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ABSTRACT

Suspension cultures of Paul's Scarlet rose were grown 
on two defined media which differed only in their inorganic 
nitrogen content. Control medium possessed 24 mM NO^ and 
0.91 mM NH^ whereas, no NH^ was present in the test medium.
A comparison of fresh weight and protein content over a 14-day 
growth period showed that caused a two-fold stimulation
in both of these parameters of growth. It was shown that 
cells grown with assimilated 60% of the absorbed in
organic nitrogen into amino acids as compared to only a 30% 
conversion by cells grown without NH^^.

A developmental study of several key enzymes in respira
tion and nitrogen assimilation indicated that selectively
enhanced the synthesis of nitrate reductase, glutamate dehydro
genase and glutamate synthetase. It is proposed that the 
increased activity of these enzymes was responsible for in
creased protein synthesis and growth.
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INFLUENCE OF AMMONIUM ON GROWTH, PROTEIN SYNTHESIS 
AND NITROGEN ASSIMILATING ENZYMES IN PAUL'S SCARLET ROSE

INTRODUCTION

In an earlier study it was observed that suspension 
cultures of Paul's Scarlet rose grown in a defined medium 
needed a supplemental amount of either NH^^ or glutamine for 
maximum growth to occur. Ammonium has also been shown to 
stimulate the growth of several other plant tissue cultures 
as well as some intact plants. The purpose of this investi
gation was to determine how NH^* stimulates growth. Specific 
attention was given to the influence of ammonium on growth, 
protein synthesis and the development of nitrogen assimilat
ing enzymes during the normal 14 day growth cycle of Paul's 
Scarlet rose.

The results of this study are presented in two papers 
prepared according to the instructions for contributors to 
Plant Physiology.



PAPER I

AMMONIUM INFLUENCE ON THE GROWTH AND NITRATE REDUCTASE 
ACTIVITY OF PAUL'S SCARLET ROSE SUSPENSION CULTURES



ABSTRACT

Suspension cultures of Paul's Scarlet rose were grown 
in two defined media which differed only in their inorganic 
nitrogen content. Both possessed equal amounts of NO^
(24 mM) but differed in that (0.91 mM) was present in
control medium; whereas, no was present in the test
medium. A comparison of fresh weight increases over a 14 day 
growth period showed that caused a two-fold stimulation
in growth, and governed the pattern of development.

Ammonium also caused a two-fold increase in nitrate 
reductase activity but had little influence on the activity 
of representative enzymes from the Embden Meyerhof pathway 
or Kreb's cycle. Thus enhanced the nitrate reductase
activity which was correlated with increased growth.

Ammonium had no influence on the dm vitro activity of 
nitrate reductase which suggested that the stimulatory influ
ence was due to an increased synthesis of the enzyme. The 
enhanced synthesis did not appear to be due to an increased 
availability of NO^ since the uptake of NO^ by intact cells 
was not influenced by the presence of during the period
of most rapid increase in nitrate reductase activity.



PAPER I

AMMONIUM INFLUENCE ON THE GROWTH AND NITRATE REDUCTASE 
ACTIVITY OF PAUL'S SCARLET ROSE SUSPENSION CULTURES

CHAPTER I 

INTRODUCTION

In previous work with suspension cultures of Paul's 
Scarlet rose, cells were shown to grow with only NO^ serv
ing as a nitrogen source, but maximum growth required a 
supplemental amount of either NH^^ or glutamine (21). Similar 
requirements were reported for suspension culture of soybean
(1,23). Thus in these tissue culture systems a reduced form 
of nitrogen such as NĤ "*" is required for the maximum utiliza
tion of NOg" provided in the medium.

It is well accepted that NO^” induces the synthesis of 
nitrate reductase, the first enzyme in the pathway of NOg 
reduction. However, the regulatory role played by NH^^, end- 
product of NOg reduction, is less clearly understood.
Ammonium has been shown to repress the induction of nitrate 
reductase in Neurospora, Chlorella, and Lemnaceae (9,14,17, 
19). In most higher plants NH^* either has no influence (2)

4



or it enhances the induction of nitrate reductase by NO^
(1,12,13,23).

Based on extensive studies with genetic hybrids of 
corn and wheat, Hageman and colleagues (7,8) proposed that 
the level of nitrate reductase in a plant governs the growth 
and yield of the plant. Despite the close correlation in 
hybrids between growth and nitrate reductase activity it is 
impossible, in intact plants, to rule out the contribution 
made to growth by other favorable characteristics such as in
creased photosynthesis, translocation, etc. which might 
accompany the genetic information for increased nitrate reduc
tase activity. Tissue cultures offer a simple system whereby 
the relationship between nitrate reductase activity and 
growth can be examined more directly.

The purpose of this study was to examine the influence 
of on nitrate reductase activity in suspension cultures
of Paul's Scarlet rose, and to determine the relationship 
between nitrate reductase activity and cell growth.



CHAPTER II 

MATERIALS AND METHODS

Cell Suspension Cultures 
This investigation was performed with non-photosynthe

tic suspension cultures of Paul's Scarlet rose grown in the 
dark. Cells were grown in 250 ml Erlenmeyer flasks contain
ing 80 ml of MPR medium (21) with an initial pH of 5.5. Each 
new culture was started by inoculating a flask containing 
sterile medium with approximately 0.5 g of cells from a 14- 
day-old culture. The primary nitrogen source in all cultures 
was (24 m M ) D u r i n g  the transfer of cells, sufficient 
(NH^)2 S0  ̂ was added to each control flask to give a 0.91 mM 
concentration of NH^^. A sterile syringe equipped with 
0 . 2 2  my millipore filter was used for (NH^)2 S0 ^ additions. 
Similar additions of (NH^)2 S0  ̂ were made on selected days 
during the growth cycle.

Fresh weight determinations were made at the times 
indicated by filtering the medium through Miracloth (Calbio- 
chem.) held in a Buchner's funnel and weighing the cells 
immediately.



Nitrate and ammonium Assays
Samples of 5 ml each were drawn aseptically from both 

control and without NH^^ grown cultures on each day. Follow
ing removal of cells by filtration the ammonium concentration 
of the medium was determined with an ammonium ion electrode 
(Model 95-10, Orion Research Inc., Cambridge, Mass., USA).
The concentration of nitrate in the medium was determined with 
a nitrate ion electrode (Model 92-07, Orion Research Inc.).

Enzyme Assays
For the determination of nitrate reductase activity, 

one gram of cells was homogenized for 30 sec. with a Polytron 
homogenizer. The grinding medium consisted of 4 ml of cold 
0.1 M tris-HCl buffer (pH 7.5) containing 0.01 M cysteine-HCl 
and 0.3 mM EDTA. The homogenate was pressed through Miracloth 
and centrifuged at 20,000 g for 15 minutes. The supernatant 
liquid was used immediately for enzyme assay. Nitrate reduc
tase was measured according to the methods of Hageman and 
Flesher (11). The assay mixture contained 50 ymoles of 
potassium-phosphate buffer pH 7.5; 20 ymoles of KNO^; 0.42 
ymoles of NADH; 0.2 ml of enzyme extract, and deionized water 
to bring the volume up to 2.0 ml. The blank used was the 
complete assay mixture without NADH. The assay mixture was 
incubated at 30®C for 15 minutes. Following incubation, the 
reaction was stopped and the color was developed by the addi
tion of 2 ml of a solution containing equal volumes of 1 % w/v 
sulfanilamide in 3N HCl and 0.02% w/v N-(l-napthyl diamine
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dihydrochloride) in deionized water. Precipitated protein 
was removed by centrifugation and the absorbance of the 
supernatants at 540 nm was measured. Nitrate reductase 
activity was expressed as ymol KNOg formed per hour per gm 
fresh wt of tissue.

Extracts used for other enzyme assays were prepared 
by grinding (20 strokes) one gram of cells with a glass Ten 
Broeck homogenizer. The grinding medium prepared according 
to Cooper and Beevers (3) consisted of 4 ml of 165 mM Tricine 
buffer (pH 7.5); 0.4 M sucrose; 10 mM KCl, 10 mM MgClg, 10 mM 
EDTA and 10 mM g-mercaptoethanol. The homogenate was centri
fuged for 10 min at 500 g to remove unbroken cells and cell 
fragments. The supernatant solution was then centrifuged for 
15 min at 10,000 g yielding a crude mitochondrial pellet and 
clear supernatant. This supernatant liquid was used to assay 
for NAD-glyceraldehyde-3-P dehydrogenase and NADP dependent 
isocitrate dehydrogenase. The crude mitochondrial pellet 
was washed once with mitochondrial suspension (MS) medium 
(18) composed of 0.25 M sucrose, 2 mM EDTA, 5 mM cysteine-HCl, 
50 mM tris-HCl buffer adjusted to pH 7.4. The suspension was 
centrifuged for 15 min at 10,000 g. The pellet obtained from 
the above centrifugation was suspended in 1 ml of MS medium 
and was used immediately for the enzyme assay.

The NADP dependent isocitrate dehydrogenase activity 
was determined by the method of Kornberg (15). The reaction 
mixture contained, in a final volume of 3 ml, 250 ymoles tris-



HCl buffer pH 7.5; 0.16 ymoles MgSO^; 12 ymoles DL-isocitrate; 
2 ymoles NADP; and 0.2 ml of enzyme preparation.

The NAD dependent isocitrate dehydrogenase was assayed 
according to the method of Coultate and Dennis (5). The 
reaction mixture contained, in a final volume of 3 ml, 120 
ymoles of tris-HCl buffer pH 7.4; 0.16 ymoles MnSO^; 12 ymoles 
DL-isocitrate; 2 ymoles NAD and 0.1 ml of mitochondrial sus
pension. The reactions for NAD and NADP dependent isocitrate 
dehydrogenases were initiated by the addition of enzyme pre
parations. The course of the reactions was followed by 
measuring the increase in absorbance at 340 nm and 25®C in 
1 cm cuvettes using a Gilford spectrophotometer fitted with 
an external recorder.

Glyceraldehyde-3-P dehydrogenase activity was deter
mined by a modification of the method of Cori et al., (4).
A 2.8 ml reaction mixture contained 42 ymoles of sodium 
pyrophosphate buffer pH 8.5; 2 ymoles NAD; 10 ymoles cysteine- 
HCl; 51 ymoles sodium arsenate and 0.1 ml of enzyme prepara
tion. The reaction was started by the addition of 0.2 ml of 
substrate (20 ymoles DL-glyceraldehyde-3-P). The course of 
the reaction was followed by measuring the increase in absor
bance at 340 nm and 25®C.



CHAPTER III 

RESULTS

Growth Kinetics
Control cells cultured in complete medium (Fig. 1) 

showed 3 phases of growth (day 0 to 3, 3 to 9, and 9 to 14). 
These phases correspond to the lag, division, and expansion 
phases which are characteristic of some suspension cultures 
(24). At the conclusion of the 14-day growth period the 
cells weighed 19.7 g. This was a 40-fold increase in fresh 
weight.

When cells were grown in medium with no (Fig. 1),
the pattern of growth was changed. The lag phase lasted five 
days. The growth rate increased on day five, and again on 
day 12. At no time did the growth rate of these cells equal 
that of the control cells. The fresh weight after 14 days 
of growth was 9.6 g. This was a 19-fold increase in fresh 
weight.

The influence of on growth was studied further
by observing the changes in growth when was added to
cells previously cultured for 1 or 5 days in medium without 

(Fig. 1). Upon addition of on either day 1 or 5;

10
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the growth rate and final fresh weight were increased in
+comparison to cells grown for 14 days without NH^ . However 

in both cases the fresh weight after 14 days of growth was 
still less than that of the control cells, and the separate 
phases of division and expansion were less distinct.

Effect of Ammonium on the Development of Nitrate Reductase
There was no appreciable increase in nitrate reductase 

activity after the first day following the transfer of cells 
to fresh medium (Fig. 2). Subsequently, the activity in the 
control cells increased rapidly and attained a maximum value 
of 5.9 pmoles KNO^/hr/g fresh wt on day 5. In contrast to 
this, when cells were grown without the maximum nitrate
reductase activity of 2 . 2  ymoles KNOg/hr/g fresh wt occurred 
on day 6 and it was only 1 / 2 of the activity present in con
trol cells on day 5. The developmental patterns were the 
same when the data were expressed as ymoles KNOg/hr/yg pro
tein.

When was added to cultures which had been previously
grown for 1, 2 or 4 days without there was a pronounced
increase in nitrate reductase activity within 1 day. This 
was most apparent when was added on day 2. In this case,
nitrate reductase activity increased 8 -fold during the first 
24 hrs following addition, as compared to a 3-fold
increase in cells which did not receive the addition.
Furthermore the rate at which nitrate reductase activity 
increased during the first 24 hr period following NH.* addi-
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tion was equal to the most rapid rate at which the enzyme 
activity increased in the control cells. However when 
was added on days 1, 2 or 4 the period of rapid increase in 
enzyme activity lasted for only 1 day; whereas, in control 
cells this rate continued for 3 days. Thus the delayed 
addition of caused a rapid increase in nitrate reductase
activity but the period of rapid increase was of short dura
tion. As a result of this the maximum enzyme activity of 
approximately 2.9 ymoles KNOg/hr/g fresh wt was only 1/2 of 
the enzyme activity observed in the control cells on day 5.

Effect of Ammonium on the Development of 
Glyceraldehyde-3-P Dehydrogenase and Isocitrate Dehydrogenase

Cell extracts were assayed for glyceraldehyde-3-P 
dehydrogenase and isocitrate dehydrogenase. In control cells 
grown with NĤ '*’ (Fig. 3) glyceraldehyde-3-P dehydrogenase 
activity increased rapidly and reached its maximum value on 
day 4. The activity of this enzyme also increased rapidly 
in cells grown without but reached its maximum value
one day later. The maximum activity attained in both cultures 
was approximately the same.

Both the particulate and the soluble isocitrate dehy
drogenase were examined and their developmental patterns were 
observed to be about the same (Fig. 4). For example in con
trol cells the maximum activity for both the particulate and 
the soluble enzyme appeared on day 3; whereas, the maximum 
level for both «^azymes in cells grown without occurred
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on day 5. The maximum activities of isocitrate dehydrogenase 
attained in cells grown in both media were approximately 
equal. It was interesting to note that the soluble, NADP- 
requiring isocitrate dehydrogenase was more plentiful in the 
young cells; whereas, the particulate bound, NAD-requiring 
enzyme was the predominant form of the enzyme in the older 
cells, an observation which differs from most reports on this 
enzyme (3,25).

Uptake of and from the Medium
The removal of and NO^” from the medium was

determined. During the first 3 days of growth, was
rapidly removed from the medium (Fig. 5), and by day 5 no 

was detected in the medium. The uptake of NO^” from 
the medium of both cultures was almost identical during the 
first 6 days, the period during which nitrate reductase 
activity increased most rapidly. Slight differences in NO^

_Luptake were observed after the NH^ was depleted from the 
medium. Thus did not appear to influence the uptake of
NO3".



CHAPTER IV 

DISCUSSION

In an earlier study (10) it was shown through DNA 
determinations and microscopic examination of rose cells that 
the lag and division phases were periods of growth when the 
rate of cell division exceeded the rate of expansion; whereas, 
during the expansion phase the reverse was true, the rate of 
expansion exceeded the rate of division. In contrast to this, 
Nash and Davies (20) did not observe these phases of growth 
in their work with suspension cultures of Paul's Scarlet rose. 
In the present study cells grown for 14 days in 80 ml of MPR 
medium had a 40-fold increase in fresh weight and final yield 
of 19.7 g. Furthermore the growth kinetics showed distinct 
phases of growth comparable to those reported in previous 
work from this laboratory (6,10,22). However, the present 
work showed that when cells were grown in MPR medium without 
NH^^ only a 19-fold increase in fresh weight occurred, the 
fresh weight yield was reduced to 9.6 g, and the division 
and expansion phases were less distinct. These results were 
strikingly similar to those of Nash and Davies where a 16- 
fold increase in fresh weight and a final yield of 1 2 g was

14
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reported after 14 days growth in 90 ml of medium (20). We 
believe the difference in growth of Paul's Scarlet rose as 
reported by Nash and Davies versus that of our laboratory 
was due primarily to the omission of NH^* from the medium 
used by Nash and Davies. It follows that NH^* governs both 
the rate and pattern of growth in suspension cultures of 
Paul's Scarlet rose.

+Whenever cells were provided with NH^ either at the 
beginning or during their growth cycle, the final fresh weight 
was increased. The presence of NH^ also led to increased 
nitrate reductase activity. Cells transferred to medium with 
NH^^ developed 2 times as much nitrate reductase activity and 
grew twice as much as cells grown for 14 days in medium with- 
out NH^ . This tight correlation between the nitrate reduc
tase activity and growth was consistent with the finding of 
Hageman that growth was proportional to the amount of nitrate 
reductase present in genetic hybrids of wheat and corn (7,8). 
However the present study also suggested that the time of 
maximum nitrate reductase activity was also important in 
governing the amount of cell growth. This was born out by 
observing that NH^* added on different days during growth 
(day 1, 2, or 4) led to an earlier development of nitrate 
reductase but not a substantially greater amount of enzyme 
activity in comparison to the cells grown without NH^* (Fig. 2) 
However, the earlier NH^* was added in the growth cycle the 
greater the fresh weight yield was on day 14 (Fig. 1). Thus
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both the amount and time of nitrate reductase development
governed the growth of tissue culture cells.

+We believe the stimulatory influence of NH^ on nitrate 
reductase activity was due to enhanced enzyme synthesis since 

had no ^  vitro influence on the enzyme, an observation 
which is consistent with the work of others (16,19). The 
magnitude of the stimulation when it was included in the
starting medium was approximately the same as reported for
soybean tissue cultures (1) and mung bean seedlings (12). 
Addition of on selected days during growth showed that
the cation brought on an 8-fold stimulation of nitrate reduc
tase activity in 24 hr. This result was the opposite of what 
has been observed in Chlorella cultures where added after
the development of nitrate reductase activity had begun pre
vented any further increase in the enzyme (19). Thus the 
synthesis of nitrate reductase in rose cells was stimulated 
by NH^ , and the mechanism responsible for this appears to 
be characteristic of higher plants (1,12,13), but not algae 
and fungi (14,17,19).

The enhanced activity of nitrate reductase by 
may have been a general influence of on enzyme synthesis.
To examine this possibility, glyceraldehyde-3-P dehydrogenase 
and isocitrate dehydrogenase were studied as representatives 
of the BMP pathway and the TCA cycle respectively. Since 

did not substantially alter the level of these enzymes 
it was concluded that had a selective influence on
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the synthesis of certain enzymes which included nitrate 
reductase.

Another possible explanation for the stimulation
of nitrate reductase activity was that enhanced the
uptake of NO^ from the medium, and this in turn caused an 
increased induction of nitrate reductase since it is well 
established that NO^" induces the synthesis of nitrate 
reductase (2). This possibility was discounted since the 
uptake of NO^ from the medium during the period of rapid 
nitrate reductase synthesis was almost identical in cultures 
grown with and without NH^^,
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PAPER I

LEGENDS FOR FIGURES

Figure 1. Influence of NH^^ on fresh weight increase. Con
trol cells were grown in medium containing 0.91 
itiM NH^^. Other cells were grown in media with no 
NH^^, or NH^^ was added on day 1 or 5.

Figure 2. Influence of NH^^ on the development of nitrate 
reductase a c t i v i t y .  Ammonium was provided as 
described in the legend of Fiq. 1.

Figure 3. Influence of ammonium on the development of 
glyceraldehyde-3-P dehydrogenase activity. 
Ammonium was provided as described in the legend 
of Fig. 1.

Figure 4. Influence of ammonium on the development of
isocitrate dehydrogenase activity. Ammonium was 
provided as described in the legend of Fig. 1.

Figure 5. Uptake of NO^” from the medium by control cells 
grown in medium with 0.91 mM NH^ (■) versus 
uptake by cells grown in medium with no NH^* ( □ ). 
Uptake of NH^* from the medium by control cells 
( ▲  ). Changes in the nitrate reductase activity
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of control cells ( •) versus that of cells grown 
without ( O ) .
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PAPER II

INFLUENCE OF AMMONIUM ON PROTEIN SYNTHESIS AND 
NITROGEN ASSIMILATING ENZYMES IN PAUL'S SCARLET ROSE
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ABSTRACT

The influence of on protein synthesis was examined
by growing suspension cultures of Paul's Scarlet rose on two 
defined media which differed only in their inorganic nitrogen 
content. Each medium contained 24 mM of NOg", but only the 
control medium contained 0.91 mM NH^^. At the conclusion of 
a 14-day growth period cells grown with possessed twice
as much protein as those grown without NH^^. This two-fold 
difference held true for both the soluble and membrane-bound 
protein. The concentration of protein secreted into the 
medium changed with the age of the culture and the amount of 
secreted protein was significantly different when cells were 
grown in the presence of NH^^. Ammonium also caused a three
fold increase in the accumulation of soluble amino acids.
There was no appreciable release of soluble amino acids into 
the medium over a 14 day growth period.

A developmental study of nitrogen assimilating enzymes 
showed that they reached their maximum activities on different 
days. The presence of ammonium enhanced the activities of 
nitrate reductase, glutamate dehydrogenase and glutamate 
synthetase. In contrast to this ammonium reduced the level
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I of glutamine synthetase during the first 4 days of growth.
It is proposed that the increased activity of these enzymes 
was responsible for increased protein synthesis.



PAPER II

INFLUENCE OF AMMONIUM ON PROTEIN SYNTHESIS AND 
NITROGEN ASSIMILATING ENZYMES IN PAUL'S SCARLET ROSE

CHAPTER I 

INTRODUCTION

In recent work from this laboratory (24) it was shown 
that when suspension cultures of rose cells were provided 
with NH^* either at the beginning or during their growth 
cycle, the final fresh weight was increased. The presence 
of NH^* also led to increased NR^ activity. This appeared to 
be a selective stimulation of enzyme activity since NH^* had 
no influence on the activity of glyceraldehyde-3-P dehydro
genase and isocitrate dehydrogenase. Thus, NH^* appeared to 
stimulate the synthesis of NR which in turn led to increased 
growth.

In other systems it has been shown that NH^^ enhances 
the synthesis of GDH^ (1,2,3,13,14,16,17,18,32,34); whereas, 
it reduces the activity of GS^ (5,10,15,23,31,33,35). This

INR; nitrate reductase 
gGDH: glutamate dehydrogenase 
GSi glutamine synthetase
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is of special interest since it is now recognized that these 
enzymes are members of alternate pathways leading from NH^ 
to glutamate (7,9,19,20). Ammonia may be incorporated direct
ly into glutamate through the action of GDH; or it may be in
corporated into glutamine by GS and subsequently transferred 
to glutamate by GOGAT^. Since the synthesis of GDH and GS
appear to be influenced in opposite manners by NH^^, it follows 
that the level of in a cell may govern the flow of nitro
gen through the alternate pathways.

In the present study the stimulatory influence of 
on cell growth was studied further, by comparing the develop
mental pattern of key nitrogen assimilating enzymes (NR, GDH,
GS and GOGAT) with the uptake of inorganic nitrogen and its 
assimilation into soluble and protein-bound amino acids.

4GOGAT: glutamate synthetase



CHAPTER II 

MATERIALS AND METHODS

This investigation was performed with non-photosynthe
tic suspension cultures of Paul's Scarlet rose grown in the 
dark. Cells were grown in 250-ml Erlenmeyer flasks contain
ing 80 ml of MPR medium with an initial pH of 5.5. The growth 
conditions and composition of the medium were the same as used 
previously (8,27).

Determination of Protein Contents
For the determination of cellular proteins, 1 g of 

cells was homogenized for 30 sec with a Polytron homogenizer. 
The grinding medium consisted of 4 ml of cold 0;1 M tris-HCl 
buffer (pH 7.5) containing 0.01 M cysteine-HCl and 0.3 mM 
EDTA. The homogenate was centrifuged at 20,000 g for 15 min. 
The amount of protein present in supernatant (soluble) and in 
crude pellet (membrane-bound) was determined.

Proteins from 0.5 ml supernatant liquid was precipitated 
with 2.5 ml of cold 10% TCA and was used for protein assay.
The crude pellet containing membrane bound proteins was homo
genized for 30 sec in hot 80% ethanol and the homogenate was

34
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centrifuged at 12,000 g for 10 min. The protein was then 
separated from the alcohol insoluble residue (pellet) accord
ing to the method of Osborn (30). Both the soluble and mem
brane-bound proteins were estimated by the method of Lowry, 
et al., (21), using bovine serum albumin as standard. Pro
teins present in the culture medium (secreted protein) was 
also estimated in a similar manner.

Determination of Soluble Amino Acids
One gram of cells was homogenized with 8 ml of 80% 

ethanol by using a VirTis grinder. The homogenate was fil
tered through glass fiber filter and the filtrate was evapora
ted to dryness on a waterbath at 37®C. The dried residue was 
dissolved in 10 ml of hot deionized water and a 0.5 ml sample 
was used to determine total alpha-amino nitrogen content with 
the ninhydrin-hydrindantin assay of Moore and Stein (25).
The amount of soluble amino acids secreted into the medium 
was also determined in a similar manner.

Enzyme Assay
Nitrate reductase extracts were prepared in the same 

manner as described earlier for the determination of protein. 
Nitrate reductase was measured according to the methods of 
Hageman and Flesher (11). The reaction mixture contained 
50 ymoles of potassium-phosphate buffer, pH 7.5, 20 nmoles of 
KNO^, 0.42 ymoles of NADH, 0.2 ml of enzyme extract, and de
ionized water to bring the volume to 2 ml. The blank
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consisted of the complete reaction mixture without NADH.
Extracts used for GDH, GS and GOGAT assays were pre

pared by grinding (20 strokes) 1 g cells with a glass Ten 
Broeck homogenizer. The grinding medium prepared according 
to Cooper and Beevers (6) consisted of 4 ml of 165 mM Tricine 
buffer (pH 7.5), 0.4 M sucrose, 10 mM KOI, 10 mM MgClg, 10 mM 
EDTA, and 10 mM g-mercaptoethanol. The homogenate was centri
fuged for 7 min at 500 g to remove unbroken cells and cell 
fragments. The supernatant solution was then centrifuged 
for 15 min at 10,000 g yielding a crude mitochondrial pellet 
and supernatant. This supernatant was centrifuged at 100,000 
g for 30 min, and the resulting clear supernatant was used 
for GOGAT and GS assays. No activity was detected when the 
pellets were assayed for these enzymes.

The crude mitochondrial pellet was washed once with
5MS medium (22) composed of 0.25 M sucrose and 50 mM potassium- 

phosphate buffer adjusted to pH 7.5. The suspension was cen
trifuged for 15 min at 10,000 g. The pellet obtained from 
the above centrifugation was resuspended in 1 ml of MS medium 
and was used immediately for the GDH assay.

Glutamate dehydrogenase activity was determined by the 
method of Young (36). The reaction mixture contained, in a 
final volume of 3 ml, 75 ymoles potassium-phosphate buffer, 
pH 7.5, 10 ymoles a-ketoglutarate, 300 ymoles NH^Cl, 0.3 ymoles

5MS : mitochondrial suspension
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NADH, and 0.2 ml of MS. The reaction was initiated by add
ing NADH, and the oxidation of pyridine nucleotide was 
followed at 340 nm and 25°C for 5 min. Controls were com
plete reaction mixture without NH^Cl.

Glutamate synthetase was assayed according to the 
method of Fowler et al. (9). The reaction mixture contained 
in a final volume of 3 ml, 75 ymoles tris-HCl buffer, pH 7.5, 
10 ymoles a-ketoglutarate, 15 ymoles L-glutamine, 0.3 ymoles 
NADH and 0.5 ml of enzyme preparation. The reaction was 
initiated by adding NADH, and the rate was measured at 340 nm 
and 25°C for 5 min. The blank used was the complete assay 
mixture without glutamine.

Glutamine synthetase activity was determined according 
to the method of Woolfolk et al. (35). The reaction mixture 
for the determination of transferase activity contained in a 
final volume of 2 ml, 90 ymoles L-glutamine, 60 ymoles sodium 
arsenate, 9 ymoles MnClg; 52 ymoles hydroxylamine (pH 7.0), 
0.57 ymoles ADP and 60 ymoles imidazole buffer, pH 7.0. The 
reaction was initiated by the addition of 0.5 ml enzyme 
extract and was incubated at 37°C for 15 min. After incuba
tion, the reaction was stopped and the color was developed 
by the addition of 0.5 ml of a solution containing equal 
volumes of 24% TCA, 6N HCl, and 10% FeCl^.OHgO in 0.02N HCl. 
Precipitated protein was removed by centrifugation, and the 
absorbance of the supernatant at 540 nm was measured. The 
end concentration of hydroxymate was determined by reference



38

to a standard curve prepared by plotting the concentration 
of y-glutamyl hydroxymate versus O.D.g^g. The enzyme activity 
was expressed as ymoles hydroxymate formed in 15 minutes.

The protein contents of the cell extracts for the 
above enzymes were also measured by the Folin method of Lowry, 
et al. (21) .



CHAPTER III

RESULTS

Effect of Ammonium on Protein Synthesis 
Analysis of protein extracted from control cultures 

grown with showed that the synthesis of soluble protein
was most rapid during the first 8 days; whereas, the synthe
sis of membrane-bound protein was more rapid thereafter (Fig. 1) 
At the conclusion of a 14-day growth period, the control cul
ture contained 9 mg of membrane-bound protein and 13.7 mg 
of soluble protein. When the cells were grown in medium with 
no (Fig. 1) there was a steady rate of protein synthesis
of both the soluble and membrane-bound components. At the end 
of 14 days, cultures grown without contained 5 mg of
membrane-bound protein and 7 mg of soluble protein. Both 
values were considerably less than those in control cultures. 
Soluble protein was more plentiful than the membrane-bound 
proteins in both cultures.

Total cellular protein for both cultures was calculated 
by adding the values of membrane-bound and soluble proteins 
(Fig. 1). A comparison of protein content on day 14 between 
control and no grown cells showed a two-fold difference.
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No net protein synthesis occurred for control cells after 12 
days of growth; whereas, cells grown without showed
sustained protein synthesis up to the end of growth cycle.

Protein synthesis was studied further by determining 
the amount of protein secreted into the medium (Fig, 3). 
Although an increase in intercellular protein was detected 
after 1 day of growth (Fig. 2), secretion of protein into 
the medium did not occur until day 4 and 5. For both cultures, 
the most rapid rate of protein secretion was between days 8 
and 14. This was most pronounced in the control cells. After 
14 days the control cells had secreted 17.5 mg of protein 
and the cells grown without had secreted 7 mg.

Figure 4 shows the pattern of total protein synthesis 
(cellular plus secreted) per culture over a 14-day growth 
period. Rapid protein synthesis commenced two days following 
transfer of cells to fresh medium. At the conclusion of the 
14 day growth period, the control cells had synthesized twice 
as much protein as the cells grown without NH^*.

Effect of Ammonium on Soluble Amino Acid Synthesis
The accumulation of soluble amino acids was different 

than that of protein synthesis. There was no appreciable 
accumulation of amino acids during the first six days follow
ing transfer of cells to fresh medium (Fig. 5). Subsequently, 
amino acids accumulated rapidly and attained a maximum value 
of 230 ymoles in control cells and 78 ymoles in cells grown
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without No appreciable amount of soluble amino acids
was detected in the medium of either culture.

Relationship Between Uptake of Inorganic Nitrogen and 
Nitrogen Assimilation Into Amino Acids

Figure 6 shows the relationship between uptake
and nitrogen assimilation into the amino acids of cells grown 
without This graph is a plot of the ymoles of nitro
gen contained in the various constituents which were examined. 
Uptake of NOg" continued at a reduced rate until day 10 where
upon the uptake shifted to a much faster rate. At the conclu
sion of a 14 day growth period, 1024 ymoles of nitrogen had 
been taken up by these cells. During this same time period 
only 308 ymoles of nitrogen were incorporated into soluble 
amino acids and protein. Thus, only 30% of the nitrate nitro
gen removed from the medium was utilized for amino acid and 
protein synthesis.

The rate of NO^ uptake by the control cells during 
the first 6 days (Fig. 7) was very similar to that of the 
cells grown without NH^^ (Fig. 6). After day 6 the uptake 
of NO^ was more rapid. At the conclusion of 14 days, 1130 
ymoles of nitrate nitrogen had been taken up by the cells.
In addition to this 76 ymoles of NH^* nitrogen was absorbed 
from the growth medium. A total of 1206 ymoles of inorganic 
nitrogen was taken up by control cells over a period of 14 
days. At this time the amount of nitrogen present in soluble 
amino acids and protein was 72.2 ymoles. Approximately 60%
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of the inorganic, nitrogen which had been taken up was 
assimilated into soluble amino acids and protein.

Effect of Ammonium on the Development of 
Nitrogen Assimilating Enzymes 

There was an appreciable increase in NR activity 
following transfer of cells to fresh medium (Fig. 8). The 
activity in the control cells increased rapidly and attained 
a maximum value of 28 nmoles of KNOg/min/mg protein on day 
5. In contrast to this, when cells were grown without NH^*, 
the maximum NR activity of 16 nmoles/min/mg protein occurred 
on day 6 and it was about one half of the activity present 
in control cells on day 5. Following day 5 or day 6 the 
enzyme activity declined rapidly and by day 10 minimum acti
vity was reached.

Mitochondrial and post-mitochondrial supernatant 
fractions of cell homogenates were examined for glutamate 
dehydrogenase (GDH) activity. Activity was observed only in 
the mitochondria. The developmental pattern of GDH was 
similar in both cultures with the maximum activities occurr
ing on day 2 (Fig. 9). The maximum value for control cells 
was 150 n moles NAD/min/mg protein as compared to 82 n moles 
NAD/min/mg protein for cells grown without NH^^. In both 
cultures, the GDH activity decreased rapidly after day 2 
and by day 5 it was only half the activity present on day 2.

The assay for glutamate synthetase (GOGAT) was per
formed with the supernatant liquid obtained following a
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100,000 g centrifugation. The developmental pattern of GOGAT 
(Fig. 10) was similar to that of GDH (Fig. 9). Following 
transfer of cells to fresh medium the GOGAT activity increased 
more rapidly in the control culture than in the culture grown 
without NĤ '*’ and after 24 hr there was a two-fold difference.
The maximum enzyme activities attained in cells on day 2 were 
16.8 n moles NAD/min/mg protein and 11.5 n moles NAD/min/mg 
protein for control and no NH^^ grown cultures respectively.
The activities decreased rapidly between days 2 and 5, and 
then remained relatively constant thereafter.

The effect of NH^* on the development of glutamine 
synthetase (GS) showed a different pattern (Fig. 11) than that 
of NR, GDH and GOGAT (Figs. 8,9, and 10). There was no appre
ciable increase in GS activity during the first 4 days of 
growth in the control cultures. Subsequently, the enzyme 
activity in control cells increased rapidly and attained a 
maximum value of 812 n moles hydroxymate/min/mg protein on 
day 8. In contrast to this when cells were grown without NĤ "*", 
there was a substantial increase in enzyme activity after the 
first day. The maximum activity of 870 n moles hydroxymate/ 
min/mg protein occurred on day 6. This value was approximately 
equal to that of control cells. Thus the presence of NH^^ in 
the medium delayed the synthesis of GS and the maximum activi
ty, although approximately equal to that of the control, occurred 
two days later as compared to the maximum activity for cells 
grown without ammonium.
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CHAPTER IV 

DISCUSSION

Cells grown for 14 days in MPR medium containing 0.91 
NH^* possessed two times as much protein as cells grown 

without NH^^. This difference held true for both soluble and 
membrane bound proteins. During the later stages of growth a 
considerable amount of protein was secreted by the cells into 
the medium. In control cultures as much as 40% of the total 
protein synthesized was recovered in the medium. This amounted 
to 17.5 mg of protein which is lower than that reported by 
Moore (26) and greater than that reported by Olson (28).

When cells were grown in medium containing NH^^, the 
NH^* was absorbed rapidly and after 4 days of growth it had 
been depleted from the medium. Since the amount of nitrogen 
taken up in the form of NH^^ exceeded the amount of nitrogen 
incorporated into protein during the first four days, it was 
possible that NH^* served as the primary source of nitrogen 
during early growth. However, after day 5 the nitrogen enter
ing protein must have come from NOg" since from that point on 
the ymoles of nitrogen in protein exceeded the amount of NH^* 
nitrogen provided in the starting medium.
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The presence of in the medium had little influence
on the uptake of nitrate, but had a pronounced influence on 
the assimilation of nitrogen from nitrate into amino acids.
When cells were grown in medium containing NH^^, approximately 
60% of the absorbed NO^” was utilized for amino acid synthesis 
whereas, only 30% of the absorbed was incorporated into
the amino acids of cells grown without NH^^.

The activities of three enzymes NR, GDH, and GOGAT, 
were increased when cells were grown in medium with NH^^.
The greatest influence was on NR where the activity was in
creased approximately 2-fold. This result agrees closely 
with the reported stimulation of NH^* on NR activity in soy
bean tissue cultures (4), and mung bean seedlings (12).
Ammonium increased the activities of GDH and GOGAT 1.8 and 
1.5-fold respectively. This result closely resembles the 
reported stimulation by NH^^ of GDH activity in cucumber 
leaves (22), and of GOGAT activity in carrot tissue cultures 
(7).

Glutamine synthetase (GS) activity was repressed when 
cells were grown in medium with NH^^. The results of this 
study corroborated the findings of Rhodes et al., (31) where 
the specific activity of GS in Lemna minor was markedly
reduced when either NH^* or glutamine was present in the growth
medium. In rose cells the reduced synthesis of GS during the 
initial 4 days of growth coincided with the period when NH^* 
was in the medium. Soon after this supply was depleted, the
synthesis of GS proceeded at a much faster rate.
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It has been demonstrated that in the medium
suppressed the activity of GS and stimulated the activity of 
GDH during the first five days of growth, a period when pro
tein synthesis was rapid. However, at all times the specific 
activity of GS was greater than that of GDH. In view of the 
higher affinity of GS for NH^ (29), it follows that the inhi
bition of GS and the enhancement of GDH may not be great 
enough to influence the flow of nitrogen through the alter
nate pathways of nitrogen incorporation, GDH versus GS and 
GOGAT. A more restrictive feature in rose cells may be the 
low level of GOGAT whose maximum activity was only 1/10 that 
of GDH. This result was the opposite of what had been observed 
in sycamore cell suspensions (9) and carrot tissue cultures 
(7). This difference is probably due to our consideration of 
mirochondrial GDH; whereas, the other authors only reported 
soluble GDH activity. The level of GDH in the mitochondria 
may be critical in nitrogen assimilation since this compart
ment is the only recognized site of a-ketoglutarate synthesis 
which serves as a substrate for both GDH and GOGAT.

We propose that the enhanced synthesis of protein and 
increased growth brought on by the presence of NĤ "*" was due to 
its stimulation of certain key enzymes which include NR, GDH,
and GOGAT. Additional studies must be completed to establish

^ * how NH^ has caused these increased activities.



47

LITERATURE CITED

1. Barash, I., T. Sadon, and H. Mor. 1973. Induction of a
specific isozyme of glutamate dehydrogenase by ammonia 
in oat leaves. Nat. New Biol. 244:150-152.

2. Barash, I., T. Sadon, and H. Mor. 1974. Relationship
of glutamate dehydrogenase levels to free amino acids, 
amides and ammonia in excised oat leaves. Plant Cell 
Physiol. 15:563-566.

3. Barash, I., H. Mor, and T. Sadon. 1975. Evidence for
ammonium-dependent de Novo synthesis of glutamate 
dehydrogenase in detached oat leaves. Plant Physiol. 
56:856-858.

4. Bayley, J.M., J. King, and O.L. Gamborg. 1972. The
effect of the source of inorganic nitrogen on growth 
and enzymes of nitrogen assimilation in soybean and 
wheat cells in suspension cultures. Planta 105:15-24.

5. Bishop,,P.E., J.G. Guevara, J.A. Engelke, and H.J. Evans.
1976. Relation between glutamine synthetase and nitro- 
genase activities in the symbiotic association between 
Rhizobium japonicum and Glycine max. Plant Physiol. 
57:542-546.



48

6. Cooper, T.G. and H. Beevers. 1969. Mitochondria and
glyoxysomes from castor bean endosperm. J, Biol.
Chem. 244:3507-3513.

7. Dougall, D.K. 1974. Evidence for the presence of gluta
mate synthase in extracts of carrot cell cultures. 
Biochem. Biophys. Res. Commun. 58:639-646.

8. Fletcher, J.S. and H. Beevers. 1970. Acetate metabolism
in cell suspension cultures. Plant Physiol. 45:765-772.

9. Fowler, M.W., W. Jessup, and G.S. Sarkissian. 1974.
Glutamate synthetase type activity in higher plants. 
FEBS letters 46:340-342.

10. Givan, C.V. 1975. Light-dependent synthesis of glutamine
in pea chloroplast preparation. Planta 122:281-291.

11. Hageman, R.H. and D. Flesher. 1960. Nitrate reductase
activity in corn seedlings as affected by light and 
nitrate content of nutrient media. Plant Physiol. 
35:700-708.

12. Higgins, T.J.V., P.B. Goodwin, and D.J. Carr. 1974.
The induction of nitrate reductase in mung bean
seedlings. Aust. J. Plant Physiol. 1:1-8.

13. Joy, K.W. 1967. Carbon and nitrogen sources for protein
synthesis and growth of sugar-beet leaves. J. Exp.
Bot. 18:140-1 0.

14. Kanamori, T., S. Konishi, and E. Takahashi. 1972.
Inducible formation of glutamate dehydrogenase in rice 
plant roots by the addition of ammonia to the media. 
Physiol. Plant. 26:1-6.



49

15. Kohlhaw, W.D. and H. Holzer. 1965. Parallel repression
of the synthesis of glutamine synthetase and DPN- 
dependent glutamic dehydrogenase in yeast. Biochem.
Z. 341:224-238.

16. Kretovich, V.L., T.I. Karyakina, and G. Sh. Tkemaladze.
1972. Induction of glutamate dehydrogenase by ammonia 
in roots of pea seedlings. Dokl. Akad. Nauk SSSR 
202:225-228.

17. Kretovich, V.L., T.I. Karyakina, V.V. Yazykova, and L.I.
Sidel'Nikova. 1973. Induction of glutamate dehydro
genase by ammonia in the roots of pumpkin seedlings. 
Dokl. Akad. Nauk SSSR 213:571-573.

18. Kretovich, V.L., T.I. Karyakina, and L.I. Sidel'Nikova.
1973. Regulation of glutamate dehydrogenase by ammonia 
in wheat shoot. Dokl. Akad. Nauk SSSR 208:467-469.

19. Lea, P.J. and B.J. Miflin. 1974. An alternative route
for nitrogen assimilation in higher plants. Nature 
251:614-616.

20. Lea, P.J. and B.J. Miflin. 1975. The occurrence of
glutamate synthase in algae. Biochem. Biophys. Res. 
Commun. 64:856-862.

21. Lowry, L.H., N.J. Rosebrough, A.L. Farr, and R.J. Randall.
1951. Protein measurement with the Folin phenol 
reagent. J. Biol. Chem. 193:265-275.

22. Matsumoto, H., N. Wakiuchi, and E. Takahashi. 1971.
Changes of some mitochondrial enzyme activities of



50

cucumber leaves during ammonium toxicity. Physiol.
Plant. 25:353-357.

23. Miller, R.E. and E.R. Stadtman. 1972. Glutamate synthase
from Escherichia coli. An Iron-Sulfide Flavoprotein.
J. Biol. Chem. 247:7407-7419.

24. Mohanty, B. and J.S. Fletcher. 1976. Ammonium influence
on the growth and nitrate reductase activity of Paul's 
Scarlet rose suspension cultures. Plant Physiol.
(in press).

25. Moore, S. and W.H. Stein. 1954. A modified ninhydrin
reagent for the photometric determination of amino 
acids and related compounds. J. Biol. Chem. 211:907-913.

26. Moore, T.S., Jr. 1973. An extracellular macromolecular
complex from the surface of soybean suspension cultures. 
Plant Physiol. 51:529-536.

27. Nesius, K.K., L.E. Uchytil, and J.S. Fletcher. 1972.
Minimal organic medium for suspension cultures of 
Paul's Scarlet rose. Planta 106:173-176.

28. Olson, A.C., J.J. Evans, D.P. Frederick, and E.F. Jansen.
1969. Plant suspension culture media macromolecules- 
pectic substances, protein, and peroxidase. Plant 
Physiol. 44:1594-1600.

29. O'Neal, D. and K.W. Joy. 1974. Glutamine synthetase of
pea leaves. Divalent cation effects, substrate specifi
city, and other properties. Plant Physiol. 54:773-779.

30. Osborn, D.J. 1962. Effects of kinetin on protein and



51

nucleic acid metabolism of xanthium leaves during 
senescence. Plant Physiol. 37:595-602.

31. Rhodes ; D., G.A. Rendon, and G.R. Stewart. 1975. The
control of glutamine synthetase level in Lemna minor 
L. Planta 125:201-211.

32. Sanwal, B.D. and M. Lata. 1962. Effect of glutamic acid
on the formation of two glutamic acid dehydrogenases of 
Neurospora crassa. Biochem. Biophys. Res. Commun. 
6:404-409.

33. Shapiro, B.M. and E.R. Stadtman. 1970. The regulation
of glutamine synthesis in micro-organisms. Ann. Rev. 
Microbiol. 24:501-524.

34. Stachow, G.S. and B.D. Sanwal. 1967. Regulation,
purification, and some properties of the NAD-specific 
glutamate dehydrogenase of Neurospora. Biochim. 
Biophys. Acta. 139:294-307.

35. Woolfolk, C.A., B.M. Shapiro, and E.R. Stadtman. 1966.
Regulation of glutamine synthetase. I. Purification 
and properties of glutamine synthetase from Escherichia 
coli. Arch. Biochem. Biophys. 166:177-192.

36. Young, M. 1973. Studies on the growth in culture of
plant cells. XVI. Nitrogen assimilation during 
nitrogen-limited growth of Acer pseudoplatanus L. cells 
in chemostat culture, J. Exp. Bot. 24:1172-1185.



52

PAPER II

LEGENDS FOR FIGURES

Figure 1. Influence of NH^ on the synthesis of membrane- 
bound and soluble proteins. Control cells were 
grown in medium containing 0.91 mM (#*).
Other cells were grown in media with no NH^* (()).

Figure 2. Influence of NH^^ on the synthesis of total 
cellular protein.

Figure 3. Amount of protein secreted into the medium for 
control and no NH^* grown cells.

Figure 4. Ammonium influence on the pattern of total 
protein (cellular plus secreted) synthesis

Figure 5. Effect of ammonium on the accumulation of soluble 
amino acids.

Figure 6. Relationship between NO^” uptake and nitrogen
assimilation into protein and amino acids of cells 
grown without NH^^.

Figure 7. Relationship between nitrogen uptake (NO^” and
NH^*) and its assimilation into protein and amino 
acids of cells grown in medium containing 0.91 mM
NH4 *
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Figure 8. Influence of ammonium on the development of nitrate 
reductase activity.

Figure 9. Influence of ammonium on the development of 
glutamate dehydrogenase activity.

Figure 10. Influence of ammonium on the development of gluta
mate synthetase activity.

Figure 11. Influence of ammonium on the development of 
glutamine synthetase.
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