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. ABSTRACT
Ia legume cotyledons, asparagine is synthesized by a

- -
—
transfer oI the amide nitrogen of glutamine to aspartate. The

) 2+
asparagine synthetase reaction requires ATP-Mg~ , aspartate and

glucamine as substrates, although NHACI can act as a rather ;
inefficient nitrogen donor. - .
: . In this prongEf’;;E;;igine synthetase was stud;ed in’
\\\\. extracts Irom several maize tissues. Enzfﬁe activity (in nmoles
asparagine per-ZO_minuCES per gram fresh weight) ‘was abodr 30 in
davgloping endoséerm and root tips, 60 in developing embrycs, and
150 in scutella and mature root of seé@lings.
Asparagine (2.0 oM) resulted in a 50% inhibiticn of the
reaction in endosperm extract; 10 mM asparagine on the other hand
.i;hibited the marure root and scutellar reactions less than 30X.
.;h_ The potential end products‘AHP and ADP inhibited the mature root
reaction more strongly than the scutellar reaction. Glutamate
- (10 m) did not inhibit the scutellar reaction.
The addition of 1.0Z bovine serum albumin to a crude
extract from mature roots did not affect enzyme activity; however

albumin doubled enzvme activity in mature root extract that had

teen filtered through Sephadex.
Ka values obtained for glutamine in embryo, scutellar,

zature root and soybean cotyledon extracts were 1.6, 0.49, 0.59, and

~

~

iii



0.18 oM, respectively. Km values for XHQCl were 4.0, 2.6, 2.6
and 2.9 mM. These value; indicate that the soybean enzyme reacts
nuch more efficiently with glutamine tﬁan gith NHACI, bur that
the enzyme from various malze tissues re;CCS only slightly'ietCer
with glutamine. .
GClutamine protectpdAthe enzyze froz heat inactiva;ion in
extracts from four maize tissues; however, its effect on mature
root enzyme was much less pfonounced than on exzbryo, scutellar

or endospera enzyme. NHACI had little effect on the rate of

inactivation in any of the four extracts.

iv



R —— g R

ACKNOWLEDGEMENTS

I would like to express my sinc\u'e appreciacion to

Dr. Ana Oaks, who patiently supervised this project and'editéd

the manuscripe. . ,//)

This thesis was typed by Ka:4; Boward, and the figures-

b

were drawn up by Jackie Davie:T\\\‘ .

>

- Financial assistance.was provided by a National Research
Council scholarship and by operating gnants from the Nacional

Research Council and Agriculrure Canada.

s




It

c TABLE OF CONTENTIS

INTRODUCTION. . v = o« ¢« =« o = =+ - . "
A. Metabolism of Asparagine. . . . . « ~» + - . o .
- . — -
B. Asparagine Synthetase . . . .+ -« « + - - - & & & . .
MATERTALS AND METHODS . . . « « « =« o = - o & =

A. Materials . . . . < . # ¢ o . . .

B. Preparatfion of Tissue . . . . - . & « & = + o = - - -

1. Young Seedlings « « « « o « « e n e e o e e

.. \ﬁx\g. Developing Seeds. . . . . .+ + & + & o o - 4 o o
C. Preparation of Materials. . .« . . + + - -« « « o ¢ & .

D. Extraction and Assay of Asparagine Synthetase . . . .

E. Demomstration of Identity of Radioactive Product
as Asparagine . . . .+ 4 4 4 e e e 4 e s e e . - .

RESULTS . . - - -« = « « & « -«

K > ® & e = ® ® » ® = @ » = = &

A. Dependence of Enzyme Reaction on Volume of Extractilon
Buffer Used in Homogenizing Tissue. . . . . . . . . .

B. Effect of Passing the Crude Extract Through Sephadex.

1. Elution Pattern of Total Protein and Asparagine
Synthetase Activity . - . - « & ¢« ¢+« o o o - .

- 2. Recovery of Asparagine Synthetase Activity. . . .

Page

(=]

10
15
13
16

16

\

17

18

20

22

22

28

28

31

3. “Dependence of Enzyme Activity on Incubation Time...‘f:Bl

4. Dependence of Enzyme Activity on Volume of Extract
Assayed . . - - o d 4 e e e e e e e e e e e e

C. Optimizing the Reaction . . e e e e e e e e e e

1. Optimizing Substrate Concentrations . . . . . . .

37

37

37



~ -

TABLE OF CONTENTS (cont'd)

-

2. Preparing the Sephadex-filtered Extract. . .

3.

4.

The Effect of Bovine Serum Albumin on Exn
Activity . . 4 4 i o b e e e e o e e e

Effect of Potential End Products.on the Rate

Reaction . < « ¢ « o o o s s s s = = e .

-

zyme

-

Asparagine Synthetase Levels in Maize. . . . . . . .

1. Enzyme Levels im Various fissues e e e s e e e e s

2. Effect of Agé on the Level of Asparagine Synthetase.
a. Endosperm. . - - . . . : e e e e s e e e e e e
b. Developing Embryo and Scutellum fro= Young

Seedlings. . « + - « o o ¢ = 4 . - .

Experiments with Inhibitors. . . . . . . . .

1.

Effect of Inhibirors on the Development of
Asparagine Synthetases . . . . - . . + + - - .

1

2. Cycloheximide as an Inhibitor of Enzyme Activity

Glutamine and Armonia as Altern®te Nitrogen Donors .

Glutamine Hydrolysis During Incubation . . . . .

Km values for Glutamine and NH4Cl. . . .

Comparison of Maximum Reaction Rates Using

andNHz‘C.l........_'........

Heat Denaturation Studies. . . . . . . .« « .

Introduction o« + -« 2 « + & o . e o = = s
Routine Procedure. . . . « + o « « + = =
Denaturation at &OOC “ e e e e e e e .

Denaturation at &SOC e s m e e e e e e

Gluctanine

a. Comparison of Extracts from Several Tissues.

vii -

Page

40

40

43

45

45

48

48

5L

51

55

55

35

59

60

67

67

70

70

72



———

TABLE OF CONTENTS (cont'd)

b. Effect of Glutamine and NH;Cl on the Stability

of Asparagine Synthetase. .

" e¢. Heat Denaturation of Enzyme
Root and Scutellar Extract.

DISCUSSION. . . . & & = = = = = - « &
A. Nitrogen Metabolism . . . . . . .
1. Seed Develcpment. . . . . . .

2. Germiration . . + « « o .« « =

.

- ® = = - - - -

in Mixed Mature

- = & = = - - =

B. Characterization of Asparagine Synthetase . . . .

1. The Amidotransferases . . . .

2. Asparagine Synthetase: General Considerations

3. Effect of Substrates on Stabilicy . . . . . .

4. Effect of Potential End Products on the Enzyme

Reaction. . + + +« + ¢ o« « « =

5. Effect of ATP on the Enzyme Reaction. . . . .

6. Effect of Bovine Serum Albumin on Enzyme Reactions.

7. NH.Cl and Glutamine as Alternate Substrates .

4

-

8. Subcellular Locatien of Asparéé}nL Synthetase . -

REFERENCES. v & = = = = o « o &5 = .

viii

.« = - = = - - -

87

90

80

92

33



- 10

11

12

i3

LIST OF FIGURES

Entry of Carbon into Asparagine. (Modified
after Mitchell and Bidwell, 1970). oo

+
-Assimilation of NH, in Plaats.

Time Course. of the Asparagine Synthetase
Reaction in Crude Extracts from Root Tips.

Time Course of the Asparagine Synthetase
Reaction in Crude Extracts from Mature Root.

Time Course of the Asparhgine Synthetase Reac—
tion In Crude Extracts from Developing EZ=bryos.

Time Course of the Asparagine Synthetase
Reaction in Crude Extracts from Scutella.

Time Course of the Asparagine Synthetase
Reaction in Crude Extracts from Developing
Endosperm. “
Elution of Total Proteln and Asparagige
Synthetasée Activity When Mature Root Extract

.1s Filtered Through Sephadex. }

Elution of Total Protein and Asparagine
Synthetase Activity When Extract froz
Devéloping Embryo is Filtered Through Sephadex.

Time Course of the Asparagine Synthetase Reac-
tion in Sephadex-Filtered Endosperm and
Scutellar Extracts.

4
Time Course of the Asparagine Synthetase Reac-
tion in Sephadex-Filtered Mature Root Extract.

Liheueﬁver—Burk Plots for the Asparagine
Synthetase Reaction in Extracts fronm
Developing Embryo.

Lineweaver-Burk Plots for the Asparagine
Synthetase Reaction in Scutellar Extract.

Page

32

35-

36

61

62



Figure
Number

14

15

16

17

18A-

18B

19

20

LIST OF FIGURES (cont'd)

-

. Page
Lineweaver-Burk Plots for the Asparagine hhik) 63
Synthetase Reaction in Mature Root Extract.
Lineweaver-Burk Plots for the Asparagine : 64
Synthetase Rezction in Soybean Cotyledon :
Extract. - - i -
-Heat Ipactivation of Asparagine Synthetase 71
in Scurellar Extract.

The .Effect of Bovine Serum Albumin on the 76
Eeat Inactivation of Asparagine Synthetase

in Mature Root Extract.

The Effect of Glutamine on Heat Inactivation : 78
of Asparagine Synthetase ian Scutellar Extract.

The Effect of NH,Cl on Heat Imactivation of 78
Asparagine "Synthetase in Scutellar Extract.
Experimental Design for Eeat Inactivation in 80
Mixed Scutellar and Mature Root Extracts.

Effect of Mixfng Scutellar and Mature Root 83

Extracts on the Heat IQacﬁivation of .
Asparagine Synthetase. -



‘0>2tA \1'

10

11

12

13

Lo’

LIST OF TABLES
- ‘ Page

o Ve :
Asparagine Synthetase Actéﬂqu in Crude and 33
Sepnadex—filpered Extracts.
Effect of Volume of Extract Assayed Zn 38
Asparagine Synthetase Activicy,
Effect of Substrate Concentrations on Asparagine 39
Synthetase Activity in Crude Scutellar Extract.
Effect of Omitting Aspartate or ATP from the &1

Extraction Buffer on Activity in Mature Root
Extract.
f

:ﬁéct of Bowine Serum Albumin on Asparagine 42
Synrhetase Activity. .

Effect of Potential:End Products on the - 44
_Asparagine Synthetasc Reaction.
-

Asparagine Synthetase Levels in Various Tissues 46
of Maize and in Soybean Cotyledons.

- :
Asparagine Synthetase Levels in Endesperm \39
During Development.
Asparagine Synthetase Levels in the DeveIoping 50
Embryo and in Scutellar Tissue of Young
Seedlings.
The Effect of Several Potential Protein or RNA 53
Synthesis Inhibitors on the Development of
AspParagine Synthetase Activity in Excised
Reoot Tips.
Effect of Cyc1ohexi;EHh\QE“;Eiazi:iamine_ \\5('/‘ 56
Dependent Mature Root Enz¥me—R on.
Hydrolysis of Gluzamiﬁg’;; Mature Root and 58
Scutellar Extracts. ot
Km Values for Glutamine in the Asparagine : . 65

Synthetase Reaccion.

xi -

2



16

17

- 19

20

LIST OF TABLES (cont’'d)

Ccmparison of Km Values for NH,Cl and
Glutamine in the Asparagine Syathetase Reactlon.

Comparison of the-Glutamine— and NE,Cl-

. dependent Asparagine Synthetase Reactions. .

Heat Inactivation of Glutamine-dependent
Asparagine Synthetase Activicy.

Effects’ of Glutamine and NE,Cl on Heat
Inactivation of Asparagine Synthetase.

Effect of Mixing Scutellar and Mature Reot
Extracts on the Heat Inactivation of
Asparagine Synthetase.

End Product Inhibition of Asparagine Synthetases
from Seweral Tissues.

Comparison of Km Values and Vmax Ratios for

Glutamine and NE;4CL for Asparagine Synthetases

from Several Plant Tissues and from Mouse
Leukemia Cells. -

xii

_Page

66

68

75

82

S1

" 100



INTRODUCTION _ .

The element nitrogen is needed in substantial amounts throughcout

the life cycle of a plant, for ié is an integral part of all genetic

material, structural proteins and enzymes. Because the above materizls

are continuﬁusly degraded and rebuilt, a continuocus supply of nitrogen

-

is essential. Nitrogen is usually assimilated by the roots in the’
form of nitrate or ammonium or through fixation by symbiccic bacteria

of atmospheric N This nitreogen must be transported in some form to

2"

other parts of the plant;‘_Developing seeds have a particularly high de-

mand for nitrogen because large amounts of storage protein are zade

- ey

» there. During germination, this storage protein is degraded to aminmo
v

acids, the carbon and nitrogen of which can be usgd by the young seedli:gQ‘

A. Metabolism of Asparagine .

Aségragine and arginine have higher nitrogen:carbon ratios
(2:4 and 4:é fespectively) than any other amino acids, and are thus
ideal am;no acids for.the storage and transpert of nitrogen in the plan:.
When nitrogen in the fb:m of nitrate is taken up by plant roots, it is
‘sometimes transported to the shoot as nitrate (4,24),-but is often

reduced to armonium and then incorporated inte other compounds (41).

Ammonium and cyanide are toxic to the plant in high concentrations.

Asparagine and glutamine are major compounds into which ammonium is

1



incofporaced, while cyanide can be detoxified bx incorporation into
asparagine (9). ° .

l In leguxes, asparagine'is the chief compound used for transporting
ﬁitrogen (26). Atkins et al. showed that during lupine seed development,
40-50Z 65 the amino acid composition of the phloem was asparzgine and
15—202 was.glutamine (2). All other apino-acids were found in nuch —
smaller amounts. Glutamate and glutamine composed 10-20% of the amino
acids in the seed protein but asparagine compoéed only about 10%. Th?ée
results suggest that not all the asparagine is incorporated directly
into protein but that some is metaBolized to other amino acids before
incorporatipn.v ' -

Her;}dge et al. found that the ureides allantoin and allantoic
acid constituted. 60-80% of xylem~borne nitrogen in cowpea—{19). gluta:ine,
asparagine and other amino a;ids transported much smaller amounts
of nitrogen. 1In cofn, glutamine, asparagine, aspartate and
glutamate are the four most important nitrogen transport c0mp0ugds,lin
'that order (23). Asparagine and arginine are the major transporters
of nitrogeﬁ during the spring mobilizatiod of storage.pfbt;in in apple
'trees tSl). .

The storage function/;f asparagine was illustrated in the 1920's
by Prianischnikov, who found #n accumulation -of asparagine in cotyledons
of young lupin seedlings which coincided with protein degradation (12).

Up to 85X of protein nitrogen released was fouand in asparagine. Due te
a carboh}drate.deficiency in the young seedling, amino acids de&ived
from storage proteip are respired and the nitrogen i§ recovered as

asparagine. In legumes, asparagine is an important storage dompound-
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but is not a major component of storage protein itself. Arginine and-
. - -

proline are present in high amounts in the storage prote;n‘of legumes
an& cereals, respectivelyA(BO). .
Sevéral workers have attempted to elucidate the path of carbon
into asparagine.by using ‘carbon-14 as a tracer. For example, Mitchell
and Bidwell fed pea slices with aspartate labelled individually in °

14

several positions and with = C-labelled four—carbon organic acids plus

or minus lzc—aépartate (31).’ From the iabel}ing patterns foghd in
asparagine and other compodﬁds, the ﬁuthors concludgd that externally
supplied 14C—aspartate was converted only'indi;ectly to laC—asparagine
through intermediates of the Krebé Cycle. They conéluded thar if
aspartate were the direct precursor of asparagine, tﬂe aspartate_used
for asparagine formation was comﬁértmented away froﬁ externally supplied
aspartate.

| Streeter found that lAC—aspartace was poorly metabolized when’
fed to soybean cotyledon slices and that extremely litcle was converted
to asparagine (46). However, exogenously added léc-succinate was
extensively metabolized and converted, in the following order, to
fumarate, malate, aspartate and asparagine (based on the timing of peak
radioactivity readings). Streeter concluded that asparagine is for@ed
from succinate via the intermediates fumarate, malate, and aspartate;
he suggesSted that only succinate can move freely between the two
_compartments.

Oaks and Johnson incubated excised corn root tips in a Hoagland's

salts solution for various periods of time (34). The roots were then



transferred to fresh media containing ﬁceﬁate42-lac and incubated for

- -

another two hours. They found that incorporation of lac from acetate
into asparagine increased with total incubation time. In a competition
experiment, succinage ﬁas more effective chan‘aspartate in reducing the
labeiling of asparagine. Thus it appears that‘added succinate is more
accessible than added aspartate to the pathway of asparagine fprmation in

corn root tips.

A diagrammatic outline of the currently acee€pted pathway of

carbon into asparagine is shown in %igure 1. Carbon which is to be used
for asparaginé formation firét enters the Krebé.Cycle in the mitochbndrial
compartment. In the form of succinate it moves into the cytosol, where

ic ca; be converted to asparagine cgrbon.

The entry of nitrogen into-asparagine has been studied using
lsN-ammonium. Yemm and Willis fed nitrégén—deficient barley roots with
lsN—ammonium and found that it was quickly assimilated into the amide
nitrogen of glutamine (53). Incorporation of 153 into asparagine occurred
much more slowly, but continued iong after incorporation into glutamine
had levelled off. Kretovitch found that when 15N—ammonium was fed to
lupine or vetch seédliugs, mucg more was incorporated into the gmide
nitrogen of asparaginé than into the amino nitrogen {25). These
observations are cousistent with 2 model where ammonium is first .
incorporated into glutamine‘and then into asparagine. An asparagine
synthetase has been extracted from sevéral Plants which requires

aspartate, ATP~M32+ and cither glutamine or NH4C1 as substrates (27,42,

43,46,48,49). When glutamine is a substrate, the amide nitrogen 1s



Figure 1.

Enzyﬁes:

Entry of Carbon into Asparagice. (Modified after-Mitchell
and Bidwell, 1970). - ;

{1} Glutamate: ¢-ketoglutarate amino transferase

{2) Asparagine synthetase

Al
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transférred to aspartate. For moé; cf the plénf enzymes studied, the
Kt value for glutamine is much lower than the Xz vaiue_for aoconium;
it -has been‘posculaééd that glutamine 1is the crue'physiologicél

substrate (48).

. , .
A diagrammatic outline of the currently accepted pathway of

ammogia assimilation is shown in ?igure 2. Ammonium first reaects with
glutamate to become the amide nitrogen of glutamine. Glutamine is a
- ~

hitrogen donor in several reactions, including transamidations with

a—ketoglutarate to form two gluta%%iiigglecules, or %&;h aspartate Lo

form asparagine. Glutamate is used in the synthesis of many amiﬂb ac;ds.

~

Lea hnd Fowden have suggested ‘that asparagine accumulates when levels

.

of reduced nitrogen exceed those af a-keto acids available for syuthesis

of amino acids (26). At times of carbohydrate excess, nitrogen would

L4

be shunted from glutamine to glutaméte and henceforth into a variety of

amino acids. 1In both situations, glutamine can be maintained at the

physiological concentration‘réquired for its various other functions.
The accumulation of asparagine at times of carbohydrate deficiency

is consistent with the observations of Mothes, who found that much more

asparagine accumulated when detached leaves-were cultured on water than

when they were cultured on glucose (12). Also, the inclusion of glucose
in_ a mineral salts solution greatly reduced the formation of asparagine
+ in young corn seedlings (33), and glucose inhibited the formation of

asparagine from acetate-z-lac in excised corn root tips {(34).

A second pathway of asparagine synthesis has also been found.

In 1963, Blumenthal-Goldschmidt e al. fed KIACN to Sorghum seedlings
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+
Figure 2. Assimilation of NH; in Plants.
}—}——Pathways believed to be of lesser importance.

Enzymes: (1) Glutamate dehydrogenase N
(2) Glutamate synthetase (GOGAT)
(3) Glutamine synthetase
(4) Asparagine synthetase
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and found much of the l[‘C in the .amide carbon of asparagine (5). The
incorporation of ¢yanide into asparagine has since been observed in

many plants and tissues. Two enzymes have been extracted from plants

which together can convert the cyanide carbon to the amide carbon of

asparagine: . -
B-cyancalanine synthase .o .
I. Cysteine + HCN >, F-cyanoalanine + st
B-cyancalanine.hydrolase
2. B-cyanoalanine + H,O % asparagine

2
-

B-cyancalanine synthase and B-cyancalanine hydrolase were first
extracted from blue l;pins (9,18). -B—cyanoalanine synthase has also
been extracted from corn root tips (49). In excised corﬁ root tips,
label from exogenously-added KlQCN was rapidly incor;orated into
asparagiﬁe, but lac—cysteine was not converted to lac—asparagine unless
it was added together with KCN (35). These results suggest that
cyanide is not normally present in corn root tips, and that the cyanide
pathway of asparagine formation is present but non-functional. However,
cyanide is present as cyanogeniec glycosides in some plants such as

Lotus (8). The cyanide pathway is probably important in removing

cyanide from cells where cyanogenic glycosides are being degraded. 1In

other instances it probably has no physiologiéal role.
Although it has been claimed that asparagine is a dead-end
metabolite, it must be metabolized if the nitrogen and carbon stored

as asparagine dre to be liberated. Pate showed that the carbon of
\_&



@
e

\
asparagine could be metab;lized by feeding 14C—asparagine to pea plants
when ghey were flowering (a time when nitrogen would be in decan&).(ﬂl}.
After 4% hours, 40% of the 140 remainiﬁg in the soluble fraction had beex
converted To o;hef compounds, rticularly homo%erine, proline, glutazaze

14

and serine. When Atkins et cl. £dd. 7 C, lsN(amide)—asparagine to'lupi:".

plants during the period of maxi seed protein synthesis, over 60%

of lSN was found in protéin amino acids while over 65X of lJ‘C renained

as aspartate (2). Thus after the amide nitrogen had been transferred

@ other compounds, the carbon was metabolized more slowly. Because

asparagize -is an excellent nitrogen source for soybean ;otyledons grows
in tissue culture (50}, asparagine'nitrogen rust be metabolized in this

-

system as well.

The enzyme asparaginase, which hydrolyzes the amide bond of
asparagine, was extracted first fromugerminatiﬂg barley roots in 1927
by Grover and Chibnall (17). Asparaginase activity has since been
demonstratéd in several plants and tissues (30); activity is high in
soybean root nodules (47). The aspartate formed by asparagifase could

be transformed into Krebs Cyclé intermediates by glutamate—x-ketoglutarate

aminotransferases
Several workers have found that transamination ¢f asparagine also
occurs in plants. For example, Streeter has shown that ia soybean
leaves, asparagine transaminase is much more active than‘asparaginase 2.
asparagine ‘transaminase

1. Asparagine + glyoxylate > a-ketosuccinarmaze
~ pyruvate

a-ketosuccinamate deamidase
2. a-ketosuccinamate ' > oxalacetate + NH !

q | Vel :




Soybean leaves éontqin high levels of g-ketosuccinamate deamidase as

well. These cbservarions suggest that this pathway is also important

’ ~
in the degradatica of asparagine. . L

v

B. Asparagine Synthetase

Asparagine synthetases have been isolated from a variety of
bacterial, animal and plaﬁt sources. A bacterial enzyme from
Escherichia colt requifés ammonium, aspartate and AIP-MgZ+ as substrates
but cannot use glutamine (10). On the §ther hand, asparagine synthetase
from chick liver embrvo requires glutamine and aspartate, but cannot
‘use ammoniuvm {1). Other asparagiﬁe synthetases from animal sources
a;d all planz asparagine syntpetéses studied thus far can ﬁse eicther

- -

glutamine or ammonium and also fequire aspartate and ATP—M32+ (20,27,42,

43,46,48,49). -
Plant and aﬁipal asparagine synthetases can be classified as
amidotransferases: enzyﬁes which catalyze the transfer of the aq;de
group of giﬁtaminé to anothegfsubstrate. The glutamine analogues
azaserine, albizziine, and 6-diazo-5-oxo-L-norleucine (DON) bind

irreversibly to the glutamine active site of amidotransferases (7).

Tﬁese analogues have been used extensively for exploring the active site.
THe first successful extraction of a plant enzyme which

synthesizes asparagine from aspartate was by Rognes- in 1970 (42). Fer

this enzyme obtained froﬁllupin cotyledons, maximum activity with ~

glutamine was four to ten times the maximum activity with NHQCI; the
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ratio varied with the pH. The Km for glutamine was 0.5 mM. \Streeter
. éxtracted an asparagine synthetase from soybean cotyledons (46). In
this case the maximum agtivity with glutamine was four that with

NH,Cl and the Ka valves were 0.12 =M glutamine and 3.1 m¥ NH,Cl; this

4
* represents a 25-fold differedce. He éonpluded that glutaﬁine wvas the
physiclogically important substrate.

Working with'extracts from lupin cotvledons, Lea and Fowden ob-
tained 2 100-fold purified enzyme by ammonium‘sulphate p;gpipicaiion'and
filtration through Sephadex G-75 and G-200 columns (27). The ratio of

maxinum reazction rates with glutamine and NH,Cl was 10:3 and the Ko valves

&4
were 0.04 oM glutamine and 2.1 mM NHQCI, a 50-fold diffefence. An experizenc
in which tissue exudate was centrifuged through a sucrose gradient indicated
that the enzyme is located in[the soluble portion of.the cell. Asparagine‘
(Z mM) inhibited the reaction 50%. Because 2.5 n&fﬁh@ inhibited the

enzyme reaction 50X and 2.5 mM ADP did not inhibit the reaction, the

authors concluded that AMP and inorganic pyrophosphate are the actual
products of ATP cleavage by asparagine’gkﬁthetase. .

Beézuse azaserine and albizziine (5 mM) almost comple;ely
inhibited the feaction, Lea and Foudenlconcluded that the reaction did
indeed involve the transfer of the amide nitrogen of glutamine to another
molecule. The reaction was also inhibited by B-hydroxy-L-aspartate and
f-methyl-L-aspartate. From this the authors concludéd that the B-carbon
atom of aspartate was not involved in the binding to thé enzyme. . *

Further work with lupin cotyledon extracts‘has enabled Rognes

to purify asparagine synthetase over 500-fold (43). He was able to -~

f.



identify AMP as a reaction pfoducc and éid some initial velocity kinetic
studies of the glﬁtamine—dependent reaction. Hié'results suggest that
the enzyme operates accﬁrding to'a-ping pong mechanism involving the
formation of an adenylylated énzype intermediate.

Stulen and Oaks extracted asparagi%e syntherase from cérn seedling
roots and found that on a fresh weight basis, activity was about five

times higher in the mature section of the root than in the root tip (48).

However, when excised root tips were preincubated for five hours in a 1/10 -

strength Hoagland's solution, enzyme, activity rose to about two-thirds
the level in the mature section. Preincubation of the mature section ZIed

to a decrease in activity. Because the development of activity in the

Toot tip was sensitive to cycloheximidé, an inhibitor of protein

sygthesis, and cordycepin, an inhibitor of RNA synthesis, they concluded
that the new activity is dependent on the;ﬁb noveo synthesis of enzyme.
Relatively high concentrations of albizziine (SOImM) and Qzaserine
.(109 =M) inhibited the enzyme reaction 62%. Azaséfine inhibited
competitively with either ammonium or glutamine (Stulen and Oaks,
unpubiished ;esults).

The enzyme from both root sections could react twice as fast wich

-

glutamine as with NHACI; the Km values were 1.0 mM glutamine and 2.5 =

-

NHACI (49). - These results indicate that the corn root emzyme reacts oaly
slightly better with gigtamine than with NHACl. Similar heat-denaturazion

curves were obtained for the glutamine- and NHACl-dependent‘activities

in root tip and mature root sections. This suggests that asparagine sryuthe-

tases from root tip aad.mature root preparations are essentially the sa=-e.

et
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More extensive work has been done on asparagine synthetases fro=
animal and bacterial sburcesi Horowitz-and Meister purified an asparagine
synthetase from mOuge_ieukemia cills- 173-fold (20).. TLike the plant .

enzymes that have. been studied, it can use either. glutamine (Km=1.0 =M)

or NH&Cl (Kxn=9 mM) as nitrogen donors. . The enzyme exhibits glutaminase,

-
-
'

activity as well as asparagine synthetase activity; the chloride ion is

"essential for the glutaminase and glutamine-dependent activities, but noc

*

for the KHACl-dependent activity. Preincubation of the extract with the °

glutamine analogue L-2-amino-4-oxo-5-chloropentancic acid for 20 -

minutes led to almost complete decay of the glutamine-dependent activits

and almost no decay of the NHACl-dependent activicy.

Working with asparagine synthetase from mice, Cooney 8t al.

found that it could react with both ﬁitrogen donors, having alpreference ‘
for NHACI at pH 7.6 or lower, and for glutamine at pH 8.0 or higher (13).
TheylfOund that mucochloric acid inhibited competitively with respect to
g;ugamine and non-competitively with respect o NH4C1. "However, it
inhibited the NHACl-dependent activity more sérongly than the glutamine-
dependent activity. The authors suggested that there were two binding
sites on asparagine synthetase-—oge for NH4C1 and one for glutamine.

The inhibitor was behaving as a glutapine apalogue but interacted with -
both sites on the enzyme. On the ofger hand, DON inhibited the glutacize-

dependent activity much more strongly than the NHacleependent activiry.

Cedar and Schwarz purified asparagine synthetase from Zscrner<e:iz

el
¢

eolt 370-£feld and found that it required aspartate, AIP—M32+ and NHACl

as‘éubstrates, but could not use glutamine (10,11). Asparagine, AP and
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inoxganic pyrophosphaée were pgpduced stoichometrically.as reaction
products. Asparagine (5 mM) inhibited the reaction completely. The
Km for NH&CI was about 0.1 mM and concentrations above 0.5 mM were
inhibitary. Studies on reaction meckanism indicated that aspartate

and ATP first bind to the enzyme in randoﬁ Srder'with the formation of =2
B-aspartyl adenylate intermediate. Pyrophosphate then leaves; this is
fol;p;ed by the binding of ammonium to the enzyme. Asparagine and AMP
then separate from the enzyme in random order. The addition of the
substrates aspart&te, ATP andjmagnésium acetate separately to the
extract did not protect the enzyme from heat inactivation, but addition
of all three substratés together resulted in substantial protection of
enzyme activity.

The.purpose of'the present study is to look at asparagine
synthetase levels in maize tissue at variocus stages of develcopment and
to partly characterize the enzyme from four different tissues:
de@e;oping endosperm, developing embryo, scutellum of the yOuﬁg seedling
and primary root of the young seedling. Particular emphasis is placed
on examining the possibility of the existence of-isozymes in the

different tissues by studying heat denaturatiom of asparagine

synthetase, nitrogen donor Km values and product inhibition.



. MATERIALS AND METHODS

A. Materials

Corn seeds‘(variety W64A X WL82E) éere obtained from the Wisconsin
College of Agriculture, Madison, Wisc.j; s;ybean seeds (Glyecine mex (L.)
Merr.) were a gift from J.G. Streeter.

Other ghemicals and materials were cobtained from the following
sources: Trizmg bése, aminooxy acetic acid,.L—aspartiE aéid, adenosine-
5'-triphosphate (ATP), adenosine-5'—-diphosphate (ADP), adenosine-5'-
monophosphate (AMP), L-asparagine, L-glutamic acid, cycloheximide,.
methionine sulfoximine and me:ﬁionine sulfone, Sigma Chemical Co., St.
Louils, Mo., puromycin, Nutritional Biochemicals éorpora;iéh, Cleveland,
Ohic; ammonium sulfate, 2-mercaptoethanol and magnesium chloride, Baker
Chemical Co., Phillipsburg, N.J.; L-glutamine for routine assays and
1,2 naphthoquinone-4-sulfonic acid, Eastman Kodak Co., Rochester, N.Y.;
L-glutamine for Km experiments and azaserine, Calbiochem, éﬁn Diego,
Calif.; ammonium chloride and potassiuﬁ phosphate, Fisher Scientific
Co., Fair Lawn, N.J.; Bacto-agar, Difco Laboratories, Detroit, Mich.;
Sephadex G-100, Pharmacia, Uppsala, Sweden; Dowex ion-exchange resins,

[14

Bio—-Rad Laboratories, Richmond, Calif.; and L-L" C(U)]-aspartate,

L-E%ac(U)]—glutamine and Omnifluor, New England Nuclear, Boston, Mass.

15
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B. Preparation of Tissue

~

1. Young Seedlings

Corn seeds (W64A X WIS2E) were rinsed in distilled water and

-

planted on 0.9Z Bacto-agar made up in one-tenth strength Hoaglandfs

solution which contained 10 mM (Naa)zsoé and 10 mM KN03. Seeds were

germinated and allowed to grow in the dark for 66-72 hours at 25°¢c.

Two sections of the primary root were studied: the root tip

(0-10 mm from tip) and the mature section (20-35 mm from the tip). Whez
scutella were used, the root, embryonic axis and endosperm were first
removed. One experiment used endosperm tissue from seedlings 70 hours

after imbibition. l; T
After excision, roog tips were preincubaced for Five hours under
gentle aeration in a solution of i/lO strength Hoagland's, 10 mM
(I\IH‘Q)ZSCJ‘,4 and 10 mM KN03. Usually about 0.45 grams of tissue were added

to 100 ml of solufion. Roots were washed with distilled water beTore

extraction.

Soybean seed was surfaced sterilized in 0.05% hypochlorite
solution for 15 minutes, wéshed with 0.01 N HCl and rinsed six times
in distilled water. Seeds were plaﬁted in a-moisc vermiculite-sand
mixture and germinated in the dark for eight days at 27°C. Cotyledons
were then harvested.

With the exception of root tips, prepared tissue was chilled ox

ice before being homogenized.



* 2. Developing Seeds ~ : )

Corn seeds (W64A inbted or W64A X W1B2E) ﬁere germinated in

. soil and grown indoors under fluorescent lightipng at 23°C with a 16

hour light period. Plants were cross-pollinated by hand when silks. {irsc

appeared. Cobs were collected at various times after pollinaticon and
gernels were removed. When kernels were older_than 15 days post—‘

pollinatioﬁ, the embryonic axis-scutellum (referred to in this thesis
as "developing embryo") was removed from the endosperm. Both tissues
were frozen immediately in liquid nitrogen and subsequently stored at

-20°%¢ for up to 10 'days before use.

C.  Preparation of Materials

Before use; Dowex-AG-1-X10 resin (200-400 mesh, chloride form)
was convertéd to the. acetate form by the standard proc;dure described
by Barmard (3). After use, resin was stored in dilute acetic 2cid to
prevent microbial growth.and was-regenerated in bulk. Dowex-iG-50W-X8
resin (200-400 mesh, hydfogen form) was cleaned with hydrochlorie acid
and-waterladcording to standard procedures (3}).

L—EIAC(U)]—aspartate was passed thr;ugh a Dowex—l-acetate‘éolp:n
to remove other meutral and basic contaminants. The final léc—aspércate
fraction was taken up in H20 to give a concentrat}éh of approximately
11.0 uCi/ml. The pH was checked for neutrality using pH paper.

L-[lﬁc-(U)]-glutamine was passed through a Dowex-l-acetate column only,

in order to remove acidic amino acids. TFinal concentration was zbout

-
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13.3 u€i/ml.
"For preparation of scintillaticn cocktail, four grams of

Omnifluor were first dissolved in one liter of tolueme. For early

experiments, two velumes of the above solution and one. volume &f Triten
" ! .
X-114 were mixed and used as scintillation cocktail. This cocktail

was used in determining radioactivity in 14C in aqueous sclutien.
Because this cocktail mixes poorly with water, an improved cocktail,
containing equal volumes of Triton and toluene-Omnifluor, was used in

later experiments. Similar radicactivity readings were cobtained using

s

each cocktail.

D. Extraction and Assay of Asparagine Synthetase

Using 2 mortar and pestle and sea sand, tissue was homogenized

' aﬁ SOC in 0.1 M potassium phosphate buffer, 25 =M 2-mercaptoethanol,

10.0 uM MgClz, 1.0 mM ATP and 0.80 = aspartate (ex;raction buffer).

The volume of buffer per gram fresh weight varied with the type of
tissue. Extract was strained through miracloth and centrifuged for 20
minutes at 12,000 xg; the supernatant was saved and constituted the crude
extract.

In most experiments, the protein fraction containing asparagine
syathetase was precipitated with (NH4)2504 at 457 saturation (embryo
and scutellar extracts) or 507 saturation (mature root, endosperm énd
soybean extracks). After standing on ice for 30 minutes,.chis was

centrifuged 27,000 xg for 10 minutes. The supernatant was discarded
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and the pellet was suépended in a small amount of extraction buffer

(less than 2.0 ml). This suspension was laygred on a 200 X 14 mm Sephzdex
G-100 column pre—equilibrated with extraction buffer; this buffér was

also used to elute the protein.~'Ail procedures were car;ied out at’
O—SOC. The major purpose of passing the Fxtract through the coluan

was to remove small molecules that cogld interfere with the enzyze
reaction. The fir% ml of protein-containing eluant was discarded;

the pext 3-10 ml were collected and assayed. This constituted the
Sephadex-£iltered extract.

All substrates weTe dissolved ig 0.08 M Tris buffer, pH 8.0,
containing 1.0 mM Z-merqaptoethano;. @ssays were usually run in 12 =l
glass centrifﬁge tubes. TFor all‘tissue excracts.except s;utellar, gach
assay tube contained routinely 1.90 mM- ATP, 10.0 QM glutamine, 13.2 o
MgClz, 1.00 mM aminooxy acetic acld (2 transaminase inhibitor)l, 1.06 =

[lAC—(U)]-aspartaté, and 0.2 ml of

aspartate, approximately 0.22 uCi L-
tissue extracf, in a total volume of 0.62 mlz. Most experiments with
scutellar extract routinely used 25 mM glutamire and 2.30 mM ATP. When
NH&CI was used in place of glutamine, routiAe concentration for all
tissues was 10 mM.. For blank values the extract was boiled for

approximately 60 seconds before the incubation.

Enzyme reaction was started by transferring tubes from ice to a

: N

Aminooxy acetic acid is a specific inhibitor of all transaminases {6). In
maize tissue there is a considerable activity which converts aspartate to
alanine. This reaction is inhibited by the addition of aminooxy acetic
acid (Stulen and Oaks, unpublished results).

Calculation of substrate concentrations takes into account contributions
from the extraction buffer..



35°C water bath; standard incubation time was 20 minutes.” The reaction
was sto;Ped by the addition of one ml of 95X ethanol. Tubes were
centrifuged for 20 minutes at 2000 r.p.m. on a table top centrifuge to
remove precipitated protein. The supernmatant was pOufed off and
evaporated. A 0.5 ml aliquot of water was added to each tube and passed
through a 50 X 5 mm Dowex-l—acetate column inte a scintillation vial.

-

Colums were eluted with an additional 1.0 ml of water in early
. ~
experiments or an additional 1.5 ml of water in lacer experiments.
Uﬁreacted aspartate remains on the column whereas asparagine passes
through with the water. Fifteen ml of scin;illation cocktail wasr
added to each vizl and the counts per minute in asparagine were
determined usiﬁg a Beckman LS-250 liqgid sciﬁtillation counter. The
nanomoles of asparagine formed was calculated for each assay tubé froo
counts per minute. One nanomole.corresponded to about 700 counts per
minute.
The concentration of total protein in the extracts was determined
by the method of Lowry et al. (29).
-

Alterarions from routine procedure are expleined in the "Results"

section.

3

E. Demonstration of Identity of Radioactive Product as Asparagine

Three routine assays were run using crude extr2cts of mature
roots. Water eluants from Dowex-l-acetate c¢olums were lyophilized. Ore

sample was treated with 2 N HCL at 100°C for four hours to hydrolyze
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asparagine to aspartate 3nd the others served as concrols.- All samples
were spotted on a paper chromatogram and cold asparagine and aspartate
were spotted as standards. The two amiro acids were gepa;ated by
descending chromategraphy using butanol:acetic.acid:water (3:1:1 by
volume) gs'solvent, and were developed with 0.02% 1,2-naphthoquinone 4-
sulfonic acid in.acetone. Chromatogram strips were cut up iato small
piecés‘and radicactivity in each wés determined by liquid scintillation
counting. Toluene-omnifluor was used as sci;tillanc.

Asparagine chromatographed six to nine cm from the origin and
aspartate was found 10-14 cm from the origin. If asparagine were indeec
the 14C product of enzyme reaction, radioactivity in the samples not
treated with HCl1 éhOuld co—chromatograph with aﬁgaragine, and radio-
activity in the HCl-treated samples should be found with aspartate.

Of the total radioactivity detected in tﬁe control samples, 68% Qas

1
found with asparagine and 167 with aspartate. 1In the HCl-treated

sample, 11% of radicactivity.co-chromatographed with asparagine and 82%
with aspartate. Some radicactivity chromatographed between the

positions of the two amino acids. It was concluded that the majority

of the radiocactive product was indeed asparagine.

Fa
t



RESULTS

-

A. Dependence of Enzvme Reaction on Volume of Extraction Buf fer Used iz

Homogenizing Tissue

In the first few experiments, tissue was homogenized in two nl

of extraction buffer per gram fresh weight. It scon became apparent
that the reaction was not linear for longer than Zb minutes, the
standard incubation time.-.By-making a more dilute extract or by passing
the crude.extracts through Sephadex, linear kigetics and higher
activities on a gram fresh weight basis were usually obtained. In this
section, experiments to determine the ideal volumes of extraction buffer
for each maize tissue are described. : ’

Root tips were homogenized in two, four and ten ml of extraction
buffer per gram fresh weight and the reaction was allowed to rum for
periods up to 90 minutes. After 20 minures incubation, activity per
gram fresh 'weight was similar in four and ten ml per gram extracts but
lower in the two =l per gran extracf. The reaction was almost linear in
the four ml per gram extract for periods up to 60 minutes (Figure 3).

In a second experiment, tissue was hbmogenized in four and six m§>qf
buffer per gram fresh weight. After 20 minutes incubation, zcctivity
per gram fresh weight was higher in the six ml per.gram egtract

(103 nmoles asparagine per gram) than in the four ml per gram extract

(83 nmoles asparagine per gram}. It was decided to homogenize root tips

22
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in sixrﬁl of ex;raction buffer per gram fresh weight.

On a fresh weight basis, activicy in a2 four ml per gram extr;ct
of mature roots was slightly higher than activity in a two ﬁl per grém
extract after 20 minutes incubation. After 60 minutes, the rate‘of
asparagine formation fell off in both cases (Figuré 4). 1t was decided
tOzﬂomogenize mature roéts in two ml of extraction buffer per gram
fresh weight 5ecause activity per assay tube was much higher in the two
ml per gram extract than in the four ml per gram extract gfter 20
minutes incubation.

Witch developing‘embryos, activity per gram freésh weight in a :)
four ml per gram extract was about 20Z higher after 20 minutes
incubation than in a two ml per gram extract after 25 minutes incubatica.
The reaction in the four ml per gram extract was linear for 60 minutes
(Figﬁre 5). In the two ml per gram extract, the reaction did not
continue after 25 minutes. It was decided to homogenize embryo tissue
in four ml of egtraction buffer per gram fresh weight.

With scutellar tissue, activity per gram fresh weigpt in a six
ml per gram extract was about 25% higher than activity in a four ml
per gram extract after 20 minutes incubation (Figure 6). Activity in
the six ml per gram extract was linear for at least 40 minutes;
activity in a four ml per gram extract from a separate experiment was
linear for only 20 minutes. It was decided to homogenize scutella in
six ml of extraction buffer per gram fresh weight.

In deveioping endosperm, a much higher activity was r vered

when ten rather than two or four ml of extraction buffer was usgd per

\_



Figure 3. Time Course of Asparagine Synthetase Reaction in Crude
) Extracts f£rom Root Tips. )

*nmoles asparagine/g. fresh weight

Root tips were preincubated for five hours in 1/10
strength Hoagland's solution + 10 mM (NHg)2S0;4 + 10 =X
KNO3. Tissue was homogenized in: O two, O four or @, ten
ml of extraction buffer per gram fresh weight. The
mean (circles) * range (bars) of two replicate assays
is shown for each point. Extracts were assayed using
10 mM glutamine and routine concentrations of other
substrates (see "Methods"). c



001}

(upw) own g

uoljeqnouj

Y.

ov
N
0
s
=
:MT*
08

ogl



-

Figure 4. Time Course of the Aspafagine- Synthetase Reactjon in Crude
. Extracts from Mature Root. .

*nmoles asparagine/g. fresh weight

Tissue was homogenized in: QO two or @ four ml of extracticz
buffer per gram fresh weight. The mean (circles) Z range
(bars) of two replicate assays is shown for each peint.
Extracts were assayed using 10 mM glutamine and routine
concentrations of other substrates (see "Methods"Y.
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Figure 5. Time Course of the Asparagine Synthetase Reaction in Crude
Extracts from Develeping Embryos.

*nmoles asparagine/g. fresh weight

Tissue was homogenized in ¢ two or @ four ml of
extraction buffer per gram fresh weight. The mean
{circles) % range (bars) is shown for assays done
in duplicate. Extracts were assayed using 10 mM
glutamine and routine coOncentrations of other
substrates (see "Methods'").

Embryo tissue (W64AxXWL82E) was harvested 20 days
after pollination.
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Figure 6. Time Course of the Asparagine Synthetase Reaction in Crude
Extracts from Scutella.

' *nmoles asparagine/g. fresh weight
Tissue was ;shogenized in four or six ml of

extraction buffer per gram fresh weight. The mean .
(circles) * range (bars) of two replicate assays is

. shown for each point. Extracts were assayed using
10 mM glutamine and routine concentrations of other”
substrates.

Data are from two separate experiments ("A" and "B").
In experiment "B", the four ml/g. extract was assaved
using a 20 minute incubation only. The single point
is presented -so that a comparison of enzyme activities
in four and six ml/g. extractions-of the same batch

of scutella can be made.~, . )
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gram of tissue (Figure 7). In addition, with ten ml of extra;tion

buffer the reaction was linear foé 60'minutes. In the four ml per

granm extract, the reaction fate fell off .considerably affer 2d ninutes
and in the two ml per gram extract, activity after 60 minutes

incubation was actually lower tﬂan activity - after 20 minutes incubation.
These reSults'suggest that some factor reduces asparégine synthetasé
activity iﬁ the more concentrated extracts../It was decided to homogenize
endosperﬁ tissue in ten ml of buffer per gram fresh weight, when crude
extrac£ only was to be assayed. If extract was to be filtered through

Sephadex, endosperm would be homogenized in four ml of buffer per gram

fresh weight.

B. Effect of ?assing the Crude Extract Through Sephadex

1. Elution Patternm of Total Protein and Asparagine Synthetase Activity
VA protein fraction (which included asparagine synthetase) iﬁ
thg crude extract was often precipitated with ammonium sulphate and
filtered through a2 Sephadex G-100 column in order to remove small
molecules from the extract (see "Methods"). TFigure 8 shows the elution
of total protein and aéparagihe sjnthetase activity when mature root
extract was filtered through Sephadex. The first‘ml after the void
volume contained almost one-half of the total pfotein eluted but only
15% of total activity-—most asparagine synthetase eluted after the firsc
ml. When embryo extract was filtered through Sephadex, the first 1.6 =1

after vold volume contained 297 of total protein eluted but only nine

\



3

Figure 7. Time Course of the Asparagine Synthetase Reaction in Crude

Extracts from Developing Endosperm.

*nmoles asparagine/g. fresh weight

Tissue was homogenized in Q two, O four or @ ten aml
of extraction buffer per gram fresh weight. The mean
(circles) * range (bars) of two replicate assays is
shown for each point. Extracts were assayed using

10 mM glutamine and routine concentrations of other
substrates (see "Methods"). Endosperm tissue
(W64AXW1B2E) was harvested 20 days after pollination.
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Figure 8.

Elution of Total Protein and Asparagine Synthetase
Activity When Mature Root Extract is Filtered
Through Sephadex.

*nmoles asparagine/20 minutes/fraction

Figures above histogram bars show protein or activity
as X total collected.

Protein in the crude extract was precipitated with
(NH4) 2S04 and filtered through a Sephadex G-100
colurm (see "Metheds'"). TFractions were assaved

in routine fashion using 10 mM glutamine. The void
volume was 8.1 ml.
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per cent of the total activity (Figure 9). Almost haif tye total protein
and activity was found in the following 1.2 ml fraction. It was decidec
that when any extract would be filtered through Sephadex, the first ml

which contained protein would be discarded.

2. Recovery of Asparagine Synthetase Activity
Table 1 summarizes the percent recovery of total activity

when crude extracts were filtered through Sephadex, and the change in

specific activity. More than 65X of total activity was recovered

. after filtration of crude scutellar or endosperm extract through

Sephadex, but oﬁly about 407 of activity was recovered after fil;ration

of crude mature root section extract. Totai activity in embrve and sorizan
extracts was higher after filtratien through Sephadex; this suggests

that a factor in the crude extracts is inhibiting enzyme activi;y. The
increase in specific’activity when crude extract was filtered through

Sephadex ranged in maize tissue from none (mature root) to four fold

(embryo). The increase in soybean was eight fold.

3. Kinet;cs of Sephadex-treated Enzyme

Asparagine synghetase activity in Sephadex-filtered scutellar,
endosperm arnd mature root extracts was linear for 90 minutes when assared
with glutamine (Figures 10 and 11l). However, when extract from mature rcct
section was assayed with 10 =M NHaéi,:the reaction was faster during
the initial ten minutes of incubation ﬁhan during subsequent incubatioz.

-

Between 20 and 90 minutes, the reaction was linear but much slower thaz



Figure 9. Elution of Total Protein and Aspéragine Synthetase
Activity When Extract from Developing Embryo is
Filtered Through Sephadex. ° .

*nmoles asparagine/20 minutes/fraction

Figures above histogram bars show protein or activicty
as Z total collected.

Protein in the crude extract was precipitated with
(NH4) 280, and filtered through a Sephadex G-100
column (see 'Methods™). Fractions were assayed in
routine fashion using 10 mM glutamine. The void
volume was 7.6 ml.
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Figure 10. Time Course of the Asparagine Synthetase Reaction in

Sephadex~Filtered Endosperm and Scutellar Extracts.

*nnoles asparagine/assay tube

O Endosperm Extract (W64A, 25 days post-pollination)
@ Scutellar Extract

Activity was assayed using 10 mM glutamine (endosperm
extract) or 25 mM glutamine (scutellar extract) and
routine concentrations of other substrates (see"
"Methods™). The mean (circles) * range (bars) of
g&:b* two replicate assays is shown for each point.

-
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Figure 11. Time Course of the Asparagine Synthetase Reaction in
Sephadex-Filtered Mature Root Extract.

*nmoles asparagine/assay tube

Extracts. were assayed using O 10 =M NH4Cl or @ 10 mM
glutamine and routine concentrations of other
substrates (see "Methods"). Data are from two
experiments. The mean €circles) * range (bars) of

two replicate assays is shown for each point.
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during the first 20 minutes of incubation.
4. Dependence of Enzyme Activity on Volume of Extract Assayed

In a crude extract of developing endospern hémégenized in four
ml of extraction guffer per gram of tissue, activity -per assay tube
decreased'witﬁ increasing wvolume of extract (Table 2). This result
again suggests the presence of some iﬁhibiting factor. Activity in
Sephadex-filtered scutellar and developing endosperm extracts was

linear in the range 0.1-0.3 ml of extract per assay tube.

" C. Optimizing the Reaction

i. Optimizing Substrate Concentrations

Optimal substrate concentrations were determined for asparagine
synthetase in crude scutellar extracts (Table 3). Activity was much
higher when enzyme was‘assayed with 2.67 mM aspartate than with 1.06 &M
aspartate. However, counts per minute in asparagine were about 25%
lower when the higher concentration of aspartate was used (blank-
corrected cpm/2Q minutes with 1.06 m aspartaﬁe were 3430, and with
2.67 mM aspartéte, 2560). Activity was over 207 higher when extract
was assayed with 13.2 oM H’gCl2 than with 5.2 or 33.2 mM_MgClz. Activicy
was. essentially the same with 1.92, 2.32 and 4.32 mM ATP. A higher
concentration of ATP (10.32 mM) inhibited the reaction. Sligntly more
activity was obtained with 25 mM gluéamine than Qith 10 oM glutamine.
It was decided that future assays of scutellar extract (but not eé:iigss

from other tissues) would employ routinely 25 mM glutamine, 2.32 mM ATP,
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13.2 mM Mgc12, and 1.06 mM aspartate.

-

2. Preparing the Sephadex-filtered Extract
Table 4 shows the effects of omitting ATP or Aspartate from the
extraction buffer. Activity wasg@milar in 2 routine crude extract frocz

mature roots (ATP, aspartate and MgCl, included) and in crude extracts

2

minus ATP or aspartate. There was a similar recovery of activity whe:z
"routine" or "minus aspartate" extracts were filtered thrcough Sephadex

(almost 20 Z) but an almost complete loss of activity when a "minus ATP"

extract was filtered through Sephadex. It was concluded that inclusiecn

o«

~of ATP is essential for recovery of enzyme activity during the filtratien

of extracts through Sephadex. 4 ' v

-

-~ -

3. The Effect of Bovime Serum Albumin on Enzyme Activity

During the course of experiments reported in this thesis, bovine

serum albumin was added to several extracts to adjust total protein

thQi?ntration. The effec¢t of albumin on enzyme activity in severzl
. I .

extracts is shown in TaBle 5. In crude extracts from root tip or mature
root sections, 0.3% albumin had no significant effezt on glutamine-

dependent enzymé activity. However (.1 or 0.3% albumin doubled gluta=zine-

dependent activity in Sephadex-filtered mature root extracts. On the

other hand, 0.3% albumin increased the NH,Cl-dependent activity by onlx
b4

4
27% (one experiment only). In a Sephadex-filtered scutellar extract,

© 0.08Z albumin did not stimulate activity; it may have caused a slight -

inhibition.
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4. Effect of Potential End Products on the Rate of Reaction
Enzyme reactions are often inhibited by their end préduCCS.
This inhibition can result from a product's éompetition for a sub-
strate's binding site or a change in conformation of the protgin
caused by a product binding to a separate site. Inhibitiﬁn by the
potential end products of the glutamine—defendent asparagine
synthetase reactiﬁn was tested using Sephadéx—filtered endosperm,
scutellar and mature root extract, in order to find out how enzyme
accivit& might be regulated in each tissue, N
Asparagine inhibired the reaction in endosperm extract more
strongly than in mature root or scutellar extracts; two mM was required
for 50X inhibition in'endosperm while in mature root or scutellar
extract 10 mM inhibited only 20—301 (Table 6).. AMP and ADP, which
are possible alternate products Fesulting from ATP hydrolysis; inhibizted
reaction in scutellar extract similarly and more strongly than .
asparagine; 10 =M was required for about 452 inhibition. ATP (10 aM)
also inhibited the reaction (Table 3). In'matﬁre réot extract, AMP arnd
ADP inhibited the reaction more strongly than in scutellar extract;
10 oM AMP and ADP caused 70 and 80X inhibition respectiveli. %?P
inhibited the mature root enzyme reaciion more strongly than AMP, Te:x
uM glutamate increased the activity in scutellar extract about 20%.
However, when mature root enzyme was assayéd with 10 mM glutamate in ==
absence oﬁﬁilutamine, some apparent activity resulted (117 cf control
act{vity). Thus the stimulation of activity by glutamate may be a resuit

of some glutamate-requiring reaction which convertslac-asparcate to a
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non—acidic product. These results provide no evidence that glutamate has

a direct effect on asparagine synthetase activiiy. In summary, no
! .

inhibitor caused more than S0X inhibition of activity at a concentratica

of 2.0 oM or less. Thus the results suggesE that none of the products
is a strong regulator of the glutamine—dependent asparagine synthetase

activity in any tissue studied. However, it does appear that asparagize

-

is a weak regulator of the enzyme in developing endosperm. a

D. Asparagine Synthetase Levels in Maize

-

l.. Enzyme Levels in Various Tissueé .
A} T

Table 7 coumpares asparagine synthetase activity in all tissues
studied. Endosperﬁ and embryc tissue was studied at several stages of
development; the data reported here ;re for the stage when highest
activity was found. 6n a fresh weight basis, activity was much higﬁer
in soybean cotyledons than in any maize tissue studied. In corn,
activity in the‘root tip was about one-fifth the mature rodot activity
but rose two and one-half fold if root tips were preincubated‘in Hoagla;;'s
solution. Activity in developing endosperm was even lower than in the
réot tip. Activity in developing embryo reached a level close to three
times that reéched in the developing endosperm on a fresh weight basis.

‘Specific activity was about four times higher in the mature

root than in the preincubated root tip or scutellum; activity per mg

pE%teih in developing tissdés was 25-457 the scutellar level.
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rFa
2; Effect of Age on the Level of Asparagine Synthetase

a. Endosperm

Developing egdesperm (W64A X W182E) were homcgenize& in ten ml
of buffer per gram fresh weight. In each extract, enzyme reaction was
close to linear for 60 minutes. Endosperm increased in weight about
eight fold between nine and 20 days after.boilination; after 20 days, -
endosperm érew very'litéle‘i}able 3). vEnzyﬁe levels per endosperm also

rose about eight fold between nine and 20 days, but by 32 days had

declined to one-half the 20 day level. When dry seeds were germinated,

na detectable enzyme activity was found in eﬁdosperm extracted 70 hours

after imbibition.

b. Developing Embrye*and Seutellum from Young Seedlings

Developing embryo tissue was homogenized in four ml of buffer
per gram fresh weight. - The embryo increased in weight about six €old
between 20 and 43 days'af:er poliination. . Wherr calculated on a gram
fresh weight.basis, enzyme activity fell fre;\S& to 22 nmoles asparagi;;
formed per 20 minutes during this time (Table 9). However, enzyme ‘ \
levels per ‘embryoc actually rose two and one-half fold between 20 and 43 \‘“/
days after pollinacion. More activity might have been seen if
extracts had been filte;ed through Sephadex.

Scutellar tissue from young seedlings was homogenized in six ml
of buffer per gram.ffESh weight. The total en;zézjlevel found in a
fully developed scutellum was about one—half the level found in an embrve,

embryonic axis and scutellum) harvested 43 days after pollination.

The scutellum increased in weight about four-fold during the first 24

£
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ho;rs after imbibition and grew very little after that time. The enzyme
level per scutellum increased about nine-~fold between zero and 48 hours
after imbibition; enzyme activity per gram fresh weight in;reased about
two fold (Table 9). Seventy-two hours after imbibition, the enzyme level
had levelle& off.

Several other experiments employed scutella which were harvested
70~72 hours after imbibition. The enzyme levels that were measured
varied from 78.6 to 178 nmoles asparagine_formed per 20 minutes per grac
fresh weight. Hence it is noghsertain that there wa§ an actual drop in
asparagine synthetase from day 43 post pollination to dry seed. -

E. Experiments with Inhibitors

1. Effect of Inhibitors on the Development of Asparagine Synthetase
When root tips were excised and preincubated for five hours in

a solution of 1/10 strength Hoagland's, 10 mM (NHQ)ZSO and 10 oM XNO

4

asparagine synthetase activi:y‘increased about two and one-half fold

3’

(Table 7 and (48)). This increase could be due to an activation_ef'pre-

existing enzyme molecules, or it could result from the synthesis of ﬁew
; .

enzyme. If thé latter were the case, synthesis of new messenger RNA

might or might not be required. In order to characterize the cause for ’ T

the increase in actiﬁity, Toot tips were preincubated with a ;arietx,of

potential iﬁhibitors of protein or RNA synthesis. Cvcloheximide inhibics

protein synthesis (40); if de novo synthesis of asparagine synthetase

were responsible for the Increase in enzyme activity, cycloheximide should
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inhibit this increase. Puromycin is also an antibiotic which is often .
used as an inhibitor of protein synthesis (39). Azaserine is a

glutaﬁine analogue which cagbal§9 ;nhibit nucleic acid synthesis (48).
Methionine sulfoiiﬁine and methionine sulfone are glutamate analogueé
which inhibit the glutamine synthetase reaction. Both analogues caused
an inhibition of asparagine formation from l[‘C—axzeta.t:e: in both root
tip and mature root sections (38). This inhibition could be due to a
lack of glutamine needed for asparagine biosynthesis. However, the
analogues might also interfere with the formation 6% asparagine
'syntbetase. - .
The effect of these compounds on theLdevelopment of asparagine
synthetase in root tips is shown in Table 10. Cycloheximide (3.6 uM)
inhibited the development of asparagi;e syathetase almost completely.
This observation suggests that new enzyme is being'synthesized during
the incubation period. Oaks and Johnson have shown that cycloheximide
at this concentréticn inhibits protein synthesis almost completely in
corn root tips (36). Azaserine (100 pM) inhibited gﬁzyme development
about 50Z. In experiments similar to those reported here, Stulen and
Oaks found that both cycloheximide and azaserine inhibited development
of aséaragine éynthetase activity in root tips (48).
Methionine sulfoximine (2.78 mwM) caused a.slight inhi%ition of
the development of enzyme activity, whereas methionine sulfone (2.76 =)
caused a slight stimulation; it is doubtful that eiéher had a significant

effect. At these concentrations, both compounds caused an inhibition

of asparagine formation from lac—acetate'in both root t{p and mature

iy
~
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root sections (3B). The six trials with puromycin'(lop_un) were
variable; however, they suggest at most 2 minor inhibition qf the

development of asparagine synthetase activity.

An experiment with a crude extract of mature roots showed that
puromycin, methionine sulfoximine and methionine sulfone do not
signifidantly inhibit asparagine synthetase activity at‘the concentracig:s

used in the preincubation solutlons.  Incubation with each resulted in

v 95Z contrel activity.

-

2. C(ycloheximide as an Inhibitor of Enzyme Activity

A
-~

More extensive tests were conducted with cycloheximide since

-
-

other workers have suggested that it might act in some systems as a

glutamine analbgue '(36). Competition between glutamine'andﬁcycloheﬁi:iﬁe
for asparagine sénthetase-yas tested by using several concentrations oI
each and Sephadex-filtered mature woot extract. The resulc; in Table 11
show that high concentratiqns of cycloheximide cause only minor
inhibitions of gsparaginé sk&thetase activity, regardless of the
concentration of glutamine. By contrast azaserine, a bong fide glutazize
anélogue, inhibited asparagine synthetase completely with respect to

~ glutamine (Stuien and Qaks, ﬁnpublished). /ﬁ;nce cyclohexinide does not
appear to be ;cting as a glutamine analogue in this case. -

7 F. Glutamine and onia as Alternate Nitrogen Donors
. A"l

- ~ p 6

1. Glutamine Hydfb%ysis During Incubation

Because significant glutamine hydrolysis during incubation could
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lead to errpdeous detérminarion of the_gp‘for glutémine, the ¢
glutaﬁine hydrolysis was determined using Sephadex-filtered
and scutellar extracts. Routine aésay conditions were used
C-glutamine replace& 140 aspéftate in the assay. In these &3
the concentrétion of glutamine was.variedrby.g;tefing the content of
12C—glutamine. Dowex-l-acetate columns were eluted with 12 ml of Qater
to remove unhydrolyzed glutamine. The glutamate~containing fracéion wes
eluted with 3.0 ml 6N acetic acid into scintillation vials and

scintillation fluid was added. About 19,000 counts per minute were

found in this fraction in samples %Efubated with boiled extract; cthis

.

value was subtracted from counts per minute in other sample§ to give
counts per minute ;n glutamare syntg;sized by enzymatic hydiolysis of
Bimtzuiue. - i

The extent of glutamine h}diolysis during 20 minutes incubatiea

is shown in Table 12. When the concentration of glutamine was 0.333 &V,

R

I3

~

the lowest councentration used in these experiments,(?ix percent was
hydrolyzed by mature root extract, and nine percent by scutellar extract. .

Total glutaminase activity was much higher than asparagine synthetase
. ' Y, B .
activity 1 otW extracts. In the mature root extract, for example, )
. ~
asparagine synthetase activity with 10 mM glutamine was 8.52 nmoles

asparagine formed per 20 minutes per assay tube, while total glutaminase

activity with 10 @M glutamine was 78.5 nmolgs glutamine hydrolvzed per

20 minutes per assay tube. Since nmmoles of glutamine hydrolyzed by

asparagine synthetase should equal nmoles of asﬁar&gine formed,

aSparagine synthetase would account for only 117 of the observed
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hydrelysis of glutamine. -

2. Em Values for Glutamine and ﬁHACl T

-

Kz values for gldtamine and NH,Cl were determired using Sephadex-

&

filrered extract from mature roots, scutellum and developing embryo.

Xm values for these two substrates have been reported previously for

asparagine synthetase from soybean cotyledons (as)I To demonstrate

that any differences between Xm results rep?rted here for corn and

reported previously for soybean are real and not a result of differences

in experimental procedure, glutamine and NH&Ci Km values for enzyme fro=

. §o§'bean cotyledons were alsc determined.

.
. -

Enzyme activity was assayed using several concentrations of
glutanine or NHQCl and routine concentrations of all other substrates.

Km values were determined from Lineweaver-Burk plots. Lines of best
> .
f£it and correlation coefficlents were then calculated usiﬁg a pocket
calculator. : o ; T (
Km values for scutellar and mature root enzyme were also °
redetermined fiog a Lineweaver-Burk plot of inverse activity versus
inverse estimated final glutamine Eoncentrationi/gbtained from Table 12.
Because the original plot ignores théjlgsseniﬁg glutamine concentr&tion
during the incubation pe%iod, it leads to an overes;imation of the
apparent Km for_glutamine.~ The second plot.leads to an-
underestimation of Km because it takes into account only the

/

concentration of glutamipe remaining at the end of the incubation period.

Typical Lineweaver-Burk piots_for giutaminé and NH

QCl-aqe shown

-

g
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in Figures 12-15. A summary'of Rm values for glutamine is shown in

Table i3. Tak%ﬁg into account the problem of glutamine hydrolysis
reduced the caffatared Km for glutamine for matﬁre section and scutellar
enzyme by about 10%: this reduction-is quite Insignificant. K=o value§
for mature sections (about 0.57 M) and scutellum (about 0.45 mM) are
very similar, but the calculated Kn for glutamine for develoéing embryo
enzyme is about three times higher. The Xm value obtained in this
project for enzyme from soybean cotyledons (0.18 mM) is significantly
lower than any value for maize enzyme. It should be noted thar 29% of
1.0 oM glutamine was hydrolyzed during th; 20 minute incubation with
soybean -extract, and hydrolysis was probably more extensiﬁe when lower
co;cencfétions of glutamine were used. Thus 0.18.m¥~glutamine could be

a substantial overestimation.

The apparent Km's for NHQCI were calculated for asparagine

-

synthetase in the four tissues and as seen in Table 14 the values are
similar. However, the ratio of NHQCI Km to glutamine Km was nmuch
greater-for soybean cotyledon enzyme (16.0) than for-enzyme from maize

tissue (2.5 - 5.3). - ;

Km values determined in this project for soybean asparagine

synthetase (6.18 m¥ glutamine and 2.9 oM NHACI) compare.favourably with

Streeter’s values of 0.12 =M glutamine and 3.1 mM NH,Cl (46).

4
$

4

. —\\\T 3. Comparison of Maximum Reaction Rates Using Glutémine and-¥H,Cl
' ! In many experiments, an ?néeme extract was assayed using each
j —

nitrogen donor substrate at a doncentration of 10 mM. Hypothetical Vmzx

ek I L. L LT
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Figure 12. Lineweaver-Burk Plots for the Asparagine Synthetase
Reaction in Extracts from Developing Embryo.

*(omoles asparagine/20 minutes/assay cube) "+

The substrate varied in the assay was @ glutamire or
O NH4Cl; routine concentrations of .other-
substrates were used (see "Methods"). Circles

are results from single assays. Extract from
developing embryo (W&64A, 25 days post—pollination)

was filtered through Sephadex before use. For

glutamine, the equation of line of best fit is

%n 0.27529 _(%) + 0.20414; x> = 0.816 and

= 1.35 mM. For _NH4CL, the equation of line of
best fic is X = 1.1658 (—[—) + 0.28930; r2 = 0.900
and Km = 4.0 mM. °)

S

Cn-
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Figure 13. Lineweaver-Burk Plots for the Asparagine Synthetase
Reaction in Scutellar Extract.

A *(nmoles asparagine/20 minutes/assay tube) -1

X . The substrate varied in the assay was @ glut‘amine or
O NH4Cl; routine concentrations of other
substrates were used (see "Methods"). Circles are
results from singlé assays. Extract was filtered
through Sephadex before use. For glutamine, the

equation of line of best fit is %_ = 0.033584 (Li]) +

0.073316; r° = 0.996 and Km = 0.46 mM. For NE,CL,
the equation of lime of best fit is 1 _ 0.36285 ([i y +

v ]
[Q.14265; r” = 0.969 and Km = 2.6 oM.
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Figure l4. Lineweaver-Burk Plots for ge Asparagine Synthetase
Reaction in Mature Root Extract.

*(nmoles asparagine/20 minutes/assay tube) -1

The substrate varied in the assay was @ glutamine or
O NH4Cl; routine concentrations of other substrates
were used (see "Methods"). Circles are results from
single assays. Extract was filtered through Sephadex
before use. For glutamine, the equation of line of

best Hit is L . 0.067403 (59 + 0.15129; £ = 0.930
and Km = 0.45 mM. For NH;Cl, the equation of line of
pest fitts'L L 4 25400 GGap) + 0.096838; T2 = 0.983

' )

and Km = 2.6 nM.
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®igure 15. Lineweaver-Burk Plots for the Asparagine Synthetase
\j ‘Reactioa in Soybean Cotyledon Extract.

-
-

'*(mnoles asparagine/20 mlnutes/assay tube)

‘_LThe suﬁstrate -varied in the assay was ¢@ glutamine
or O NH4CLl; routine concentrationms of other |
substrates were used (see '"Methods"). Circles are
results from single assays. Extract was filtered
thrc_mgh Sephadex before use. For glutamine, t:‘ne. -
equation of lige-of best fit is _3._’_~= 0.0015499 ([ 1)
0.0084174; r::Z = 0.981; ¥m = 0918 oM. For \IHACl, the
equation of line of best fit %3 1 = 0.070151 ( ) +

4 -

+

0.023982; ::2 = 0.952; Km = 2.9 mM

L)
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. denature at exactly the same rate. Enzyme qéptotal protein concentratiecn

)

taken for two feasons- .

-67-

L4 -

values were calculated using the rearranged Michaelis-anten equation

Vmax = v(l + Kn/[S]1) where' S = 10 wM. Table 15 compares maximum rhtes

of enzyme acfiv;ty using glutamine and NH,Cl. The results indicaee thaz

4

enzyme from mature root sections but from no othér tissue reacted faster
with NH4C1 than with glutamine. Enzyme from developing endosperm, _
>

scutellum and -soybean cotyledon redcted at a relatively higher rate

with glutamine than with NE,CL.

. G. EHeat Denaturation Studies ’ ..

. N . - . 9
1. Introduction . : . .

When an enzyme in aqueous medium is subjected to an adequately
. 4 .- . T .
high temperature for an extended period of time, it undergoes a change

e

in conformation with a concomitant loss of enzyme accivity.' This

process occurs at a constant rate, therefore, "2 plot of log (enzyme

activicy) versus time of exposure to high temperature should be a

e

straight line.' The rate of denaturation increases with temperature.

Q At a particular temperature and epviromment, no two enzymes will

and PEH can also affect the rate of denatdfation. The inclusion ‘of

-
v .

sgbstrates or inhibitors in the extract can greatly stabilize or

-

destabilize an enzyme by binaiqé to it an&_changiqg-i;s confqrmation.

- . Heat denatdration studies on asparaggne sgﬁfhetaSe were under- -

o A -

- 1: Tb examine the.poqsibillty of isozymes by comparing

denaturacion rates in”’ extracts o§°several tissuee. .-
b

-

-._;';"

“5,’
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2. To compare the effects of the alternate nitrogen donor
substrates, NH4C1 and glutamine, on ché stability of the enzyme to heat.
2; Routine Procedure

It is importgnﬁ to noﬁe thap all extracts contained the substrazes ‘
ATP, HgCl2 and aspartate and-were filtered thrbugh éephadex. Extract
(0.2 ml aliquots) was added to élass test tubes on ice. These tubes
were preincubated for appropriate time periods at 40°¢ or.QSOC and
replaced on ice. All non-radiocactive substratg;, dissolved in Tris
buffer, were added in a 0.4 ml aliquot;‘léc-aspartate was added in.ZO 1
of H20 to bring each tube's total volume to the rOutine‘p.GZ nl. Tubes
were then igcubated at 3S°C for 20 minutes in the routine way.

The log of enzyme activity was plotted against time of Heat

treatment and the line of best fir was calculated. Unless otherwise -

indicated, the ceontrol activigy (no preincubation) waé not included in

this calculation. In many exbe?iments, rate of decay of activity -
decreased conslderably after most of the activity had decayed. Points
chosen during the time of slower decay were never included in the

calculation of line of best f£it. Raze of denaturation is expressed as the

half-life of enzyme activity (the time required for a 50% reduction in

activity). : ) ’ R

3. Denaturation at QOOC

A loss of activity curve for preincubation of Sephadex—-filterec

scutellar extract at 40°C is shown in‘Figure'lé. In addition, a



Figure 16. Heat Inactivation of Asparagine Synthetase in Scutellar
’ Extract.

*nmoles asparagine/20 minutes/assay tube
O Undiluted Sephadex-filtered extract; [protein].=
1460 ug/0.2 ml; control activity = 13.8 amoles
asparagine/20 minutes/assay tube. Half-life of
activity = 15.6 minutes. -

® A portion of the above extract diluted five fold
with extraction buffer; [procein] = 262 ug/0.2 =1;
control activity was not recorded. Half 1life of
activity = 15.1 minutes.

All circles represent the mean of two replicate
assays. Procedure for studying heat inactivation is
given in the text; extracdts were preincubated at
40°C and assayed using 25 mM glutamine.
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portion of the same extract was diluted one in five with extraction
buffer, preincubated at 40°¢ and assayed. Asparagine synthetase

activity decayed with a half-life of about 15 minutes in each case. ~

. : . . - o
For scutellar enzyme, the rare of denaturation at 40 C appears to be

independent of total protein concentration in the range 260-1460 ug

per 0.2 ml.

The half-life of asparagine synthetase activicy at 40°C was-

similar (about 12 minutes) in extracts from mature root, scutelluz and

embryo (Table 16). The average half-life éér the two trials for

endo;perm eétrac: is 6.6 minutes, which is considerably lower than -
values calculated for the other tissues. The results suggest that
asparagine.syn:hetase from endosperm differs in some parameter from
agparagiﬁe synthetase in the other tissues studied. However, the faster
rate of enéyge denaturation could also result from some factor unique ro

the cndosperm extract which makes asparagine synthetase less stable at

high temperature.

4. Denaturation at ASOC

. a. Comparison of Extracts from Several Tissues

In an experiment employing Sephadex-filtered scutellar extract
(protein conc;ntracion, 1110 ug per 0.2 ml), enzyme activity in a five "
fold dilution of this extract decayed with a half;life of about 2.5 ’
" minutes; for scutellar enzyme, the rate of denatura;ion at ﬁSOC can

"depend on the concentration of the extract.

Enzyme in scutellar extract was much more stable at 45°C than



' N CBRITRTY

/ T1v) aujueIngd ww Q1 10 Aucﬁduuzmmv auyuen(d ju ¢z Suysn polesse pue D o0h ¥ polegqnoutoad
210M BIOLAIXKD UL "I¥0) DYT U] UOATY H] UOLILATIOUU} JUIY Suydpnas Jo] danpadod

‘y1 oan¥y uy A[puvopyduvad poiunsoad s 3Ins9Y

")

*§DUJT 928943 Jo suoylIenba
Y3 Wolj poIVINOTED IIIM SOATT-JTUH ' (301d Sor-ywos) KI¥Aa¥3dv jo Aedop 103 ¥ 159q
3o souyy oya Suyiernoiud ujy pasn uoyivqnautoxd jo sowyl 3Iso8uol pue 1693110YE IYI I1e uMoys I

.

- 887 - 0'S1-5°C - €0t vyou ‘ok1qua |
: Buydotonaq
0tTet 909 LA Sl '/ . 0" s1-9"¢ muvn 6°L vh94 ‘wiodsopud ’
. ' ' Suydotoadq -
09yt 969 0°'01-5'0 0°01-6'¢ x9°ST £°01 unTa3Inog
: \ i
- 09% - 0'S1-6°¢ - 82T 1004 Danizf
Z Terxl T TeRL) z TURIL T TeiaL T Teyal T TeFIL )
300aIX? (soanuyw) (go1nuyu)
Tu z*'g/uyoroxd B Hmucﬂom ouy] jo 93uwy A1TAT10V owmlzuy 3o 93ITT-FTRU ansst],

£37AT30V 9se3Ioyjukg aurdeaedsy Juopuadop-duUTWeINTH JO UOTIBATIIBUL IBIH

)

-7 9T 21qel



~74-— : ' -

* ’ " ~
enzyme in the three other tissue extracts (Table 17, column 1). Whereas

the rglative instability of ch??endosperm enzyme at 40°%¢ suggests that
it differs from the enzy;e in other tissues, the result here sﬁggests
that scutellar asparagine éynthetase is 2 different protein than
endosperm, embryo or mature root asparagine synthe;ase. Tcral pfOCein
in the endosperm extract was .only 30% lower than in the scutellar
extract. Hence tpe large difference between enzyme acciﬁity decay
rates in.endgsperm and scutellar extracts cannot bd: artributed to the

difference in protein concentration.

In order to rest whether the welative instabili;y of the mature
root;énzymg was due to the relatively low protein concentration,‘boviae
seruz albumin was inciuded in one portion of mature root extract in
order to bring protein concentration in line uitﬁ that in scutella?
extract. Albumin improved the scability of asparagine synthetase in
mature root extract only slightly (Figure 17). Thus the different decay
rates of scutellar and mature ;oot enzyme activiries cannot be

attributed s*we?y to differences in total protein concentration in the

two extracﬁs. "

I
i
; b. Effect of Glutamine and NHACI on the Stability of Asparagirne

Synthetase
J Extract was divided into three portions: one portion was diluted

To 9710 strength with extraction buffer, the second was diluted similarl:

-

with extraction buffer containing glutamine and the third was diluted

to 9/10 strength with extraction buffer contaifling NHQCI. .fhe final

1
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Figure 17.

—

7

The Effect of Bovine Serum Albumin on the Heat
Inactivation of Asparagine Synthetase in Mature

Roct Extract. . q\_“—_~’;3

Afrer elution -6f extract from a Sephadex
column, one portion was diluted to 9/10 strength
with extraction buffer and a second portion was
diluted to 9/10 strength with albumin in
extraction buffer. Aliquots of each portion were
prelncubated at 45°C in routine fashion (see
text) and assayed using_lO M glutamine.

Q Extract minus albumin: [proteiﬂ] = 460 pg/0.2 ml;
control activity = 6.24 nmoles asparagine/20 minutcs[
assay tube. Half life of activity = 2.10 minutes.

@ Extract plus albumin; [protein] = 1190 ugI/O.Z ml;
control activity = 2.0 nmoles asparzgine/20 minutes/

" assay tube. Half life of activity = .23 minutes.

Circles represent single assays.

Ld
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concentration of glutamine and NH,Cl in the extract wa#‘lo oM. Each

4

portion of extract was preincubated at 45°C in routine fashion. The

first portion (control extract) was assayed with each nitrogen dohor,

the second with glutaming-only and the third wich NH

4Cl‘only.

Figures 18A and 18B show graphically thé effeét of giu:amine

and NHaCl on the rate of denaturation of aspar;gine synthetase in -
scutellar extract. The glutamine—dependen£ activ;ty.decayed nuch more
slowly when glutamine was included in the extraét, wvhereas the .
inclusion of NH&Cl in the extract had no significant effect on the

decay rate of the NHQCI-éependent aptivity. Table 17 summarizes

the effects of glutamine and NHacl on decay of enzyme accivity‘in
four different tissue extracts. The inclusion of glutamine protected
the glutamine-dependent asparagine synthetase reaction in all tissues
tested but the effect was much greater in scutellar, endosperm and
embryo extracts than in mature root extracts. The inclusion of NH,Cl

in these extracts did not protect asparagihe synthetase frog heat
denaturation. hese results suggest that glutamine is binding to the
‘enzyme and -as a result ié changing its configuration to a more stable
fprm, but provide no cvidence that NH4C1 binds to asparagine synthetase.
¢. Heat Deraturation of Enzyme in Mixed Mature Root and
Séﬁtellar Extract
Figure 17 ;uclines the design of’ an experiment to show whether

the different decay of activity rates found in mature root and

scutellar extracts could be attributed to a factor in one of the

\



Figure 18A.

Figure 18B.

The Effect of Glutamine on Heat Inactivation of _‘ -
Asparagine Synthetase in Scuteller Extract.

. Extracts O included or @ did not include 10 mM

glutamine and were zssayed using 25 mM glutanine
and routine concentrations; of other substrates
(see ™ethods"). Circles represent single assays.
Procedure for studying heat inactivation is given
in the text. Control activity was 10.4 nmoles
asparagine/20 minutes/assay tube.

The Effect of NH4Cl on Heat Inactivation of Asparagine
Synthetase in Scutellar Extract. -

Extracts O included or @ did not include 10 m
NH4Cl and were assayed using 10 m NH4CL and

routine concentrations of other substrates

(see "Methods"). Circles represent single

assays. Procedure for studying heat inactivation

is given in the text. -Control activity was

4.92 nmoles asparagine/20 minutes/assay tube.
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extraccs which stabilizes or destabilizes asparagine synthetase. Imn

. previous experiments, the difference in decay rates was greatest when

!

the extracts contained gluﬁhﬁine: at 45°C, the half-life of enzyme

activity was. about three minutes in mature root extzact and 20{:inutes

. . . o : .
in scutellar extract. In this experipent, 45 heat denaturation curves

\

were compared for scutellar extract plus glutamire, mature root extract
plus glutamine (which-were both control extracts) and a mixture of the
two. AS seen in Figure 19, the two control extracis were diluted to
one—half strength, in order that‘any unkﬁown factor would be present
iﬁ equal concentrations in control and mixed extracts. By using

albumin, protein concentration was made roughly equivalent in all three

*

. ra
extracts; the amounts of albumin to be added were estimated from a

knowledge of .protein concentration in extracts used in previous

experiments.

v

If the existence of two isozymes constitutes the sole reason

4

for the large difference in rates.of decay for mature root and

scutellar enzyme, the sum of enzyme activity in both control extracts

- -

- should equal activity in the mixed extract for all preincubation times.

If a destabilizing factor exists in the mature root extract, activicy

in the mixed extract should decay at the same rate as in the mature

root eégract. If a stabilizing factor exists in the scutellar extract,

" activity in the mixed extract should decay at the same rate as in the

-

scutellar extract. . -

-7 Contreol détivity in the mixed extract was 116% the sun of

individual control activities, but after five minutes preihcubation

5
L
.

£
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Figure 19.

Experimental Design for Heat Irnactivation in Mixed
Scutellar and Mature Root Extracts.
1Sephadex—filtered mature root extract generally
has a nuch lower protein content than Sephadex-
filtered scutellar extract. Albumin is added to
mature root extract to make totgl protein
concentration similar in each extract. Extracts
C-F include 10 mM glutamine and the protein
concentrations are adjusted to 900 ug/0:2 ml.

e e T
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at ASOC, actiyity in the mixed extract fell to 76Z the sum of activities
in the individual extracts (Table 15 and Figure 20}. This suggests

that some factor from mature root extract destabilizes asparagine
synthetase, 2 conclusion which is confirmed by examining the similar
rate 65 activity décay in mature root and mixed extracts (Figure 20).

In both, the half-life of activity degaﬁ was 4.0 minutes between one and
fivé ninutes pre%gcubation. Between 5.0 and 15 minutes preincubitiog,
activity in‘the mixed extract had a half-life of 8.9 minutes while

activity in mature root extract had a half-life of 6.7 minutes; this

difference may be significant. Activity in the scutellar extract was

- b ]
-

stable for five minutes at QSOC_énd.then dec;;ed with 2 half-life of
about ten mimutes. In summary, the results suggest the presence of a
destabilizing factor in the mature root extract which is not present in
the scutellar extract, but do not completely rule out the existence of
isozymes. This experiment has illustrat¢d that different components

in different maize extra;ts can affect the thermolability of asparagine
synthetase. It ié éherefore unwise to conclude that isozymes exist in
two different tissues, merely because rates of activity decay differ

in Sephadex-£filtered extracts from those tissues.

~
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Figure 20.

. ——— -

.-

Effect of Mixing Scutellar and Mature Root Extracts
on the Heat Inactivation of Asparagine Synthetase.

Experimental procedure is .described in the
text and in Figure 17. Extracts were preincubated
at 45°C and assayed using 10 mM glutamine.

O Mature Root extract; control activity = 4.12
nmoles asparagine/20 minutes/assay tube.

@® Scutellar extract; control activicy = 2.89
nmoles asparagine/20 minutes/assay tube.

A Mixed extract; concgol activity = 8.12
nmoles asparagine/20 minutes/assay tube.

All points on gfaph'represent individual
asS3YS.

\~
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DISCUSSION

N | ,

A. Nitrogen Metabolism

1. Seed Development

-

The maize endosperm serves an important function in the storage

-

of nitrogen, which will eventually be made available to the embryo

upon germination. Nitrogen is stored as protein amino acids; there are

- -

three major categories of storage protein in maize (&)

L. Globulins; which are rich in glutamate, glutamine,” aspartate,
asparagine-and arginine.

2. Prolamines, which are rich iﬁ proline and glutamine but low in R

arginine aﬁd lvsine.

3. Glutelin, which contains a similar amount of proline as the
prolamines, but has higher amounts of arginine and lysine (15).

) During development of the endosperm, there is a rapid increase
in RNA, DNA and protein between 15 and 30 days afrter pollination (22),
followed_bj a period of much slower increases. Abght 40 days after
pollination, a second rapid increase in proteig levels occcurs and
continues until maturity. The two periods of rapid protein increase
could represent the deposition’of different types of storage protein (4).
Throﬁghout the development of the embryo, protein increases at a fairly

constant rate (22).

Nitrogen and carbon of the seed protein could originate from the

.

84
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~ degradation of senescing leaf protein. --A secoﬁd alrernative would be 2
pgﬁmary synthesis of amino acids within ;he sged irself. In the latter
| case, the carbon would be obtained_froﬁ_leaf photosynthate and the
nitrogen from the soil. In both‘éereals and legunmes, the amino acid'
composition og the vegetative protein, soluble amino acid.ﬁool of the
endosperm andrengpspérm reserve protein are all quite different {(&).
It is therefore lggiéal to conclude that_éxtensive interconversion of
aﬁino aci occurs before their incorporation inte reserve protein.

The séant amount of-wo;k done onicotn xyiem sap analysis has
indicated that glutamine is thé most predominant amino acid, followed
by asparagine, aspartate, glutamate, valine and leucine (23). Thus

. the developing endosperm probabl& receives substantiad émountg of ghese
amino acids. More extensive analysis has been done on wheat, which
1ike corn is a cereal. Kirckman and Miflin have shown ;hat in maturing
wheat, asparagine and glutamine are the two predominant'amino acids in
the xylem (24). During ear formation, glucaﬁine and asparagine levels
Vafy'considerably at the stem base, but asparagine always constitutes
58-50% of the xylem amino acids ag the top internode. The predominance
of asparagine in the xylem and the relaéive enrichment of the xylem sap
with asparagine as it ascends the plant has aiso been observed in
legumes (2,24). Nitrate is also found in.the-xylem sap of wheat, and
increased nitrogen nutrition increases xylem nitrate more than it
increases amino acid nitrogen (24).

There is no in vivo evidence that indicates that asparagine

is synthesized in the &pdosperm. However, Sodek and Wilson found that

-.//
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;&C-lysine was partly converted tg.glutamate and proline in maize
endosperm (45). This shows that the endosperm is capable of amino ac?@
degradation 2nd résynthésis.

In this study, it was found that-on a per endosperm basié,
asparagine synthetase levels rise substan:ially between nine and 20
days after pollination. Oaks_et aZ. found that in maize endosperm,
Bo?h asparagine synthetase and.glutamine synthetase levels vise
dramatically between 10 and 13 days afrer pollination (37).

Although both amides are imﬁortant components of the storage
brotein, it seems unlikely that substantia; synthesi; of the émides in
the endosperm is usually necessary, because high levels of each are
entering from the xylem. Atkins et al. found that during most stages
of lupine seed developmént, less than 20% of asparagine entering the
seed is needed for synthesis of pr;tei; asparagine (2). Kirckman
and Miflin found that asparagine and aspartate accounted foxr 72% of
amiro acids in the top internode xylem but onl& 4.2% of grain protein
in wheat during the grain-filling stage (24).

Two observations ir this project cast doubt on whether the
levels of extractable asparagine actually reflect in vivo asparagine
synthesis: |
1. Asparagine inhibits the endosp;rm reaction moderately: 2.0 oM
asparagine inhibited over 50Z. Thus high levels of asparagine in the
endosperm would inhibit asparagine syﬂthesis. More recent experiments

have shown that the embryo asparagine synthetase 1is inhibited even more

strongly by asparagine (Ross and Oaks, unpublished results)
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2. AExﬁfactable enzyme levels per endosperg in a ecrude extract are much
lower when tissue is homogenized in two rather than ten ml of extraction
buffer per graﬁ of tissue (Fig. 7). This could reflect the higher
concentration of asparagine or some other inhibitor in the more
concentrated extract. .

It seems likely that éonversion of asparagine to qfher amino acids
needed for reserve protein synthesis should be a more'importanc .
fgnction of the endo;perm than asparagine synthesis. However, synthesis
of asparagine for the purpose of nitrogen St?éige could become importan&
if the supply of nitrogen to the endosperm ;;ceeded the supply of
carbon available for the synthesis of amino acids. This might happen in
a nitrogen:fich soil, which might lead to a relatively high flow of
nitrate in the xylem, as has been observed in wheat. This project has
demonstrated that the enzymatic machinery for asparagine férmation does
exist in both the developing endosperm and in the developing embryo.

2. Germination

When a desiccated mature seed is exposed.to appropriate
conditions of temperature, moisture and aeration, germinatioﬁ can
occur t&). This is characterized by imbibition of water by the seed
and later by ivpransport of resexrve materiél tp the embryonic axis.

Ingle et al. studied changes in nitrogénous conponents of the‘
endosperm, scutellum and embryonic axis during ge;ﬁination and early
seedling growth of maize (21). The level of protein containing ethanol-

insoluble nitrogen rose in the axis and remained constant in the

Y
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scutellum during the period studied (0-5 days afte; imbibition). Levels
of free amino acids were low in all three tissues bgfofe imbibition and
increased suBstantially only in the‘axis. These résults suggest that
the gfowing axis uses nitrogenous materials derived from storage |

protein in the endosperm; these materials ‘must travel through the

-

scutellum.
éenerally in plants, the amino acid composition of the reserve
protein is very diéferent from the soluble amin?‘acid composition of
the reserve tissue or the axis (4). Folkes and Yeﬁm found that in
barley grain, the storage protein contained much larger amounts of
glutaﬁate, glutamine and~§roline than did thé'protoplasmic protein,
and that the.storage protein was deficient in several other amino acids
such as arginine and lysine (16). They concluded that during
gerﬁination, nitrogen from glutamine and proline is used for ;he
synthesié of the amino acids which are deficient in the storage protein.
Sodek ana Wilson found that in maize, the amino acid compesition of
scutéllar and axis protein;is fairlx similar, but differs substantially
from the composition of tﬁe endosperm protein (45). Ingle et al. suggest
that the scutellum may be'a major site of amino acid interconversion (21).
Oaks féund that when lac—acetate was fed t; maize scutellum,
most of the lz‘C recoveres in the scutellum asialc;hol soluble amino
acids was found in glutamate and glutamine; 1.3% of soluble l&c was
in asparagine (32). However, asparagine accounted for 35% of soluble
carbon recovered in the root tip. She concluded that asparagine is a

major component of the transport system leading from the scutellum to
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the root tip; 2nd that most other amino acids in the scutellum were

ot as accessible to the transport stream. ' When lacéacetate was fed

to a mature section of the root}'considerable lac—agﬁaragine was, e
recovered théfeé when'lac-acetatehgas fed to the rooi“tip region,
extremely lictle 14C wésﬂrecovgred-as asparagine.

O2ks' observations are consistent with results from éhig
project, which have shown that on a Eresh weilght basis, a;paragine
synthetase activity is higher ia the scute}lum or mature root than in

the root tip, dévelOping endosperm or developing enbryol .~Since no .

asparagine synthetase activity was detected in endosperm tissue three

days after imbibition, it appears that the finélistep_in the conversion
of ﬁrotein nitrogen to‘asparagine nitrogen beéins in the scurellum and
continues in_;he mgtufé;root. In the scutellum, this conversion .
reaches its maximal rate about two days after imbibition (Table 9).

The asparagine %ynthesized in probably used to transport nitrogen

from the SCutellaf.region to the root or shoot of the plant. During
this period of the seedling's g;owth, photosynthetic activity is just
bggi;ning,'so iv is particularly import;ut to use an amino acid with a
low C:N ratio k%u&h as a;paragine) as a nitrogen.trapsport ;omPOund;
In the root tip or shoot tip, transported asparagine could be
reconverted to other amino aczds needed for enzymatic protein synthesiS'
asparagine nitroggp could also be used for nucleic acid synthesis.
Unfortunatei&, no work was done on older seedlings, which would obtain

relatively more nitrogen from the soil as endosperm and scutellar

nitrogen became depleted. One might expect asparagine synthetase levels



to decrease in the scutellum and remain- high in the mature root. 7

On a fresh weight basis, asparagine synthetase activity in Ehe,
cotyledons of young soybean seedlings was four times higher than in -
maize scutellar tissue. This difference reflec;g the even more

dominant role of asparagine as a transport compound in soybean that .- -

in corn. Asparagine constitutes up to 60Z of the socluble nitrogen of -

soybean sap and is the doﬁinant.amino 2cid at all times of deﬁeloﬁment*;

(26). In corn, glutamine is more predcminant than -asparagine’as_a
~ - - .t e

transport compound (23). ﬁ. L -

Product ibhibition studies indicated that in céntrast to the
50% inhibirion of the endosperm enzyme reaction by 2.0 mM asparégine,

the scutellar and mature root enzyme reactions were inhibited less than

30 by 10 ﬁH asparagine (Tables 6,19). The regulation of asparagine

syathesis in the latter two tissues by asparagine Is probably not 1

advantageous to the seedling; nitrogen is transported from there to

other areas of the plant, and carbon can be comserved if much of the

nitrogen .is transported as part of a low carbon molecule such as

asparagine: Asparagine inhibited the lupine cotyledon reaction more
strongly than the maize scutellar reagtion. In both these tissues,
asparagine is éy;thesized for export; perhaps the ﬁéed for moderate
regulatioh of asparagine syathesis in soybean cotyledons exists® only
because enzyme levels are so high. .

. -

B. Characterization of Asparagine Synthetase

1. The Amidotransferases

As mentioned before, asparagine synthetase is a member of the
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amiaotrag;ferase gréup of enzymes, which catalyze the transfer of the

amide group X glutamine to another molecule. Work has beén done on . a
the structure and function of other amidotransferases which may have a
_re;ationship to the structure and function of asparagine synthetgse.

frotta‘eé al.- have found that carbamyl phosphate syntﬁgtase con;ains

| two polyp;pcide chains of unequa;_polecular weight (52). The heavy

chain will catalyze an ammonium-dependent’ synthesis of carbamyl

phosphate whi}g the light chain catalyzes glutamine hydroiysis-only.
ngethgr, the two chaiﬁs cah catélyze a glutamine-dependent synthesis
of carbémyl phosphate.. I£ has ‘been proposed that in the complete
reaction, glutamine binds to the light chain and donates the amide
aitrogen to the heavy chain, where the éemainder of the reaction takes
place. Because otherHamidocransferages such as anthranilate
synthet#se (54) seem to operate in a similar fashion, Trotta has
proposed that many amidotransferases may have evolved from the union of
ammonium—deéendgnt sjnthetase and glutaminase activities.

2. " Asparagine Synthetase: General Considerations

Although there is-no concrete evidence that.asparagine
synthetase oeerates in the above mentioned fashion, ét least one
observation has been Qéde which 1is co;sistent with that model.
Plant and animal asparagine synthetases hayg been shown to
exhibit glutaminase activity which is independent of asparag;ne

synthesis (20,43).

-

The most detailed study on a plant asparagine synthetase has

-
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been done bxﬂ?ognes on lupinelcotyledon enzyme (43). He has showmn
that the enzyﬁe catalyzes the fqrmation of equimolar amounts of AMP,
PPi and asparagine. The initia ocity kinetic patterns of the
glutamine-dependent reaction indicate that glutamine dr AIP—Mng add
first to the enzyme, followed by the release of:PPi. Aspartate then
binds to the enzyme, followed bf the relegée of glutamate and

asparagine.

-~

When the enzyme was filtered through Sephadex G-200 in the

.
-

abseﬁce of HgCli and ATP, it eluted as one band with a molecu%gf welght
of 160,000. When eluted in the presence of ATP and MgCl,, it had a
molecular weight of approximately 320,000.. Rognes concluded thac the
luplne asparagine synthetase is an oligomer in the absence of substrates
but assoc1ates to 2 dioligomer in the presence of ATP-Mg + There is no
evidence from Rognes' results that the two oligomers of lupine asparagine

synthetase are in any way equivalent to the two unequal subunits of

carbamyl phosphate synthetase described by Trotta (52).

3. Effect of Substrates on Stability
i Rognes also found that the lupine enzyme was extremely
" thermolabile in the absence of substrates at 37°C, but that the
reaction was linear for 60 minutes at the same temperature (43), He
cqncluded that substrate binding must result in a much more stable_
conformation. He also found that the enzyme was stable when stored

. < .
in the presence of all substrates at —-25 C, and states that the protectiag

effect appeared to be due to ATP and HgClz.
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In this project, it was found théc when ATP was omitted frqm
the extraction buffer, almost all the activity was lost after
filtration through Sephadex. This suggests that asparagine.synthegase
;rreversibly denaturés during the enzyme preéaration iq tpe absence
of ATP. This.is in agreement with Rogunes' statement.

Heat denaturation studies have indicated that glutamine also

protects asparagine synthetase, but in a much different fashion from

- ATP. It is not necessary to extract the.ehzyme and pass it through

-

Sephadex in the presence of glutamine, in order to retain activicy.
However, glutamine protected asparagine syntﬁetase from heat
denaturation #t 45°C in at least four maize kissues: maéure root,
scutellgm, developing embryo and deveioping enéosperm. This sﬁggests
thaé glutamine binds to the enzyme and changes its conformaﬁion to a
more stable form. The alternate substrate NH4C1 diéd ‘not affect ;he\yﬁte
of inactivation, indicating that it has a much less dramatic effect
than glutamine on the enzyme conformatien.

4. Effect of Potential End Products on the Enzyme ﬁeactien

A comparison of end product inhibition of asparagine synthetase
reactions in séveral tissues is shown iﬁ Table 19. The effect of
asparagine on plant enzyme reactions has been discussed in relation to
seed development and germination. In general, asparagine inhibited the
reaction in developing maize tissue more sérongly than in young

seedling tissue. Asparagine inhibited the mouse leukemia enzyme

reaction more strongly than any plant tissue reaction that was studied.
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By far the strongest inhibition by a;;;?agine was in the E. colz reéction.
However, this enzyme. cannot use gluta¥ine and large differences between -
it and animal or_plant asparagine synthetases are to be éxpected.

-

‘The negligible inhibition of the scutellar reaction by 10 mM

-

glutamate is consistent with Lea and Fowden's observation éhat 150 mM

L]

glutaméte %nhibited the lupine cotyledon reaction only 50%. Glutamate is,
perhaps, a poor candidate for fegulation of aéparagir:e synthetase,
because it is involved in a variety of reactions not relaped to
asparagine metabolism, and high levels of glutamate might be needed at
the same time that asparagine,synt%esis_is riagired.

There is little difference between the amount of inhibition by
2.0 mM ADP and 2.0 mM AMP in either the scutellar or mature root
reaction (less than 45% inhibition in all caées). This differs from:
the results of Lea and Fowden, who found a much stronger inhibition of
the lupine\enzyme reaction by AMP than by ADP (27).‘ It seems unlikeiy
that AMP or ADP would be useful regulators of aspaiagine synthetasé
in vive, because ﬁhey are products of so many other enzyme reactions.

5. Effect of ATP on the Enzyme Reaction

Rognes found that free ATP inhibited the lupine enzyme reaction,
but that when H32+ was added in molar excess of ATP, no inhiﬁition was
observed (43). He concluded that an ATP-M32+ complex was the actual
substrate. In this project, when a crude scutellar extract was used,
10 =M ATP inhibited the reaction 60X, while maximal activity ;as obtained

»

with 1.92-4.32 oM ATP (5.32 mM MgCl2 was used in all cases). The low
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activity obderved with 10 mM ATP .could have ;esuited from ong or both f\“\;__‘\
of the foll wing %easons: . : . L \
T (1} The ufevof 10 mﬁ ATP meant that ATP was in. excess of }!gCl2
by 4.7 mM. Inhibition could have been caused by free ATP, in which
case it could have beén eliminated by using greater than 10 mM MgClé.

(2} Since ATP was not pﬁ—;djusted before addition to the assay
mix, the higher concentration of ATP (which is acidic) could have
lowered the pH of the reaction mixture, aad thus lowered che reac&ion .
rate of aspéragine synthetase. A more.recent experiment has shown that {

pH—adjus:ed 10 mM ATP inhibits the mature rcot reaction in 2 Sephadex-

filtered extract by only 13Z (Ross and Oaks, unpublished data).

6. Effect of Bovine Serum Albumin on Enzyme Reactions

The observation in this proje;t that albumin doubles asparagine
synthetase activity innSep%adex-filtered mature reot extract is similar
in some ways to observations by Schrader et al. (44). When albumin.or
casein was iﬁcluded in extracts of several different plants, up to
15-fold higher nitrate reductase activity was obtained. They also
found that the added protein protected the enzyme from decaying at 0%.
Schrader et al. suggested that a diversion of protease activity from
nitrate reductase could account for the added protein's protective effect,
and also suggested three possible explanations for the increase in
activity: )

(1) A grinding medium containing albumin decreases binding of

nitrate reductase to broken plastids and organelles (criginally suggested
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by Daliing et al. (14).
(2) The added protein prevents an inhibitor from binding to

nitrate reductase.

(3) A higher concentration of protein in the extract may prevent
dissociation of the nitrate reductase mslecule. ‘

In this project, it seems unlikely that a protease is active
against asparagine sihchetase, because.the reaction is linear for 90
minutes (Figure 11). It is also unlikely that any of the remaining.
three explanations can account for the observed effect of albumin in
this project. Whereas Schrader extracted the enzyme iﬁ the presence of
added protein, the albumin was added after collection of the éephaﬁex—
filtered eﬁtract in this project. Therefore, tﬁe aibumin could neot be~
affecting the binding of enzyme“to organelles, preventing an inhibitor
from binding to the enzyme during extraction, or preventing dissociation
of the protein during extraction. Addition of albumin to a purified
.nitrate reductase from Chlorella increased the activity several fold
(Yamaya and Oaks, unpublished results). This observation can also not
be accounted for by the above explanation.

The effect of albumin on the a;paragine synthetase reaction
could be related to-cﬁé/:;ructure of asparagine synthetase. It is
possible thai’the enzyme has separate binding sites for glutamine and
ammonium; these sites may even be on different subunits if asparagine
synthetase is similar in structure to other amidotransferases (52,54).

During the preparation of the Sephadex-filtered extract, the relative

position of the two binding sites could be shifted due to.some minor
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change in the conformation of the enzyme. This qpuld lead to a less
efficient transfer of the amide nitrogen of glutamine to the ammonium
binding site during the reaction. Albumin could be acting to restere
the enzyme to its original conformation and thus allow the reaction to
go more quickly.. Perhaps the effect of albumin results from some
interaction between it and aéparagine synthetase, or from a chénge in
'Jviscoslty of the reaction medium. )

The above explanation is consistent with the observations that
albumin has a much less pronounced effect on the amﬁonium—dependént
activity than on the glutamine-dependent activity, and that albumin
has no effect on the glutamine-dependent activity in crude mature root
extracts. Albumin had no effect on enzyme activity in Sephadex-—
filtered scutellar extract. Possibly the higher concentration of
protein in the scutellar extract protects.the enzyme from the reversible
change in conformation hypothesized above for mature section enzvme.

It is Interesting to note that only 39% of activity was recovered when
mature root extract was filtered through Sephadex and asggyed minus
albumin. JIf the Sephadex—-filtered extract is assayed in ehe presence
of albumin, the percentage recovery rises to about 80%. The latter
figure is comparable to the recovery of activity when scutellar or

endosperm extracts are filtered through Sephadex (81% and 66%,

respectively).

7. NH4C1 and Glutamine as Alternate Substrates

Although the glutamine-dependent asparagine synthetase reaction
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.in Sephadex-filtered mature root e tract‘i; linear for at least 90
minutes (0.20 nmoles asparagine/min\.), the NHACl—dependent reéction
exhibits a different pattern-(Figure ll); During thé first ten
minutes, asparagine I1s férmed at the rate of 0.36 nmoles/min., while
fetween 20 and 90 minutés, the reaction is line;r but has slowed &own
to 0.13 nmoles/min. These results are consistent with the existence
of twe asparagin; synthetase enzymes. Oqe can use either glutamine
or NHQC1 and is stable for 90 minutes at 35°C in the presence of
substrates. IThe second can use NH401 only and denatures completely
within 20 minutes. )

A summary of the Km values and ahtivity.:gtios obtq}ned for
glutamine and NHQCl in various asparagiqé synthetase rffﬁf¥ns is
shouwn in Tablé 20. Asparagine synthetase from lupine and soybean
exhibits a strong preference for glutamine over NH&C1; the NHACl:glﬁta;ine
Km ratio is at least- three to one in favour of glutamine (27,42,46).

(The activity ratio of 2.2 obtained for the goybéan reaction in this
project.is, however, much lower than Streeter's value of four). The Km
and activicy ratios are much lower for the maize enzyme. It ié !
interesting to note that the Sm for NﬁACl dees not-vary much in any of
the plant reactions studied. The lupine and soybean enzymes can,
however, react ?sing a mﬁch lower glutamine concentration than the maize
enzymes. This observation is consistené-with the relative importance

of asparagine as a nitrogen transport compound in legumes compared with

Sm

corn. In legumes, asparagine is the dominent transport compound (2),

while in corn, more nitrogen is transported as glutamine than as
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”
asparagine (23). The Xm values and nitrogen transport results suggest
that legumes are more efficient than corn in incorporating nitrogen
into asparagine for transport or storage.
" 8. Subcellular Location of Asparagine Synthetase

In 2 sucrose gradient experiment employing corn root tip
extract, 96X ;f asparagine synthetase activity was found in the soluble
fraction of the cell (P. Gadal, persoﬁal communication). This result
is consistent with two experiments én l;gume extracts,“which have both
indicated that asparagine synthet;se is a soluﬁleienzyme (27,46).

Gadal's result is also consistent with in vivo work which suggests that

asparagine is synthesized outside the mitochondria (31,46).
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