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Report No. 132 8 January 1954
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MEDEA

ABSTRACT

THE INFLUENCE OF MAGNESIUM ON THE OXIDATIVE
ACTIVITY OF AZOTOBACTER

OBJECT

An exploratory study was undertaken with the purpose of finding
micro-organisms especially suited for a study of the mechanism of
destruction of anabolic processes caused by irradiation. The first ob-
jective was to determine the influence of various ions on the oxidative
activity of micro-organisms.

RESULTS AND CONCLUSIONS

While investigating the effect of ultraviolet light on the induced
oxidative activities of Azotobacter, wide variations in the oxidative
activities of this organism were encountered. Investigation of these
discrepancies revealed that the oxidative ability of Azotobacter was
greatly diminished by washing with a potas sium -phosphate buffer. The
cause of this diminution in activity appeared to be the removal of mag-
nesium from the bacterial cell by washing. This ion was found to be
important for the oxidation of glucose, acetate, succinate, malate and
a -ketoglutarate by Azotobacter cells. Experiments with washed Azoto -

bacter cells indicated that addition of magnesium restored oxidative
ability to levels encountered with unwashed organisms.

RECOMMENDATIONS

Adaptive oxidative manifestations in Azotobacter have been found
to be drastically affected by ultraviolet light. The nature of the changes
in oxidative activity has not been determined. Mechanisms respon-
sible for adaptations, or for changes in oxidative capabilities, may
represent alterations in permeability, or the functioning of induced
biosynthetic mechanisms. It is suggested, therefore, that a study be
made of the cause of the change in the adaptive oxidative activities of
this organism with the object of discovering the metabolic systems
that may be involved in irradiation injury.
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THE INFLUENCE OF MAGNESIUM ON THE OXIDATIVE
ACTIVITY OF AZOTOBACTER

I. INTRODUCTION

The oxidative capacities of a micro-organism are governed to a
large extent by the composition of the medium in which the bacterium
is grown. Studies of the oxidative abilities of a micro-organism are
often performed with washed cells, suspended in salt solutions con-
taining an oxidizable organic compound. In a study of the genus Azoto -
bacter, using the resting cell technique, inconsistent fluctuations in
oxidative capacities were traced to the mode of washing the cells,
more specifically to the removal of magnesium from the cells during
the washing process. The extent to, and the conditions under, which
magnesium will influence certain oxidative prop, rtia i of A;t.bacter
are the subjects of this communication.

II. EXPERIMENTAL

A. Organisms

Two strains of Azotobacter were used - Azotobacter agile
A 44* and Azotobacter Q**.

B. Media

The synthetic medium described by Karlsson and Barker was

used (1). The medium without the carbon source will be referred to
as the "complete salt medium". The pH was adjusted to 7. 0 with
HZS0 4 . The carbon sources for growth were sterilized by autoclaving
and were added to the sterile salt medium in such quantities as to give
final concentrations of 1. 00.

C. Cultivation

The organisms were grown on a rotary type shaker at 30 0 C
for 24 hours. At harvesting time, glucose grown cultures usually had
attained a pH of 6.5 and an optical density of approximately 0.30, when
measured with a Coleman Jr. Spectrophotometer at 6500 1. Cells
* Obtained by courtesy of Dr. H. A. Barker, Biochemistry and Virus

Laboratory, University of California, Berkeley, California.
**Kindly furnished by Dr. A. Eisenstark, Department of Bacteriolog,

Kansas State College, Manhattan, Kansas.
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grown on an acetic acid medium attained a pH value of 8.4 and an
optical density of about 0.20. Regardless of the growth medium used,
in terms of the carbon source, the inocula in all cases were glucose
grown cells washed two times in the manner described below.

D. Harvesting

At the- end of a24 hour growth period, the cells were centri-
fuged from the growth medium and resuspended in M/15 potassium-
phosphate* buffer at pH 7. 0, to an optical density of approximately
0.25.

E. Washing

Cells contained in 10 ml of this optically adjusted suspension
were washed inthe centrifuge five times with 10 ml of M/ 15 potassium-
phosphate buffer. At the end of the fifth washing the suspensions were
adjustedto an optical densityof 0.25 with the same buffer, and 0.5 ml
of such a suspension was used for respiration studies.

F. Respiration Studies

Each Warburg flask had the following fluid contents added in

the order indicated: Center well - 0.15 ml 20% KOH; reaction chamber -
1. 0 ml of MgSO 4 or other salt solution as indicated, 1. 0 ml of buffer,
and 0.5 ml of cells at the optical density indicated; side arm - 0.5 ml
of substrate. The amount of substrate added to each flask would theo-
retically require 448 microliters of 02 for its complete oxidation to
carbon dioxide and water. The gas phase was air and the reaction
was maintained at a temperature of 35 0 C. Cells were left in contact
with magnesium for about 45 minutes at room temperature after wash-
ing and before the introduction of substrate to the reaction chamber,
unless otherwise indicated. All salt and substrate solutions were
prepared in water previously distilled in a metal still and then passed
through an ion exchange column (Deeminizer**). The distilled water
thus obtained had a conductivity corresponding to 0. 25 p. p. m. NaCl.

III. RESULTS

The term "adapted cells" as used in this report refers to cells
which canoxidize a substrate at a constantor diminishing rate during

*MI15 potassium-phosphate buffer consisted of 9.07 gm KHZPO4

adjusted to pH 7.0 with KOH and made up to 1000 ml with distilled water,
**Crystal Research Laboratories, Inc., Hartford, Conn.
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the interval of exposure to the substrate. "Unadapted cells" designates
cells which can oxidize substrate at a rate which increases as the
interval of exposure to substrate is lengthened. These terms are in-
tended tobe superficially descriptive of phenomena without specifically
indicating the nature of the mechanism by which modifications of the
oxidative ability are accomplished.

A. The Influence of Washing Procedure and Composition of
Washing Solution upon the Oxidative Capacity of Azotobacter.

Figure 1 illustrates the changes in oxidative capacity of ace-
tate grown Az.toQacter agile A 44whichoccurred withrepeated wash-
ings of the cells. Cells washed 5 times with the complete salt medium
had approximately identical oxidativre activities as the unwashed cells.
When cells were washed with M/15 potassium-phosphate buffer, the
first washing halved, and subsequent washings further diminished the
oxidative capacity of the organisms. However, when magnesium was
added to cells wasned withphosphate buffer, practically full oxidative
capacities were restored, whether the cells were washed once, or
five times with phosphate buffer.

400

1200

0 I 2 5
A I C

NUMIER OF WASHING$

I161. INFUENE OF WASHwe pROCEDUES
ON OXIDATIVE ACTMTY.

REACTION MIXTURE:
0.5 ml of acetate grown Azotobacter agile A 44 cells in M/15 potassium-phosphate buffer, pH 7.0
0.5 -l of substrate (succinate) in M/15 potassium-phosphate buffer. pH 7.0
2.0 ml of Y/15 potassium-phosphate buffer, pK 7.0

A - 0 = unwashed cells

5 = cells washed 5 x in whole salt medium
B - Cells washed 1, 2 and 5 x in M/15 potassium-phasphate buffer at PH 7.0 no magnesium added
C - Cells washed I and 5 x in M/IS potassium-phospbate buffer at pH 7.0 with magnesium added
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B. Effect of Various Ions on the Restoration of Oxidative Activ-
ity of Washed Azotobacter Cells.

The abilities of the cations present in the growth medium to
influence, singly and in various combinations, the oxidation of suc-
cinate were inve tigated. Strain A 44 of Azotobacter agile was grown
on an acetate rr adium and washed in potassium-phosphate buffer as
described. The various cations studied were in the same concentra-
tions as found in the growth medium. Figure 2 shows the effects of
CaSO4 , FeSO 4 NaM9O4 , and MgSO 4 and of various combinations of
these ions in M/15 potassium-phosphate b~affer on succinate oxidation
by washed cells. None of these ions, or ion combinations, except
MgSO 4 , were capable of enhancing the rate of succinate oxidation,
The activity imparted by magnesium could not be enhanced by.the
addition of calcium, ion or molybdenum. The effect of magnesium
could not be duplicated by maganese, cobalt or zinc using concen -
trations of 0.02%. Ammonium sulfate is known to stimulate adaptive
enzyme formation in yeast (2) and possibll, could be implicated in the
phenomenon of magnesium stimulation; however, it was found to be
without effect on the oxidation of succinate by washed cells, in con-
centrations of . 02%.

*400

$

~300

Loo
0

REACT I(KM IXTURE:FOG-&- mummo OF WUI 04 ON oxIME ACTM TY.
0.5 al1 of Gootate grown degtg WA 44 cells in N/15 potassinn-Ophawut buffer.

=Cells were mwabd 5 x wt 1 potalsium-phosphate buf for at pHl 7.0

O.3 nl of substrate (succinate) I Nl/13 potcmlum-phwidato buffer
' |~,0 all of W15l PotassiUlm-ptomphat* buffer. I 7.0. teonerature 350C

C (ations were added in the sawe conentrations as found in the whole salt sodium
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When cells were washed with M/20 tris-hydroxy-methyl-
arnnomethane (THAM)-buffer, pH 7.0, instead of the phosphate buffer,
the importance of magnesium to succinate oxidation was still evident,
although revealed in a different pattern (Figure 3). No single cation
of the growth medium restored the original oxidative capacity of THAM-
washed &zotobact r cells; Fe, Mo and Ca, showed almost no effect
and Mg alone showed only about 50% of the original oxidative capacity.
However, the combination of Fe, Ca or Mo ions as present in the
whole salt medium with Mg resulted in a restoration of activity and
the combination of potassium phosphate and magnesium appeared to
enhance the oxidative ability.

400
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FIG. 3-INFLUENCE OF VARIOUS IONS ON OXIDATIVE

ACTIVITY WITH THAM BUFFER.

ftmtio mixture and ecaditions &am an for Fig. 2.. except W120 TH buffer was usmed in
plans of W15$ potasim-ibonmldte buffer.
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Only under conditions indicated in Figure 3 was the stimula-
tion of succinate oxidation associated with calcium. Stimulation of
respiration in Azotobacter by calcium at low pH values has been
reported by Harris and Gainey (3). Using cells washed and suspended
in M/15 potassium-phosphate buffer, succinate oxidation was de-
terminedatpH 5.8 in the absence of calcium and magnesium, as well
as in the presence of these ions, singly and combined. At this pH,
oxidation of succinate was not observed to occur, regardless of the
cation content of the reaction mixture.

C. Rate of Substrate Oxidation as Influenced by the Sequence of
Addition of Magnesium and Substrate.

The rate at which the Mg ion was able to impart maximal
oxidative activity to washed cells of Azotobacter was tested with
succinate as substrate. Using acetate grown cells, washed 5 times
with potassium-phosphate buffer, it was observed that succinate
oxidation occurred as rapidly when succinate and magnesium were
added simultaneously as when magnesium was added 90 minutes before
the substrate.

When similarly treated cells were brought in contact with
succinate in the initial absence of magnesium, a longer period of
adjustment and a lower rate of oxidation ensued, than when magnesi-
um was added at the same time as succinate (Figure 4).

s© I

so60
0 oo 20 10 40 50 4o 70 so 4o o So 2o 510

PIa,4- RATE OF OXIDATION IN RELATION TO TIME OF

ADDITION OP MAGNESIUMl.

Reaction mixture and ondition, me as for Fig. 2.. exce pt that in I magnem was addedl
immedately and in II magjnsitm wan aded after 60 mmL.
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D. The Effect of Magnesium on the Oxidation of Glucose, and
Acetate by Adapted Cells.

Azotobacter agile A 44, when grown on a glucose medium,
is adapted to the oxidation of both acetate and glucose. Data presented
in Figure 5 indicate the effect of various MgSO 4 concentrations
on the oxidation of glucose by glucose grown cells. At suboptimal
concentrations of magnesium, the rate of oxidation of glucose de-
creased slightly with time, but at the highest concentration of mag-
nesium used, glucose oxidation continued for 12Orminutes ataconstant
rate. Data presented in Figure 6, in addition to showing the effects
of various magnesium concentrations on acetate oxidation also show
the inability of glucose grown cells of Azotobacter agile A 44 to oxidize
acetate in the absence of magnesium.

500- 1.3 X IT 4M

400-

0
0

IX rJ /
I00-

0 30 60 90 120 150 ISO 210 240
MINUTES

FIG.5- MAGNESIUM CONCENTRATION AND THE RATE OF GLUCOSE OXIDATION.

REACTION MIXTURE:
0.5 a1 of glucooe grown Azotdgctr ile A 44 cells in M/15 potassluW-phosphate buffer

pH 7.0. Cells were washe .wt N/S potauisiu-phosphate buffer at pH 7.0.
0.5 al of substrate (glucose) in M/15 potassius-phosphate buffer
2.0 ml of V/15 potassium-phompbate buffer. pH 7.0 . temp. 350 C
Varying molar comentrations of WqSO4 wore used
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400- 400 -,1.32 X 10"4 M

1.X IO 5vM
0300
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MINUTES

FIG. 6-MAGNESIUM CONCENTRATION AND THE RATE OF
ACETATE OXIDATION.

Reaction mixture and conditions same as for Fig. 5, except acetate was used as the

substrate in place of glucose.

E. The Effectof Magnesium onthe Oxidation and/Qr the Adapta-
tion to a-Ketoglutarate, Succinate and Malate by Unadapted Cells.

Azotobacter agile A 44 cells grown on glucose were unadapted
to the oxidation of ,-ketoglutarate, succinate and Tnalate. Data pre -

sented in Figures 7 and 8 show the effect of various magnesium con-
centrations on the rate of oxidation of a-ketoglutaric acid bywashed
cells of Azotobacter agile A 44 and Azotobacter Q, respectively. In
the absence of magnesium this acid was not oxidized by either strain
of Azotobacter.
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60

S100

-a __ _ _I.6Xi0-5 M

FIG. 7-MAGNESIUM CONCENTRATION AND THE RATE
OF a-KETOGLUTARATE OXIDATION BY AZOTOBACTER AGILE
A44.

REACTION MIXTURE:
0.5 ml of glucose grown Azooacter agile A 44 cells in M./15 potassium-phosphate buffer, Cells

were washed 5 x with WIT ptssiim-phosphate buffer at pH 7.08
0.5 ml of substrate (%-ketoglutarate) in Y./15 potassium-phosphate buffer
2.0 ml of P'/15 potassium-phosphate buffer, pH 7.0. temp- 350C
Vlarying solar concentrations of MgSOf were used.

1.3 X10-4 M

o200-a 1.6x 10-5 M

60
0 0

0

00M

0 30 s0 90 120 150
MINUTES

FIG. 8- MAGNESIUM CONCENTRATION AND THE RATE
OF a-KETOGLUTARATE OXIDATION BY AZOTOBACTER 0.

Reaction mixture and conditions same as for Fig. 7, except & Lst.goat...Q.celle were
used in place of Axotobacter agile A 44
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Data presented in Figure 9 show the influence of various
concentrations of MgSO 4 on the ability of glucose grown and washed
cells of Azotobacter 4gile A 44 to oxidize succinate. Succinate
oxidation was not observed in the absence of magnesium. At low
MgSO4 concentrations (1. 6 x 10-5 molar), succinate was oxidized
without any appreciable increase in rate of oxidation after the first
60 minutes of incubation. Increasing increments of magnesium lead
to increasing and eventually maximal rates of substrate oxidation.
Similar conditions prevailed with Azotobacter Q, when grown on a
glucose medium and tested with succinate as substrate. The effect
of MgSO 4 concentration on the oxidation of malic acid by glucose
grown Azotobacter agile A 44 cells is indicated in Figure 10. It is
evident that 1. 6 x 10- 5 molar MgSO4 stimulated malate oxidation
but did not permit an increase in rate of oxidation comparable to the
rates observed with higher MgSO4 concentrations. With diminishing
concentrations of magnesium the rate of oxidation of mala. approach-
ed zero.

300-
1.32 X r4zoo-
3.3 X ICSM

0
_j 100-

1.6 XI10M

SOM

0 30 60 90 120 150

MINUTES

FIG.9- MAGNESIUM CONCENTRATION AND RATE OF

SUCCINATE OXIDATION.
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400 1.32 X 1O-U
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300-
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100 1.6 X Io%
. , 8 X O0-% a 0 M

0 30 60 90 120 I50

MINUTES

FIG.I0- MAGNESIUM CONCENTRATIONS AND THE RATE

OF MALIC ACID OXIDATION.

Reaction mixture and conditions same as for Fig. 7 except alic acid was used as sub-
strate in place of C,-ketoglutarato.

IV. DISCUSSION

The importance of magnesium to the chemical processes involved
in intermediary metabolism has been reviewed by Ochoa (4). The
essentiality and mode of participation of various ions in the growth
of Azotobacter has been the subject of many investigations (see review
by T. S. Kyle and A. Eisenstark (5) ). In respiratory stidies of the
genus Azotobacter, Harris and Gainey (3) reported a stimulation of
respiration by calcium at low pH values. Harris (6) and Karlsson
and Barker (1) added calcium to the reaction mixture-in studies of
Azotobacter metabolism. However, Burris, et al. , (7) demonstrated
the oxidation of a large number of organic compounds in theabsence
of calcium, using washed cells of Azotobacter.

11.e
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The effect of magnesium on the respiration of Azotobacter was
studied by Harris and Gainey (3) using a basal salt medium containing
approximately 5 x 1 0

- 4 molar MgSO4. The addition of magnesium to
this salt solution, already high in magnesium content, did not result
in an increase in respiration. It was concluded from these observa-
tions that the Mg ion is not essential for the respiration of Azotobacter
cells. It should be noted, however, that a 5 x 10 - 4 molar MgSO4
concentration is sufficient to saturate many times over every oxidase
system examined in the present study. Data presented here show
that acetate grown cells, washed thoroughly in potassium-phosphate
buffer, required magnesium for the oxidation of, and/or for the
adjustment to, the oxidation of various organic compounds. Combi-
nations of Mg with other cations present in the growth medium, at
the same concentrations as found in the medium, were not observed
to enhance the stimulation effected by magnesium alone.

The effect of magnesium on the respiration of washed Azotobacter

cells is in' sharp contrast to the effect of magnesium on the oxidative
capacities of B. cereus (8). The addition of Mg, Ca, and Fe ions to
cells grown at optimal and sub-optimal magnesium concentrations,
with reference to cell division, did not effect the rate of oxidation of
glucose by B. cereus cells.

The importance of magnesium for the oxidative process was also
evident when tris -hydroxy-methylaminomethane buffer was substituted
for the phosphate buffer in the washing process. The addition of Ca,
Fe, and Mo ions, singly or in combination, did not influence signifi-

cantly the oxidation of the substrate. However, the combination of any
of the aforementioned ions with magnesium effected a considerable
increase inthe rate of oxidation. A still greater increase was achieved
by the combination of potassium phosphate with magnesium. This
activation has also been observed by Wilson and Stone (9), who found
the combination of phosphate and magnesium necessary for optimal
oxidative activity of dialyzed cell - free extracts of Azotobacter
vinelandii.

Chelating agents, such as citrate orVersene*, provide yet another

means of demonstrating the need for magnesium in the oxidative proc-

esses involving Azotobacter. Indications are that loss of oxidative
capacity effected by these complexing agents can be restored by the
addition of magnesium. Preliminary experiments have indicated that
drastic treatment with certain cationexchaners-way cause damage
to Azotobacter cells which may become irreparable with magnesium.

*Bersworth Chemical Co., Farmingham, Mass.
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Glucose grown cells of Azotobacter agile A 44, when suspended
in a potassium-phosphate buffer which contained a certain magnesium
concentration, were capable of a rapid and immediate oxidation of
acetate and glucose at a rate which was relatively constant for a number
of hours. Such a pattern of oxidation may be contrasted to the response
of glucose grown cells to substances such as a-ketoglutarate, suc-
cinate, or malate. Before glucose grown organisms could oxidize
these acids at a constant rate, a lag or adaptation period was observed,
in which the rate of oxidation increased until a constant rate was ob-
tained.

From the standpoint of oxidation, glucose -grown Azotobacter
agile A 44 may be said to be adapted to the oxidation of glucose and
acetate and unadapted to the oxidation of a-ketoglutarate, succinate
and malate. The effect of magnesium on the oxidation of substrates
to which this organism is adapted revealed that, in phosphate buffer,
magnesium is required for the oxidation of glucose, acetate, a-keto-
glutarate, succinate and malate.

The reported findings could be of importance in the interpretations
of the various processes of intermediary metabolism in the whole
bacterial cell. As has been shown, the optimal concentration of mag-
nesium for the oxidation of various substrates tested differed consider-
ably. Cell suspensions containing varying amounts of magnesium
could be obtained, which would permit the oxidation of acetate by
glucose grown cells, but not the oxidation of succinate. Such artifacts,
which maylead to fallacious conclusions concerning the normal meta-
bolism of the cell, may be abolished by increasing the concentration
of magnesium to optimal levels.

V. SUMMARY

A. The oxidative activities of Azotobacter agile A 44 and Azoto-
bacter Q were greatly influenced by the washing procedure employed
in preparing the cells for metabolic studies.

B. Ca, Fe and Mo ions, singly or in combination, were found to be
ineffectual in stimulating succinate oxidation by Azotobacter cells
grown on acetate and suspended in potassium-phosphate buffer with-
out added magnesium. Addition of magnesium to acetate grown cells
suspended in a solution of potassium phosphate resulted in the oxidation
of succinate.

13
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C. Using washed glucose grown cells it was shown that magnesium
was essential for the oxidation of acetate and glucose, to which the
cells were adapted. Magnesium was also essential to the adaptation
or oxidation of a-ketoglutarate, succinate and malate to which sub-
strates the cells were not adapted.

VI. RECOMMENDATIONS

Adaptive oxidative manifestations in Azotobacter have been found
to be drastically affected by ultraviolet light. The nature of the changes
in oxidative activity has not been determined. Mechanisms respon-
sible for adaptations, or for changes in oxidative capabilities, may
represent alterations in permeability, or the functioning of induced
biosynthetic mechanisms. It is suggested, therefore, that a study
be made of the cause of the change in the adaptive oxidative activities
of this organism with the object of discovering the metabolic systems
that may be involved in irradiation injury.
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