachite green
in 5 ml water and slowly adding 5.0 g sodium sulfite until
dissolved. After filtering, tnis solution 1s used to bathe
thin filter paper which 18 used as the reagent paper. If
the test solution containa aldehyde, a green spot develops
on the paper. The color reaction will reveal 20 to 300 uz al-
dehyde. In the bisulflte test, one drop of the test solution
is mixed on a spot plate with 1 drop 0.001 N sodium bisulfite.
After 5 min one drop of $.001 N iodine and a drop of 1.0 per
cent starch solution are added resulting in a blue color.

If the blue color remains, the test is positive indicating
the presence of aldehyde or ketone.

In an attempt to show acetate formation the lanthanum
nitrate test was selected. The presence of acetic acid is
indicated by the formation of a blue precipitate when lantha-
nwi salts are mixed with lodine and ammonia. A drop of the
test solution was mixed on a spot plate with a drop of 5 per
cent aqueous lanthanum nitrate and a drop of 0.01 N iodine

solution followed by the addition of a drop of 1 N aunmonia.
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A spot test for hydrogen peroxide in which the hydrogen
peroxide reduces ferricyanide to form Prussian blue was per-
formed. One drop of the reagent solution consisting of a
mixture of equal parts of 0.4 per cent ferric chloride and
0.8 per cent potassium ferricysnide and a drop of water are
placed on a spot plate, In an adjacent depression a drop of
reagent solution and a drop of the test solution are used for
comparlson. An intense blue color or precipitate indlicates
hydrogen peroxlide.

In addition to these spot tests, the 2,li-dinitrophenyl-
hydrazine test, in which aldehyde presence 1ls shown by a rose
color obtained upon the addition of 3 ml 2,4-dinitrophenyl-
hydrazine reagent to one drop of test solution, was attempted
(Shriner and Fuson, 1948). The reagent is prepared by dis-
solving 2 g of 2,4-dinitrophenylhydrazine in 15 ml concen-
trated sulfuric acid. This solution 1s then added, with
stirring, to 150 ml of 95 per cent ethanol, and the solution
is diluted to 500 ml with distilled water. The solution is
mixed tihoroughly and filtered.
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Figure 1. Helationship between NH,«N content and optical
density of organism 34A cells diluted 0.1 ml
to 10 ml with distilled water,
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RESULTS

Results of Isolation Procedures. Thirteen different

amines which were used in the original isolation work are
listed in table 1. It can be seen that eight amines
supported growth of mixed cultures iIn the lowest concentra-
tion used (0.001 M) while four were able to do so at a
high concentration (0.0l M).

From flasks exhibiting visible growth a total of 23
organisms were lsolated, A sumuary of the reactions used

to differentiate these organisms and the two known Protamino-

bacter species is gziven in table 2. Only one of the isolates

resembled a Protaminobacter species. Two of the streins

differed from the majority in that they were gram positive,
while the remainder were small zram negative rods. All of
the strains gave a slight acid reaction in glucose medium.
Since the ali of the isolation procedure was to obtain
satisfactory growing cultures having the ability to utilize
amines, only the three organisms giving the greatest turbi-

dity in ethyl amine broth and the Protaminobacter species

were retalned for further study.

Comparison of Growth Belween Organism 3&& and Protamlino-

bacter alboflavux and Protaminobacter rubrum. Isolate 344,

an organism giving the best growth in the amine 1t was
initially isolated from, namely, ethyl amine, was compared

wilith Protaminobacter rubrum 8457 and Protamlnobacter albo-




TABLE 1
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Growth of enrichment cultures in amines used in original

isolation procedure

Amine (HC1l Salt)

Final Concentration
of Amine in MNedium

C.001 M 0.01 M
Methyl amine + +
Dimethyl amine + -
Ethyl amine + 4
Diethyl amine + -
Triethyl amine + +
Di-n-propyl amine.HbBr - -
Di-n-butyl amine-HBr + +
Dl-n-amyl amine + . -
Ethylene diamine-HBr + -

p-aminodimethylaniline

2,5-diaminotoluene

Tetramethyl-p-phenylene diamine

X-napthyl amine

4 Growth
- No growth
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TAbBLL 2

lorphologlcal and physiological characteristics of enrlchment sculture Isolates, Crotamiunobucter
alboflavum and Protawinobacter rubrum .

! ] -
g i Actlon on:
Number of Strains wescrlption off
isolated and Colonies on j ‘Litmusl Gran o
Known Luitures | Nutrient Agar || Jextrose| Lactose| cucrose| Kilk ffileactlon Korpnology
s W
bright orange|
2 mucoid ‘ + alk - long & short rods
2 gray granulary + alk - long « short rods
2 white mucold + alk - long & saort rods
4 white mucold | + alk - short rods
3 white wmucoid J + alk + short rods
1, ¥. alboflavum 54 wiilte mucold j + - - ahort rods
2, includes
e Pubrum red mucold + + -+ - short rods
i red mucold + + + P : - ghort % long »rods
i e
4 yellow mucold] + - + - I ¥ short rods
1 yellow mucolidl + - - P : - ahort rods
2, includes ;
organism 344 yellow aucoldl -+ + + | short rods
i yeilow mucei _ + &l + - : - short rodsas
i yellow mucoid) -+ alk alk | - ; - ahort rods

4 aoid on carbohydrates :
- no reactlon
alk alkalline preaction
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flavum 8458 for ability to grow on various amines. Amines
selected were those capable of supporting growth of mixed
cultures. Di-n-propyl amine and other amines made available
since the 1solation experiments began were also examined.
These results, presented in tavle 3, show that 34A can grow
on methyl, dimethyl, ethyl, dliethyl, di-n-amyl and di-n-butyl
amine; wnile 3457 zrows on only methyl end ethyl amine and
8,458 only on ethyl amine. Slower zrowing organisms 8457 and
81153 were incubated for 13 days rather than & days as 34 A.
Table 3 glves the results obtained when the amine was
the sole source of carbon and nitrogen. To check the possi-
bility that the amine may serve as a N source or that the
amine may be the C source 1f N is supplled, a growth experi-
ment was undertaken using glucose and ammonlium sulfste in
various combinations with the amine. The data for this
experiment are presented in table L. The data has been cor-
rected for controls, For example, optical density on glucose-
ammonium sulfate has been subtracted from the optical density
on glucose-ammonlium sulfate-amine medium. For organism 344,
methyl, dimethyl, ethyl and di-n-butyl amine can serve as
s0le source of C and N; methyl, dimsethyl, ethyl, diethyl,
di-n-butyl, ethylene diamine and trimethyl amine are a
gource of N 1f glucose 1s supplied as the C source; and
methyl, dimethyl, ethyl, di-n-butyl amine can serve as a
source of C if ammonium sulfate is given as the N source.

All amines tested except dimethyl amine, triethyl amine and



TABLE 3

Comparison of growth on various amines of organism 34A
with Protaminobacter alboflavum 8457 and

Protaminobacter rubrum 8458

Organism and Concentration of Amine

ot A 34a% 85T 8ly58%
Incorporated | 1 + — )

Growth Medium
Optical Density

Methyl amine 0.041 | 0.137 | 0.032} 0.149 | 0.000 | 0.000

Dimethyl amine 0.027 1§ 0.215 0.000} 0.000 0.00C | 0,000

Trimethyl emine || 0.000] 0.000 | 0.000{ 0.000 | 0.000 1} 0.000
Ethyl amine 0.022] 0.252 | 0.071| 0.229 | c.ol41| 0.268
Diethyl amine 0.000| 0.149 | ©0.000| 0.000 | 0.000| 0.000

0.000 | 0.000C 0.C00 ] 0.000 0.0C0 | G.CCO

Triethyl amine
Triethanol amineff 0.000 | 0.000 0.0G60 ] 0.000 0.000 | 0.0060

Di-n-propyl

amine+Hbr 0.000} 0.000 0.000} 0.000 0.000 ] 0.000
Di-n-butyl
amine.Hbr 0.102 ] 0.538 0.C00}| G.000 0.00C | 0.000

Di-n-amyl amine § 0.066| 0.000 | 0.000| 0.000 | 0.000 | 0.000

bthylene diamine] ©.000 0.0060 0.000} 0.000 0.000 { 0.C00

Ethylene
diamine.HBr

0.000 | 0.000 0.0001t 0.000 C.G00 1 0,000

0.1% Glucose -

0.1/ (NH) ) 280] ¢, 328% 0.432% O.pog*

* 6 days 1ncubation at 30 C
# 13 days incubation at 30 C
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Growth of organism 34 A on various comblnations of anmine,

glucose and ammonium sulfate

i Amine -

i Amine - Amine = Glucose -

Compound Amine Glucose (NHQ)ZSOA (EH&)ZSOh

|
Optical Density

ilethyl amine 0.092 0.276 0.086 0.032
Dimethyl amine 0.108 0.131 0.076 0.000
Trimethyl amine 0.000 0.056 0.000 0.058
Ethyl amine 0.268 0.469 0.222 0.146
Diethyl amine 0.013 0.215 0. 000 0.076
Triethyl amine 0.00k4 0.000 0.000 0.000
Triethanol amine 0.000 0.004 0.000 0.02l
Di-n-propyl amines G.000 0.000 0.000 0.032
Di-n~-butyl amined 0.328 0.28l 0. 347 0.247
Di-n-amyl amine 0.000 0.000 0.041 0,000
Ethylene diaminett 0.000 0.000 0.000 0.04o
Ethylene diamine 0.000 0.131 0.000 0.076

®*HBr salt; others, HC1l salt

Concentrations: amine, 0,01 M; Glucose, 0.10 per cent;

(NH) ) 280y, C.10 per cent
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di-n-amyl amine gave increased growth over the glucose-
ammonium sulfate controls. At a concentration of (.01 i,
triethyl amine and die-n-amyl amine were toxic to the organism
as evidenced by the fact that the growth obtained in their
presence when glucose and ammonium sulfate were supplied was

lower than the controls of zlucose-ammonium sulfate alone.

Comparison of Growth of Orgenism 34A with Organisms 26,

30A, 8457 and 8458. Incomplete multiplication curves of five

orzanisms grown on glucose ethyl amine liquid medium are given
in figure 2. Isolate 34A is the most rapidly growing organism
reaching its maximum growth in liquid medium in 6 days; while
5457, 8458 and 26 approach equal turbidity in 1l to 17 days.
Organism 30A is the slowest growing organism showing the

least amount of growth at 17 days.

The organisms grow much faster on solid media. On glu-
cose-ethyl amine agar, 48 hours incubation gives a sufficient
cell suspension of organism 34A, while longer timzme is required
for the other four organlisms. When grown on nutrient agar
or in nutrient broth dense growthkx is obtained by all organlisms
in 24 hours.

on the basls of the results of these studles, organism
3iA was the organlsm of choice for the respiration experi-
ments conducted during the investigation. The morphologlical,
cultural and physlological characteristics of this organism
are as follows: gzram negative motlle rod possessing one

polar flazellum; small yellow mucold colonles on nutrient
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agar; optimum temperature 28 C; optimum pH 6.8; ecitrate,
positive; gelatin, positive; litmus milk, peptonlzation;
MRVP, negative; HyS, negative; sliught acid but no gas on
dextrose, lactose, maltose, sucrose and mannite. This
organism most closely resembles a aspecies of the zenus

Pseudomonas.

Effect of Storage of Cells of Organism 34A at 5 C.

Table 5 shows the effect of storage of cells at 5 C in /10
phosphnate buffer pil 6.75 on the oxidation of ethyl amine by
glucose-ethyl amine grown cells of organism 34A. There was
no appreciable difference in the activity of cells stored
by this method up to 28 days, therefore cells were stored
at 5 C and used within this time.

The Adaptive Pattern in the Oxldatlion of Honocamines by

Organism 33A. When cells grown on a specific compound show

an ilmmediate oxygen uptake when tested manometrically
against this compound, it 18 considered that the compound
is oxidized by adaptive enzymes. During preliminary studies,
it was noticed that the oxldation of the amine upon wihich
the organism was grown was lmmediate while oxldation of
other amines was preceded by a long lag period. This sug-
gested that adaptive enzymes played a part in the oxidation
and experiments were undertaken to study this possibility.
Cells were grown on glucose ammonium sulfate agar, nutrient
azar, glucose ethyl amine agar, glucose dimethyl amine agsar,
and glucose di-n-butyl awine agar. Cells were separately

tested for oxidatlon of methyl, dimethyl, ethyl and di-n-butyl
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TABLE 5

Effect of storage at 5 C in M/10 phosphate buffer pH 6.75
on the oxidation of S mi ethyl amine by 34A cells grown

on glucose-ethyl amine agar

Days Stored

L0, Uptake at L5 Min

20
28

58

175
170
187
168
105

63
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amines, These results are given in figure 3. Cells grown

on ethyl amine could 1lmmediately oxldize ethyl amine although
long lag periods were found in the oxldation of methyl, di-
methyl and di-n-butyl amine, Cells harvested from methyl
amine agar oxidlzed methyl and ethyl amine without deliay but
did not oxidize dimethyl and di-n-butyl amine in 120 min.
Dimethyl amine grown cells promptly oxidized methyl, dimethyl,
and ethyl amines but oxidized di-n-butyl amine very slowly.
Cells having di-n-butyl amine as zrowth substrate oxidized
di-n-butyl amine immediately, ethyl and methyl amine slowly
but not dimethyl amine. Cells grown on glucose ammonium
sulfate agar oxidized the amines tested to a very slight de-
gree and only after an extended lag period.

Tables 6 and 7 also summarize these experiments. Table
6 shows oxygen uptake when the experimental time is extended
to 5§ nours., In addition, data are presented for cells grown
on nutrient agar and nutrient agar plus ethyl amine. With
nutrient agar grown cells methyl amine and ethyl amine are
only slightly oxidized while dimethyl amine and di-n-butyl
amine are not oxidized after 5 hours. With nutrient agar
plus ethyl amine cells, the substrates tested are not oxi-
dized after three hours.

Table 7 gives the rate of oxidation, indicated by Q (gé;
i.e.; microlliters oxyzgen per hour per mg of bacterial nitro-
gen computed using the maximum slope of the oxidatlon curve.
The rates are given for the oxidations of the substrates by

organism 34A cells grown on different media.
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Fizure 3.

Tne effect of conditions of growtn on adaptive
paiierns with respect to 5 ui of the following
compounds: 1, ethyl amlne; 2, methyl amxlne;
3, dimethyl amine; iy, di-n-bubyl awiae; by

organism 34A.
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TABLE 6

Effect of growth substrate on oxidation of various amines by
organism 34A

v

MLOp Uptake at 5 Hours

Amine Incorporated 5 mul Substrate
in Growth Medium

Methyl Ethyl
Amine Amine

Dimethyl Di-n-butyl
Amine Amine

Kethyl amine 100 196 57 6
Ethyl amine I go 239 Lo 233
Dimethyl amine 147 248 203 39
Di-n-butyl amine Ly 16 0 805
Glucose - ammonium

sulfate 6L 102 18 0
Nutrient agar 17 27 O 0

Nutrient agar -
ethyl amine™ O 0 0 o

*3 hours
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Effect of growth medium on rate of oxidation of various
amines by organism 34A

Amine Incorporated
in Growth Medium

Methyl amine
Ethyl amine
Dimethyl amine
Di-n-butyl amine

Nutrient agar

Glucose - (NH&)ZSOAf

Nutrient agar -
ethyl amine

(N)
Q 0,

S ul Substrate

Ethyl
Amine

74
165
443

1l

25

96

Dimethyl

10
36
333

68

Amine

Di-n-
butyl

Amine

890

not run
not run
not run

1200

not run
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Oxidaetion of Other Amines by Organism 34A. The data

for oxidations of various amines by organism 34A as meas-
ured by Warburg technique are presented in flgures 44 and 5.

A wide variety of amines are oxidized: monoamines, ethyl
amine, trimethyl amine, triethyl amine, triethanol amine,
tyramine, histamine, di-n-amyl amine, benzyl amine; diamines,
ethylene diamine, putrescine, cadaverine; and the polyamine,
spermine. In most cases, the longer the carbon chain of the
amine, the greater the oxidation of the amine. Lkxceptions
are ethyl amine, which was the amine upon which the cells
were grown and bengyl amine. 1In the latter case, the ben-
zene ring may be oxidized to give the increased oxygen uptake.
In the sense of Karstrdm (1930), only the oxidations of ethyl
amine and putrescine are by constitutive enzymes while the
remxcainder are oxidized by adaptive enzymes.

Oxidation of Amino Acids by Organism 34A. The data for

oxidations of various amino acids by organism 344 as meas-
ured manometrically are presented in figures 6 and 7. Aumino
acids chosen were among those known to be decarboxylated to
amines by bacteria. The order of increasing oxygen uptake

at 180 min, was as follows: L-tryptophane; L-histidine;
L-tyrosine; glycine; L-glutamic acid; L-leucine: DL-valine;
DL-ornithine; DL-alanine: Le-arginine; and L-~lysine. Quali-
tative determinationsat the completion of the experiment
indicated ammonia formation during the oxidation of 2ll amine

acids.
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Figure 5. Oxidation by 34A cells gpown on glucose ethyl
amine agar on the following amines: 7, 5.0 il
ethyl amine; 8, 2.5 ad putrescine; 9, 2.5 uld

cadaverine; 10, 5,0 _uii benzylamine; 11, 5.0 uli
histamine.
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Optimwa pH for Oxidation of bkthyl Amine by Organism 3LA.

Using /10 phosphate buffer with a pH range of 5.3 to 9.0,
oxidation of S‘pﬁ etnhyl amine by organism 34A cells grown on
zlucose-ethyl amine medlum was found to occur over this range
of pH with an optimwn pH at 7.5.

The wffect of Added Glucose and Ammonium Sulphate to

Growth Wedium on the Oxidation of Ethyl Amine. 1In the adap-

tilve enzyme studies, glucose was added to the growth sub-
strate since this led to an increased cell crop. If glucose
was omitted, more medium was needed to obtaln an equivalent
amount of cells. Data are presented in table 8 showingz the
effect of added glucose and ammonium sulfate to the growth
medium on the oxidation of ethyl amine. Cells grown on
ethyl amine slone oxidize ethyl amine to maximum at a high
rate. Wnen glucose 18 added to the growth medium, the oxi-
dation is carried to maximum at a decreased rate. Upon the
addition of ammonium sulfate to the growth medium the rate
and tne total oxygen uptake are lessened. The elimination
of ethyl amine from the growth medium results in practically
no oxidation of ethyl amine. These data indicate further
the adaptive nature of the enzymes end suggest that as the
need for ethyl amine as an energy source by organism 344 is
ellminated its oxidative activity on ethyl amine is reduced.
In the study of enzyme formation it is posslible that
the suspected adaptive enzyme formation is due to a permeabi-
lity effect and that one 1s measuring the time for the sub-

strate to enter the cell., One way to overcome such an effect



TABLE 8
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Effect of medium composition on oxldation of ethyl amine by

organism 3LA

Additiona to Kedium

Ethyl amine

Glucose-ethyl amine 196
Glucose-ammonium
sulphate-ethyl amine 164

Glucose-ammonium
sulphate 18

L0y Uptake at 150 kin
225
222
191

20
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is by the use of dried cell preparations or cell extracts.
Lyophilized, acetone dried, vacuum dried and alumina ground
cells from both glucose-ethyl amine and nutrient agar grown
cells were investigated., Only with lyopnilized glucose-ethyl
amine grown cells was activity obtained; after 7.5 hours 112
microliters of oxygen were taken up.

The Effect of Inhibitors on the Oxidations of Ethyl Amine

and Putrescine by Organism 3i4A. Since it had been shown that

organlism BAA could oxidize both monoamines and diasmines, ques-
tions arose as to the specificity of the enzyme system or
systems involved. Figures 8, 9, and 10 give results showing
the effect of several inhibitors on the oxidation of ethyl
amnine and putrescine.

Arcasine (l,jj-diguanidinobutane}, a strong inhibitor of

mammalian diamline oxlidase and diamine oxidase of Wycobacterlum

smegmatlis (Zeller, 1951), was found to inhibit oxidation of

the monoamline, ethyl amine, more than that of the diamine,
putrescine (figure B). It is also noted that the endogenous
respiration 1s greatly enhsnced suggesting that the cells
can oxidize the inhibitor, arcaine.

Sodium cyanide, an inhibitor of cytochrome engyme sys-
tews, Inhibited both ethyl amine and putrescine only in the
nighest concentration used, ¥/500. At a concentration of
K/5000, no inhibltion of the amine oxidations occured; however
an increased oxygen uptake was noted, possibly due to the in-
hibition of catalase preventing further action on hydrogen

peroxide wiiich may be formed in the reaction (figure 9).
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Semicarbazide, a carbonyl fixative and inhibitor effec-
tive with mammalian and bacterial diamine oxidases (Gale,
1941; Zeller, 1951), was found to inhibit ethyl amine oxida-
tion at a concentration of 1/2000 and the oxidation of
putrescine at a concentration of #/200 (figure 10).

liode of Action of Oxidation of Amines by Organism 34A.

The first attempts to deterniine the metabolic pathway in the
oxidation of amlnes were made by measuring carbon dioxide
evolution and ammonia production during the oxidation of the
monoamine, ethyl amine and the diamines, putrescine and cada-
verine. Thease data are presented in table 9.

Wilth an increase in concentration of the amine there is
a concomitant increage in the rate of oxidatlion of all amines,
The rate is greatest on the amine upon which the cells were
grown, ethyl amine; whlle the oxidatlion rate on putrescine
where no lag period is found is greater than the oxidation
rate on cadaverine which shows a short lag period.

As the carbon chaln of the amine is lengthened there is
found an lncrease in the amount of oxygen taken up and, con-
sequently, an increase 1in tne ui 02 per jlM substrate.

Anmonia determinatlons indicate that with the monoamine,
ethyl amine, less than one mole of ammonia 1s produced from
one mole of substrate while more than one mole of ammonia is
produced from one mole of the diamines, putrescine and cada-
verine.

The amount of carbon dioxide obtained suggests that the
substrates are not being oxidized to completion but that

other end products are f{ormed.



TABLE 9

Comparative oxidatlon rates,
production during oxidation of ethyl amine, putrescine,
and cadaverine by glucose-ethyl amine grown cells of
organism 3LA

46.

carbon dioxide and ammonia

< Q2 ay Haximum
Substrate and| uaximud uLOp |ui Op/ul | uil COp/uMi i ﬁHBZbE
Concentration Rate Uptake} Substrate! Substrate] Substrate
Ethyl amine
2.50 jaH 110 104 1.86 0.88 0.4l
5.00 mM || 194 18} 1.64 0.91 0.75
Putrescine |
1.25 sl | 56 60 2.14 0.50 1.31
2.50 jll | 155 161 2.88 1.91 1.38
Cadaverine |
1.25 i L2 96 3.43 2.92 1.53
5.00 uM 157 358 3.20 2.45 1.65
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These data indicate that the amines are being oxida-
tively deaminated witihh tne formation of ammonia, carbon di-
oxide, and other unidentifled end products.

Investigation as to Formation of Other End Froducts in

tne Oxidations. One of the suspected intermediates of the

oxidation of amines is the corresponding aldehyde (Lardy, et
al., 1949; Zeller, 1951). Sodium bisulphite and 2,4-dinitro-
phenylhydrazine, compounds known to have aldehyde binding
properties, were added directly to the respiration flask in
an attempt to prevent further oxidation of the postulated
aldehyde. No decrease in the oxldation of ethyl amine or
putrescine by glucose-ethyl amlne grown cells was found by
the concentrations of 2,4-dinitrophenylhydrazine employed
(figure 11).

With increasing concentrations of sodium bisulphite a
decrease in the amount of oxygzen consumed by suspensions of
zlucose ethyl amine cells on putrescine was detected (figure
12). Thnis may be due to either binding of formed aldehyde
or to a binding of aldehyde groups on the enzyme itself.
Also noted was the enhancement of the endogzenous respiration
and oxidation of ethyl amine.

Another suggsested Intermediate in amine oxidatlion reac-
tions is hydrogen peroxide (Lardy et al., 19&9; Zeller, 1951).
A method of detecting this compound is by coupled oxidation
wherein extra oxygen consumption in manometric experiments,
observed when other oxidizable substances are added to the

substrate, is explained by assuming that hydrogen peroxide
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formed causes a secondary oxidation through the actlon of
another enzyme such as peroxidase (Stevenson, 1943). Oxidi-
zable substances which were tried are llsted in table 10.

Ethyl slcohol was found to be unsatislactory since this
organism can oxidigze ethyl alcohol, therefore it ls not known
whether tne increased oxidation is a coupled oxidation or
additive oxidation due to the oxidation of botihh the substrate
and the oxidizable compound. 1In view of the results obtalned
with ethyl alcohol, hemoglobin and indiceruwine were next used.

With hemogloblin at a concentration of 0.2 mg there is an
equivalent increase in the oxygen taken up by the c¢ells alone
and the substrates employed, ethyl amline and putrescine.

. Concentrations of 0.002 and 0.200 mg of indicarmine (in-
digodisulfonate) gave no appreciable increase in the oxida-
tion of ethyl amine or putresclne when added with the substrate.

In additlion to introducing compounds directly to the
respiration flask during the oxidation of ethyl amlne and pu=-
trescine, chemical determinations were made on the reaction
mixtures at 30 and 150 min in an attempt to explaln the re-
actions. The results are as follows: malachite zreen spot
test for aldehydes, negative; bisulfite spot test for alde-
hydes, negative; 2,4-dinitrophenylhydrazine test for alde-
hydes, negative; lanthanum nitrate spot test for sacetate,
negative; and the ferric-ferricyanide spot test for aydrogen

peroxide, negative.
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Coupled oxidation of ethyl amine and putrescine with added
compounds by glucose-ethyl amine cells of organism 34A

Q0xidizable
Haterial
Added

7"
Hemoglobin

1

i
Indicarmine

"

3]

114

0.200 mg

1

Substrate

No substrate

Ethyl amine
No substrate
wthyl amine
Putrescine
No substrate
Ethyl amine
Putrescine
No substrate
Lthyl amine

Putrescine

RrLOp Uptake at

120 min
Without With
Test Test
Materialj Material
59 295
270 460
85 165
295 365
255 340
55 67
285 290
245 280
55 80
285 290
245 275

(Not corrected for endogenous)
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The other end products formed in the reaction remain
unidentified. It may be that the compounds suspected are
formed in trace amounts preventing their chemical determi-
nation, Larger amounts of substrate and cells may be re-
guired to give end products in quantities which would permit
easlier chemical analysis. Also, the possibility remains

that the end products may be other than those tested for.



v

DISCUSSION

It is significant in this investigation that the

Protaminobacter species examined were unable to grow to

any extent on alkyl amines. This is in contrast with the
report of the original investigator who found that alkyl
arine utilizetion by these organisms was sufficient to war-
rant them status of generic rank (den Dooren de Jong, 1926).
It may be that these organisms once possessed this ablility
but tnat continued cultivaetion in the absence of amines has
given rise to the present inactive strains. Similar observa-
tions on the loss of a blochemlcal characteristic have been
reported in studies on the utilization of hydrocarbons by
bacteria (Stone, et al., 1942) and in the bacterial degrada-
tion of phenolic compounds {Kramer, 1350).

Gale (1942); Zeller, et al. (1951) and Owen, et al.
(1951) reported that other bacterial genera either can grow
in vitro on amines or oxldize these compounds; these genera

included Pseudomonas, siycobacterium, licrococcus and Escheri-

cila.
Furthermore, organisms growlngz on amines are isolated
witih ease using enrichment techniques. Of 23 cultures iso-

lated, only 1 culture resembled Protaminobacter biochemically

and morphologically; while the majority of the remainder

closely resemnbled Pseudomonas with 1 culture definitely iden-

tified as such.
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It is obvious that amine decomposition is not a special

function of organisms 1n the genus Protaminobacter but that

this characteristic is found in many common soil forms which
possess the abllity to oxidize a wide variety of organic
compounds., These organisms preferentially will utilize cer-
tain compounds which are usually avallable in thelir environ-
ment, but upon depletion or omission of these compounds,
they must utilize the organic compounds present if they are
to survive.

Since amine utilization is not a stable characteristic
or llmited to the organisms included in the present genus

Protaminobacter, it is felt that the taxonomic validity of

thils genus may be questioned.

It was pointed out by Karstrdm (1930, 1937) that bac-
terial enzymes could be considered constitutive and adaptive.
The application of this concept has been made to bacterial
activities on various substrates. The substrates most com-
monly found in the enviromnment are broken down by enzymes
found in the cell at all times, hence are called constitu-
tive enzymes. Those enzymes which are produced as a specific
response to the presence of an homologous substrate were re-
ferred to by Karstrdm as adaptive. Iilore recently, these
enzymues have been termed inductive enzymes (Cohn and Honad,
1953; Stanier, 1953). [Klaboration of inductive enzymes 1is
especially likely when organisms are placed in an environ-
ment wnere growth depends on the development of an enzyme

able to initiate the attack on a particular compound.
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Some enzymes elaborated by the organisms studied in this
investigation were found to be under adaptive or induced
control. 'This was suggested in growtn studies where a slower
rate of growth was noted on a synthetic medium containing
the amine as compared with a more complete medlum such as
nutrient agar. Also, adaptive enzyme formation was apparent
from manometric experiwents. lii most cases oxygen upiake on
2 substrate by cells grown on a medium contalning the homdolo=-
gous amine was immediate, while long lag periods werse found
with cther amines. Exceptions were as follows: methyl amine
grown cells were adapted to methyl and ethyl amines; dimethyl
arine grown cells were adapted to methyl, dimethyl and ethyl
amine; and ethyl amline growa cells were adapted to ethyl
amine and putrescine. The question immedlately arises as to
why ethyl amine grown cells were not adapted to methyl and
dimethyl amine. No logical explanation can be given.

It is noted that the addition of glucose and ammonlium
sulfate In various combinations to ethyl amine in the growth
medium results in a change in the rate of the oxidation of
ethyl amine, When the organism i1s completely dependent on
ethyl amine for carbon and nitrogen, the oxidation rate is
greatest. VYhen the amlne 1s the sole nitrogen source the
oxidatlon rate on ethyl amine 18 lessened. Upon the addition
of other carbon and nitrogen sources, the rate of oxidation
i1s reduced further. However, only slight activity 1s noted
upon the eliminatlion of the amine from the growth medium.

This not only indicates adaptive nature of the enzymes
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involved, but algso indicates that the amount of enzyme pro-
duced or the activity of the enzyme may be affected by the
growth medlum.

Other cases of adaptive control in the oxldation of
various organic compounds are cited in recent literature.
For example, Levine and Krampitz (1952) found that a soil
diptherold had the abllity to oxidize acetone only when the
organism was grown in its presence. Walker and Wiltshire
{1353} studled the breakdown of napthalene using a soil
bacterium adapted to this compound.

'ne premise tnat the long lag period obtalned on sub-
strates other than the growth substrate indicates adaptive or
induced enzyme formation rests on the assumption that the
cell is equally permeable to all substrates (Stanier, 1950).
Attempts made iIn thlis Investigation to eliminate the possi-
bility of permeabllity as a cause of lag by the use of dried
cell preparations or cell extracts were unsuccessful. The
oxidations catalyzed by dried cells resulted in no uptake or
in a much smaller oxygsen uptake per mole of substrate than
the equivalent oxidations by living cells. This is compar-
able to other work with microblial enzymes. Lower activity on
cells treated by freezing, lyophilization and acetone treat-

ment were found In studies with Ashbya gossypl (Mickelson, 1950).

Sleeper et al., (1350) found that not all enzyme systems

were extracted from Pseudomonas fluorescens and perhaps

amine oxidases are of a simllar nature being labile to

drying or extraction by the methods employed. It 18 interest-
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ing to note, however that the enzymes are stable after
storage at 5 C for 28 days.

Previous reports (Gale, 1942; Zeller, 1951) established
thet a number of bacterla are able to oxidlize dlamline com-
pounds and that these organisms contain dliamine oxidase. The
oxidation of tyramine and benzylamine (Gale, 1942) is the
only known report concerning the oxidation of monoamines by
bacteria. Gale states that 1t may be the lack of some
active group other than the -NHp, such as the -0H in tyramine
or the para-H in benzylamine, that prevents the attack of
most monoamines. Organism 34A studied here attacks a wide
variety of amines, both diamines and monoamines. The latter
with and without actlve polar groups are actively oxidized.

This is similar to the situation described with decar-
boxylating enzymes. According to Gale (1952} only those
amlno acids having at least one chemically active (polar)
group 1ln the molecule other than the terminal -CO0H and the
G;HHZ groups are decarboxylated to the corresponding amine.
Hence, Gale claims that amino acid decarboxylases exist only
for arginine, lysine, ornlthine, histidine, tyrosine, glu-
tamlc acld and aspartic acid giving agmatine, cadaverine,
putrescine, histamine, tyramine, Y -aminobutyric acid and
B ~-alanine, respectively. However, as pointed out in the
historical section (Porter, 1946) other workers have re-
ported the decarboxylation of moncaminomonocarboxylic aclds.
For example, glycine can be decarboxylated to methyl amine

and alanine can give rise to ethyl amine as a result of
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bacterial decarboxylation., Both of these amlnes were found
to be readlly oxidized in this investigation. Iiionoamines
may be widespread in nature and therefore, the utilization
of monoamlines may not be solely a laboratory observation but
may be of importance in nature.

Amino acids are readlly oxidlzed, however those with
strong polaer groups such as histidine, tyrosine, and trypto-
phane are oxidized to a lesser degree than those not pos-
seasing such polar groups. Apparently the amino acids
tested are oxidatively deaminated by organism 34A. The
enzyme may be amino acid oxidase which 1s similar to amine
oxidase.

The results obtained with inhibitors 1Indicate that
separate enzymes are active in the oxidation of mono~ and
dlamines. This is in agreement with studies of anlimal mono-
amine and diamine oxidases (Zeller, 1951); however the
inhibition by specific Inhiblitors 1s of a different pattern
when compared with previous work.

Arcaine (1,4-diguanidinobutane) inhibited the monoamine
oxidase but not the diamine oxidase of organism 34A. It was
also noted tnat organism 34A can dezrade arcaine. This is

contrary to Zeller et al., (1951) who found arcaine to be a

strong inhibitor of dlamine oxldase of liycobacteriuws smegma-
tis. It may be that in the oxldation of ethyl amine‘in the
presence of arcalne, the lnhibitor is the preferred sub-
strate, therefore only the oxidation of the inhibitor was

noted. In the oxldation of putrescine in the presence of
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arcaine, the inhibitor may not be the preferred substrate.
The oxygen uptake was simlilar to that of the control flasks
with putrescine alone, however when the putrescine was oxi-
dized to maximum, there was an increase in the oxygen uptake
in the flasks containing inhibitor. This suggests oxidation
of the inhibltor after putrescine was oxidized.

Gale (1942) found the oxlidation of histawine, putresciue,
cadaverine and agmatine to be inhibited by M/100 semicarba-
gide or /10000 cyanide. In this investigation oxidation of
ethyl amine was inhibited by /2000 semicarbazide while the
oxidation of putrescine was inhibited by /200 semicarbazide.
Animal diamine oxidase is completely inhibited by semicarba-
zide so that it is suggested (Zeller, 1951) that the active
group of the enzyme 1s of a ketonic nature. Animal dismine
oxldase is also inhibited by cyanide. On the other hand,
animal monoemine oxlidase is not inhibited by carbonyl fixa-
tives or cyanide (Zeller, 1951). No explanation can be given
for this inhibition by semicarbizlide of the moncamine oxida-
tion by the organism studied here.

The oxidation of ethyl amlne and putrescine was found
to be inhibited by /500 cyanide, while a concentration of
/5000 cganide resulted in an increased oxygen uptake. One
explanation for this increased oxygen uptake may be in the
stimulation effect found by low concentrations of some inhi-
bitors (Pratt and Dufrenrocy, 1949), although the concentra-
tion used here l1s higher than that found to be inhibitory
by Gale (1942). Another explanation for this lncreased
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activity 1is thnat it may be due to the inhibition of c¢atalase.
Cyanlde 18 known to inhibit iron enzyme systems such as
catalase (Gale, 1952}. If hydrogen peroxide is formed from
amine breakdown, catalase would convert this compound to
water and oXygen wnich may in turn be used in the oxidation
of tne amine, Upon inhibition of catalase, oxyzgen for the
amine oxidatlon would have to come from the flask, resulting
in higher recorded oxygen uptake.

An optimum pH of 7.5 was found for the oxidation of
ethyl amine. This is similar to findings of Gale (1942)
who reported the oxidation of putrescine, cadaverine, agma-
tine, histamlne and tyramlne to occur optimally between
pH 7.5 and 9.5.

Although possibly five different amine oxidizing en-
zymes have been described in the literature (Gale, 1942;
Lardy et al., 1949; Zeller, 1951; Kenten and iann, 1951), the
resulting reactions involving the breakdown of the amine is
i1imited to two. Either the amine, mono~ or di-, is broken
down to the correspondling aldehyde, amnonia and hydrogen
peroxide (Zeller, 1951) or the amine is completely oxidized
to ammonia, carbon dioxlde and water (Gale, 1942). In the
former case, there may be accowmpanying reactions of ths end
products of the reaction. For example, the aldehyde may be
further oxidized to the corresponding aclid or the hydrogen
peroxide will be decomposed to water. These secondary re-
actions willl involve other enzyme systems such as aldehyde

oxidase and catalase or peroxidase. The reactions observed
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in this investization do not seem to fit in elther pattern.
In the first case, no aldehyde or hydrogen peroxide forma-
tion could be demonstrated. It must be recozgnlzed that,
whereas a posltive finding is significant, a negative finding
does not necessarily exclude the possibility of tihie Tormation
of' these compounds. In the second case, the carvon dioxide
forumwation does not indicate & complete oxidation of the sub-
strates. If 1 mole of either ethyl amine or putrescine were
oxidized to completion approximately 2 or L moles of carbon
dioxide, respectively, would be formed. The possibility
should not be overlooked tnat oxldative assimilation (Clif-
ton, 1937) may occur. This 1s probable in the case of the
oxidation of ethyl amine, where fewer carbon atowms are un-
accounted for; however, with the dlamines, putrescine and ca-
daverine, the number of unaccounted carbon atoms is too large
to account for by oxidative assimilation.

It appears that neither pathway i1s followed here, how-
ever it is unwise to assume that a new mode of bresakdown
occurs, The basic similarity of metabollic patterns in all
living organlisms as has been emphasized in comparative physi-
ology shiould not be cast aside., Perhaps in this study the
use of the whole cell rather thsn cell extrscts has masked
the mode of action of amine oxidizing organisms. In this
type of investigation, conclusions concerning a ziven enzyme
must be drawn cautiously since the whole bacterium has been
used instead of isolated enzymes. Experiments with mammalian
and plant amine oxidases are carried out with extracted sn-

zymes while the bacterlal enzymes are investigated in situ.
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Other factors, such as permeabllity, rather than the enzyme
reactions under investigation, may be¢ limiting. Other con-
comitant reactions, lven previously, may prevent accurate
study of the main reaction. The use of 1Inhibitors and fixa-
tives to eliminate these reactions has not been succeasful.

Amines and awmine decowposition may have violopgical slg-
nificance for man and other animals. The vresence of active
monoamine and diamine oxidase in intestinal mucosa suggests
that the enzymes carry out a protective function in prevent-
ing amines formed in the intestine by bacterial decarboxy-
lases from entering the general circulation (Zeller, 1951).
Of the amines formed by decarboxylation of amino acids,
methyl amine, ethyl amine, putrescine and cadaverine are be-
lieved to be physlologically inert, however histamine, tryp-
tamine and tyramine are known to be of lmportance physioslogi-
cally. Tyramine is a pressor substance, i.e., 1t raises the
blood pressure while histamine reduces arterial pressure.
Chick fe¢ces served as a source of organisms able to degrade
amines. It is probable that these organisms aid in the de-
toxification of amines in the intestine.

Aulines may find thelr way to the =201l by excretion as
such; by subsequent deygyradation of excreted nitrogenous com-
pounds; or by dissimilation of animwal and plant protein.

The further dissimlilation of amines in the soil by bacterial
species elither individually or synergistically may play an
important part in contributing to the cycle of elements in

nature,
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Cultures of organisms capable of using amines as the
sole source of carbon and nitrogen were isolated by enrich-
ment techniques. One organism, a pseudomonsad, was found to
utilize methyl, dimethyl, ethyl, diethyl, di-n-amyl and
di-n-butyl amines in a synthetic medium, ilethyl, dimethyl,
ethyl, diethyl, di-n-butyl and trimethyl amines serve as
a nitrogen source for this organism if glucose is supplied
in the medium. If ammonium sulfate 1s included, the organ-
ism can use methyl, dimethyl, ethyl, di-n-amyl, and di-n-
butyl amines as the carbon source.

Protaminobacter rubrum ATCC 8257 and Protaminobacter

alboflavum ATCC 8258, organisms differentiated from others

on the basis of their ability to degrade amines, were shown
to have little activity as compared with freshly isolated
organisms., Methyl amine and ethyl amine were the only amines
utilized by 8257 while 8258 utilized only ethyl amine. For
tnis and various other reasons characterization of_Protamino-
bacter on a blochemical basis was questioned.

Respiration studles using organism 34A cells, the most
active ageinst amines, grown on glucose ammoniumx sulfate
azar, nutrient agar, glucose methyl amine agar, glucose
ethyl amine agar, glucose dimethyl amine agar, and glucoae
di-n-butyl agar revealed that the enzymes are "adaptive"

in nature. Nethyl amine grown cells were adapted to methyl
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and ethyl amine; dimethyl amine grown cells were adapted to
methyl, dimethyl and ethyl amines; ethyl amine grown cells
were adapted to ethyl amine; and di-n-butyl amine grown
cells were adapted to di-n-butyl amine. Cells grown on glu-
cose ammonium sulfate agar oxidized the amines tested only
8lightly and after an extended lag period. No enzymatic
activity agalnst amines was noted with cells grown on nutri-
ent agar or nutrient agar plus amine.

Evidence was obtalned indicating that the addition
of other utilizable carbon and nitrogen socurces with ethyl
amine to the growth medium affected the rate of oxidation of
ethyl amine.

In sddition to the oxidation of amines studled above,

a wide variety of other samines also are oxidized by organism
34A: monoamines, ethyl amine, trimethyl amine, triethyl
amine, triethsnol amine, tyramine, histamine, di-n-amyl
samine, benzylamine; diamines, ethylene diamine, putrescine,
cadaverine; and the polyamine, spermine. Only the oxida-
tions of ethyl amine and putrescine are by constitutive
enzymes whnile the remainder are oxidized by adaptive en-
zymes.

The following amino acids were oxidized by organism 34A:
L-tryptophane; L-histlidlne; L-tyrosine; glycine; L-glutamic
acid; L-leucine; DL-valine; DL-ornithine; DL-alanine;
L-arginine; and L-lysine. Ammonia formation during the
oxldation of amino acids suggsests that these compounds were

oxidatively deaminated possibly by amino acid oxidases.



65.

Optimum pH for the oxidation of ethyl amine by orgapiam
34A was found to be 7.5.

The use of inhibitors showed tihhat the monocamine, ethyl
amine and the dlamine, putrescine, were oxidlzed by separate
enzymes. The oxidation of ethyl amine was inhibited by
15 pii arcalne; M/500 cyanide and /2000 semicarbazide while
the oxidation of putrescine, although not inhiblted by
arcaine, was inhiblted by /500 cyanide and ¥/200 semi-
carbazide.

Acetone dried, vacuum dried or alumina ground cells
of organism 34A were inactive agsinst ethyl amine while
decreased activity was found with lyophilized preparations
of this organism. Whole cells stored in ¥/10 phosphate
buffer pH 6.75 at 5 C maintained activity for 20 to 25 days.

Studies on the mode of oxidation of ethyl amine, putres-
cine and cadaverine indicate that these amines were oxidized
to ammonia, carbon dioxide and other unidentified end prod-
ucts. Attempts made to identify these end products were
unsuccessful,

As a result of this Investigation it has been estab-
lished that the bacterial utilization of amines is a charac-
teristic of organisms easily isolated from soil and that
in nature this process probably occurs to a greater extent

than i1s generally recognized.
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