Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



AMINOACID METABOLISM IN PLANTS:

THE BIOSYNTHESIS OFF -CYANOALANINE AND ASPARAGINE IN
LUPINS

A thesis presented in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Biochemistry at Massey University.

Michael Lever

1970



CONTENTS
Summary
Introduction
Methods and Results
General Materials and Methods
Comparison of Cyanide and Sulphide Assimilation
Assay Methods for /E-Cyanoulunine Synthase

Distribution and Development of the Cyanide
Assimilation System

Partial Purification of)B-Cyanoalanine Synthase

Aspartate, Fumarate and Glycine as Asparagine
Precursors

Other possible Precursors of Cyanide or Asparagine
Investigation of Cell Free Systems for New Enzymes
Discussion

Relationships between Cyanide and Sulphide
Metabolism

Biogenesis of Cyanide

p.9

p.14

p-16

p.44

p.63

p.102

p-110

p-115



3

Pathways of Asparagine Biosynthesis

General Discussion of Asparagine Metabolism

References

p. 120

p.130

p.137



lll..

(73]
o

".3.

.

.

4.2

4.3

4.4

LIST OF TABLES
Chromatography Solvents

Assays for Substitution Reactions Catalysed by Lupin
Acetone Powers

Substrate Requirements for the Floss Assay

Linearity of Floss Assay

Stability of F-Cycnoclonine Synthase (pH 7.3)
Controls for 355-cysfeine Assay

Linearity with Time of 3SS—cys'reine Assay

Stability of F—Cyonoalonine Synthase with Cyanide
Stability of {;—Cyonoolcnine Synthase {pH 8.4)

Development of Aspaiagine and P -Cyanoalanine
Synthase

Distribution of y ~-Cyanoaianine Synthase between
Plant Organs

Subcellular Distribution of F-Cycnoalanine Synthase

Effect of Changirg HCN Concentration on the
Assimilation of HI4CN

p.15

p.20

p.30

p.30

p-33

p.34

p.34

p-35

p.5)

p. 53

p.54

p.54



ir.

1.

.

5.1

SNz

528

5.4

6.l

Acetone Fractionation Experiments
Initial Trials of Ammonium Sulphate Fractionation

Ammonium Sulphate Fractionation of Freeze Dried
Powder Extracts

Substrates and Cofactors for [5-Cyanoalanine
Synthase

Loss of 14CO from Sodium Carbonate in Bray's
Solution

Loss of ]4CO from Hyamine Carbonate in Bray's
Solution

Retention of Carbonate in a Modified Bray's Solution
. 14~ . .

Incorporation of = 'C into Aspartate and Asparagine

R 4. .

Distribution of =~ C in Aspartate and Asparagine

Standard Deviations of Results

Distribution of Label in Asparogine

Assays for Reduction of Cyanate and Carbamoyl

Phosphate

Assay for Dehydtation of Formamide

Assay for F’-Cycmoalcmine Hydratase

3

Assays for Asparagine Synthetase

.66

.70

.71

.76

.82

.82

.84

~8p

2

- 101

- 105

. 107

. 107

-109



|

231

8.2

3.8

.3.4

281.'5

36

4.1

.4.2

4.3

4.4

4.5

5.1

5L

LIST OF FIGURES

All-Glass Apparatus for Supplyi_ng Radioacti ve Gas
Linearity of 3SS—Cysfeine Assay with Enzyme

Linearity of Colorimetric Assay with Time (pH 7.3)
Effect of pH on F—Cyanoolonine Synthase Activity

Relationship Between Colorimetric Assay and Enzyme
Concentration

Time Course of Colorimetric Assay (pH 8. 4)

Effect of Heat on /;-Cyonoolanine Synthase

Development of P-Cyonoolanine Synthase Activity
ﬁ -Cyanoalanine Synthase Activity in Light & Dark

Grown Seedlings

Cyanide Assimilation

Lineweaver-Burke Treatment of HCN Assimilation

Data

Chromatograms of Cyanide Assimilation Products

Acetone Fractionation Apparatus

Chromatography of F—Cycnoalcnine Synthase on
" Sephadex G200"

= 24

.38

.39

-40

.41

.42

.58

.59

.60

.61

.62

.64

.73



IV.4.1 Model of Asparagine Metabolism in Lupins p« ol



ACKNOWLEDG EMENTS

My greatest debt is to Dr. G.W. Butler, of the D.S.l.R., who
suggesfed this project, and who has provided valued criticism and guidance
at all stages, as well as arranging laboratory facilities during the initial
work.

The award of a University Grants Committee Post Graduate
Scholarship made possible the initiation of this work. lts continuation
when | moved to Lincoln College was facilitated by a grant from the
Lincoln College Research Fund. | thank Professor B.H. Howard for
arranging this, and for his continued help and interest.

Professor R.D. Batt, of Massey University, largely negotiated the
arrangements under which this work has been carried out, and | am éspecially
grateful for his making his department availldble for the comptetion of the
last experiments described here. Of Dr. Butler's colleagues in the D.S.I.R.
| would like to especially thank Dr. P.J. Peterson for his helpful criticism.
Dr. E.E. Conn, during his stay in Palmerston North, also contributed
useful criticism.

At Lincoln, the co-operation of Drs. Wilkinson and Simpson of the
W.R.O., and of Dr. Allison of the D.S.!.R., greatly increased the laboratory
facilities available to me.

| apologise to all those who helped, but are not mentioned here.
One more, however, must be mentioneds my wife. But for Rhona this work

may never have been completed.



. SUMMARY

ﬁ-Cyonoolcnine synthase in etiolated seedlings of Lupinus
angustifolius is found mainly in the mitochondrial fraction of the cotyledons
and stems. In seedlings developing at 25°C in the dark it reaches a
maximal concentration after 5 days, at the same time as asparagine accumu-
lation is most rapid and other physiological changes occur. However,
maximal ability to assimilate HCN gas to asparagine develops after 3 to 4
days, before asparagine accumulation begins.

A partial purification of |upin?—cyanoa|anine synthase is described
and its distinction from cysteine synthase confirmed.

Carbon-14 labelled substrates were supplied to etiolated seedlings
of lupin in order to identify precursors of asparagine. Four carbon acids
related to the TCA cycle were readily converted to asparagine in vivo
but not in vitro; the carbon skeleton of aspartate is retained in asparagine.
Comparison of the distribution of label in the carbon skeletons of aspartate
and asparagine from plants supplied carboxyl labelled fumarate shows a
separation of the aspartate pool for asparagine biosynthesis from most cell
aspartate. Metabolites that could be expected to give rise to cyanide and
F-cycnoclanine are relatively ineffective as asparagine precursors.

Thus the é-cyanoalanine pathway is not of major importance in

asparagine biosynthesis in lupins.
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il. INTRODUCTION

When Blumenthal-Goldschmidt et al. (1963) and Tschiersch (1963)
observed that HMCN supplied to higher plants was converted into asparagine
by way of ‘g— cyanoalanine, serine providing the other three carbon atoms,
the possibility suggested itself that the initial reaction of this pathway was
catalysed by a relatively unspecific cysteine synthase, possibly the same as that

described by Bruggemann et al. (1962)

CH, OH (lZHZSH
(i)  cysteine CHNH, " +HS ——2= CHNH "+ OH™
synthase | _ _3
COO COO
CH,OH CH,CN
' i
(i)  B-cyanoalanine CHNH "+ CN=—3= CHNH," +OH~
synthase | _ i B
COO COO

Alternatively, these abservations may be a clue to a solution of the vexed
question of asparagine biosynthesis in piants. Described here is work
intended to evaluate the metabolic role of these processes.
During the course of this work much relevant information has been

published. Floss et.al. (1965) studied cell-free systems containing

E—cyonoolonine synthase, and found that cysteine could replace serine as
a!subs’rrc’re. Hendrickson and Conn (1969) have recently described a pcrfiol
purification of ,@—cyanoolonine synthase from lupins, and they corroborate

the evidence described here that the lupin enzyme will utilise cysteine as

substrate but not serine. Meanwhile, doubt has been thrown on the signific-
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ance of the enzyme described by Bruggemann et al., since the metabolically
important substrate for cysteine synthase in higher plants now appears to be
O-acetyl serine (Giovanelli and Mudd, 1967; Thompson and Moore, 1968).
Hendrickson and Conn found that lupin F-cyanoalonine synthase will utilise
O-acetyl serine as substrate at 5% of the rate that it will utilise cysteine.

In addition an O-acetyl serine dependent cysteine synthase was found in
their plant material, localised in a different subcellular fraction. Fowden
and Bell {1965) have investigated the distribution of F-cyonoolcnine hydrat-
ase, which converts i@-cyandolcnine to asparagine in legume species, and
found that it is absent in those that accumulate F-cyanoclonine and
\(-glutamyl-‘ﬁ -cyanoalanine. Thus it is established that a wide variety of
higher plants possess two enzymes, [5 -cyanoalanine synthase and /B—cycnoalonine

hydratase, that catalyse what will be called in this thesis the " F-cycnoolcnine

pathway" .
CH,SH CN~ SH™ CH,CN H,O CH,CONH
! 2 \\J ! 2 2 I 2 2
CHNH, " . CHNH, - \—'b-CHNH;
_ /5'~cycnoo|onine -~ p-cyanoalanine | B
COO synthase COO '  hydiatase COO
cysteine /chonoalonine asparagine

This information, in conjunction with the earlier results described here,
makes it most improbable that the enzymes of the I@—cyanoalonine pathway are
involved in cysteine biosynthesis in plants. The emphasis in this work was
thus directed more towards elucidating the relationship between cyanide

assimilation and asparagine biosynthesis in etiolated Lupinus angustifolius

“seedlings; these plants accumulate up to 30% of their dry weight as asparagine,



12

and also readily assimilate cyanide. The development of F—cyonoclon'cne
synthase activity was studied as a function of plant development, and
compared with the development of the ability to assimilate exogenous
cyanide and with the accumulation of asparagine. Radio-active substrates
were supplied to intact plants to study which were the preferred substrates
for asparagine biosynthesis, and to look for possible precursors of cyanide;
attempts were made to locate the asparagine synthetase described by
Webster and Varner (1955 a & b) but not found by other workers
{Meister, 1962; Lees et al., 1968). The results suggest that the major
pathway of asparagine synthesis is from four carbon dicarboxylic acids,
and not from cyanide; but an isolation of an asparagine synthetase was

not achieved.
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. G ENERAL MATERIALS & METHOD S

Seeds of blue lupin (Lupinus angustifolius L.) were obtained from

Yates (N.Z.) Ltd. They were soaked in 0.2% " Zephiran" for 5 minutes,
rinsed, and stood in tap water for 2 hours. They were then germinated on
vermiculite, either in darkaess at 25°C or in a controlled environment
cabinet (12 hr. light period, 2000 f.c., 24°C).

Acetone powder preparations were made from 12 day old seedlings
by blending the plant material with about 5 times its volume of acetone
at -16°C, and rapidly filtering on a Buchner funnel. The filter cake was
rehomogenised with the same volume of cold acetone and filtered, the
washed cake being finally rinsed with cold "Analar" acetone and dried
under. reduced pressure.

Freeze dried plant powder preparations were made from 6 day old
seedlings by first freezing the plant material on metal trays at -16°C or,
preferably, by dropping it into liquid nitrogen, and then freeze drying.
The dried plants were ground at 2°C in an electric coffee grinder set
up in a cold idboratory: the ground material was then sieved through a
30 mesh sieve and the powder stored in a vacuum desiccator over calcium
chleride.

Protein determinations were carried out by the colorimetric method of
Lowry et al. (1951), using a modified Folin & Ciocalteau reagent. In each
case the optical density at 750 nm was determined in a Bausch & Lomb
""Spectronic 20" spectrophotometer, and the protein concentration estimated

from a standard curve prepared using bovine serum albumen.
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Unless otherwise noted, radioactive materials were obtained from
the Radiochemical Centre, Amersham, England. Plant tissues that had been
supplied with radioactive material were usually killed and extracted with
boiling 80% aqueous alcohol, followed by water. Variations are described
in each relevant section.

The separation methods used were high voltage paper electrophoresis
and descending paper chromatography. Unless otherwise stated, electro-
phoresis was carried out on Whatman 3MM paper with a pyridine acetate
buffer pH 5.3 made by diluting 25 ml pyridine and 10 ml glacial acetic
acid to 2.5 litres with distilled water. The potential was from 3 to 5 KV,
depending on the instrument used. Chromatography was carried out either
on Whatman No | or 3MM paper. The solvent systems used are identified

in the text by the code given in table I11.1.1.

TABLE I11.1.1

Chromatography Solvents

Solvent Proportions Code
n.butanol:acetic acid: water 12:3:5 by volume BAW
n.butanol:ethanol:water 2:2:1 by volume BEW
n.butanol:pyridine:water 1:1:1 by volume BPW 1:1:1
n.butanol:pyridine:water 6:4:3 by volume BPW 6:4:3

phenol:water 4:1 by weight @BOH
n.propanolswater 7:3 by volume PropW

Radioactivity was located on electropherograms and chromatograms
either by autoradiography or with a chromatogram scanner. The chromatogram
scanners used were a Nuclear Chicago "Actigraph" (Mark 1) and a Packard

instrument.



16

2. COMPARISON OF CYANIDE AND SULPHIDE ASSIMILATION

Materials & Methods

Seeds of blue lupin were germinated as descri:bed above.

Seeds of onion (Pukekohe: Allium cepa) werel soaked in 0. 1%
""Zephiran" solution for 5 min, rinsed, and stood in tap water for 30 min.
They were then germinated on vermiculite in the controlled environment
cabinet.

Seeds of Pinus radiata were laid on a wad of water saturated filter

) .
paper and kept at 2°C for 14 days: at the end of this time they were germ-
inated on vermiculite in the controlled environment cabinet.

lodoacetamide and S-acetamidocysteine were prepared by the method:

described by Schiff (1964).

In vivo experiments:

Seedlings were removed from the vermiculite, washed with tap water,

and exposed to either HMCN gas or H235
. 14 35 .
figure 111.2.1. The K 'CN and N02 S used were 0.44 and 6.9 mCi per

S gas in the apparatus illustrated in

mole respectively at the start of this work, the latter decreasing substantially
during the course of it. This was allowed for in experimental design and
interpretation. Later work used cyanide of higher specific activity.

The radioactive gas was released by tipping in acid, and 0.5 to
4 hr after this, the complete stopper unit was removed in a fume cupboard and
50 ml boiling 80% ethanol added to kill the plant material. The flask was

then boiled briefly on a hotplate to expel residual HCN or H,S. The plant

2

material and aqueous ethanol were homogenised in an MSE high speed
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homogeniser for 5 min, then filtered on a Buchner using Whatman No. 541
filter paper. The filter cake was washed and rehomogenised with 80%
ethanol, filtered agﬁin, and this cake then homogenised with water. The
filtrates were combined and evaporated to dryness in a rotary evaporator at
35°C, and the resulting material redissolved in 2 ml 10% aqueous isoprop-
anol. Radioactive components were separated by high voltage electrophoresis
and chromatography on Whatman No. 1 paper (solvents preferred: ¢OH
separates aspartate from IB-cyonoolonine and asparagine; BPW 1:1:1 separates
P-cyonoolonine from aspartate and asparagine).

Two modifications of this procedure were used to identify the labelled
sulphur-containing aminoacids in the plant extracts from sulphide-feeding
experiments. In the first, portions of the extracts prepared as described above
were oxidised by evaporating them to dryness in a vacuum desicator with 30%
hydrogen peroxide; this conve:ted cysteine and cystine to cysteic acid, and
cysteic acid was separated from sulphate and other sulphur compounds by
paper chromatography with BPW 1:1:1, and by electrophoresis. In the
second modification, after removing the stopper unit in the fume cupboard,
crushed dry ice was edded and allowed to evaporate to expel residual HZS,
Then 50 m| iodoacetamide (0.25%) in 80% ethanol was added at -16° to
the still frozen plant material. The flask was stoppered and stored for at
least 24 hr at =16°C. The plant material and solution were then homogenised
and the soluble components extracted as described before, using in addition
chromatography solvents BAW and PropW. In the second medification, cystine

is not affected, but cysteine is converted to S-acetamidocysteine.
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The insoluble residues left after filtration were digested with "Pronase"
(A proteinase of broad specificity supplied by Calbiochem, Los Angeles,

USA, and derived from Streptomyces griseus: Nomoto et al., 1960).

Pronase was dissolved in 0.01M phosphate buffer at pH 7.2, with 50 pg
chloramphenicol per ml added to prevent bacterial growth (Peterson & Butler,
1962). Each sample was incubated for two days at 35°C with 2 ml of this
preparation, at the end of which time about 1 ml of hot ethanol was added
and the suspension centrifuged. The supernatant was kept and the pellet
resuspended in 50% ethanol, and then re-centrifuged. The combined
supernatants were evaporated to dryness in a vacuum desicator, and the

dry material redissolved in 0.5 ml 10% aqueous isopropanol as described
before.

Control experiments were carried out on lupin and onion plant
material that had been autoclaved for 20 min at 120°C. The plant material
was autoclaved in conical flasks; the stopper units were added and the rest
of the experimental procedure carried out exactly as before.

Tentative identifications of the substances separated were confirmed
by co-chromatography with an authentic sample, using two dimensional
chromatography and autoradiography. In the case of sulphate, co-chromato-
graphy was carried out with carrier free 355-su|phofe and the chromatograms
scanned. On scanning, only peaks due to sulphate were found, and the
areas under these were found to be the sum of the areas under the sulphate
peaks in parallel chromatograms of carrier free sulphate and suspected

sulphate.
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In vitro experiments:

These were carried out on acetone powder preparations of 12 day
old lupins. Acetone powder (0.5 gm) was shaken with 20 ml potassium
phoiphote buffer (0.1 M, pH 7.3) for 1 hr at 0°C. At the end of this
time the extract was centrifuged in a "Servall" refrigerated centrifuge
(10,000 g for 20 min). The supernatant was dialysed against 5 litres
of the same buffer, at 2°C.

Table Il1.2.1 summarises the relevant experiments carried out
using this material: further. work on this system is described in the next
section.

At the end of the incubation period 1 ml 10% trichloroacetic acid
was added to each mixture; the precipitated protein was removed by
centrifugation at 2,000 g for- 15 min. The aminoacids in the supernatants
were absorbed on to "Zeokarb 225" columns. After washing with water,
the aminoacids were eluted with 2% ammonia and the eluates evaporated
to dl‘)'bess: the dry material was redissolved in 1 ml 10% aqueous isopropanol.
Port':c;ns (50 ’Jl) were sepo.rcfed by chromatography on Whatman No. 1 paper,
using the solvents BPW 1:1:1 and BEW; radioactive aminoacids were located by

scanning.
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TABLE I11.2.1

Assays for Substitution Reactions Catalysed by Lupin Acetone Powders

Aminoacid Substrate Radioactive Substrate PALP added Extract Boiled
L cysteine 5}1Ci KMCN Yes No
L cysteine 6'JCi N°2355 Yes No
L cysteine ! No No
L cysteine L Yes Yes
L serine " Yes No
L cyanoalanine L Yes No

In a total volume of 2.0 ml phosphate buffer (0. 1M, pH 7.3) were mixed
aminoacids (5 Pmole), radioactive substrate, 1.0 ml fresh or boiled extract of

acetone powder, and in some cases 0.2 tJmOIG pyridoxal phosphate (PALP).

14 35

K" 'CN, 36.8 mCi/m mole; N02 S, 6.0 mCi/m mole.



FIGURE 111.2.1

All Glass Apparatus for Supplying Radioactive Gas

stopper containing

0.5 ml of 0.5M H,SOy,
tipped to release HCN
in a sealed System

B14 joint
Stopper <
Unit
= —J«—K“CN or N0235$
solution in 0.1M KOH
L

«——— B24 joint

+—250 ml conical
flask containing
plant material
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Results
Lupins
. . . 14 .

When lupin plants were supplied with H" "CN gas, the major labelled
products were P-cyonoolanine and asparagine, with lesser amounts of |abel
also appearing in aspartate and some uni:dentified compounds. This pattern
was observed in plants 2 days and older, and no difference coujd be observed
between dark grown plants and light grown plants. With younger plants and
shorter time intervals the proportion of label in F-cyonoalanine increased.
Quantitative data on cyanide assimilation is discussed in section Ill.4. In
the control experiment with autoclaved lupin plants label appeared in many
different .compounds, but none in é—cyanoalanine, asparagine, or aspartate.

. . 35 .

When lupin plants were supplied H2 S gas the major labelled product
was always sulphate, which accounted for nearly all of the label: aminoacid
peaks were always at least an order of magnitude smaller. Plants grown in
the light for 12 days or more incorporated some label into free cysteine or
cystine, which could be detected as cysteic acid. Attempts to identify
S-acetamidocysteine were inconclusive because of low activity (c.f. onions,
below): thus lupins probably contain little free cysteine, and the cysteic acid
. . . . 35.. . .
is probably derived mainly from cystine. Most ~~S in aminoacids was found
in the products of digestion with "Pronase", although in no case was it very
substantial. Most effective incorporation was observed in 12 day old light
grown plants. When these were cut up, and the separate organs exposed to

35 ; . . . s P
H2 S, label was most pronounced in the aminoacids obtained by digesting

the insoluble portion of the green stem and leaf sections.
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Thus exogenous H25 supplied to lupins appear to be more rapidly
oxidised to sulphate than it equilbrated with any sulphide pool involved in
aminoacid biosynthesis.

With autoclaved lupin plants, some label was incorporated into
material that failed to move from the origin on chromatography and electrophor-
esis. A very slight amount of activity was observed in the position of sulphate,
but no activity corresponding to sulphur amino acids was observed.
Onions

Onion seedlings were selected as examples of monocotylodons because
onions are known to synthesise a variety of sulphur compounds related to cysteine
(Virtanen, 1965). Onion seedlings incorporated HMCN into ? -cyanoalanine
and asparagine as soon as germination commenced (after 24 hours): but, as
with lupins, label from H2355 was not incorporated into sulphur amino acids
in the first two weeks of development, although much labelled sulphate was
produced. However, older onion seedlings incorporated label into cyst{e)ine,
(identifiable both as cysteic acid and as S-acetamidocysteine), occurting both
in the soluble fraction and in digests of the insoluble residues. The identific-
ation of S-acetamidocysteine demonstrates that onions, in contrast to lupins,
readily incorporate exogenous sulphide into a substantial pool of free cysteine.

Pines

Pine seedlings were investigated as examples of gymnosperms. Two week
old pine seedlings incorporated label into F-cyonoolanine and asparagine,
at a very slow rate compared with lupin and onion seedlings. Incorporation was

greater with 4-week old plants, but still about five times less than for other
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plants used. Label from H235$ was not detected in material identifiable
as cysteic acid or as S-acetamidocysteine. However, since the amount of
chelled' sulphate produced in these experiments was much less than that
detected in the corresponding experiments with lupins and onions, it is
possible that the length of the experiments was not sufficient for detectable

label to accumulate.

Cell Free Systems

In the experiments summarised in table I11.2.1 (p. 20), cysteine and
cyanide were extensively converted to /B-cycmoolonine. Quantitative data
for this reaction are given in the following section {I11.3). A labelled product,
identified chromatographically as cysteic acid, was detected when cyanide
was replaced by sulphide. The radioactivity in this was only about 5% (estim-
ated from peak size on chromatogram scans) of that in ﬁ—cyanoalonine in the
parallel experiment. Pyridoxal phosphate did not affect the incorporation
of sulphide; in parallel experiments (next section), it did not affect the incor-
poration of cyanide. Recently, Hendrickson and Conn (1969) have shown
that a partially purified /B-cycnoolanine synthase preparation catalyses the
exchange of the sulphydryl group of cysteine with inorganic sulphide; thus the
labelling of cysteic acid is more likely to be catalysed by this enzyme than
by pyridoxal phosphate dependent cysteine synthase.

Label was not incorporated into identified aminoacids in other incubation
mixtures (table 111.2.1). Thus F-cyonoalonine formation does not appear to
be a readily reversible process; serine is not an effective substrate for

l@ -cyanoalanine biosynthesis in lupins, and a cysteine synthase (serine dependent)
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does not appear to be present. Floss et al. (1965) found serine to serve

as a substrate for F-cyonoolanine in crude extracts from Lotus tenuis; Hendrickson
and Conn (1969) have confirmed that the serine is not a substrate for the purified
lupin enzyme (see also I11.3 and I11.5 here), although O-acetylserine is a substrate.
These last authors have also shown there to be an O-acetylserine dependent
cysteine synthase in lupin seedlings. O-Acetylserine was not tried in the

work described here, as this work was completed before its role in bacteria

was published.
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3. ASSAY METHODS FOR 6-CYANOALANINE SYNTHASE

Methods

Crude extracts of acetone powders were prepared by shaking 1 gm
powder with 40 m| potassium phosphate buffer (0.1 M, pH 7.4) or tris - HCI
buffer (0.2M, pH 8.4) for 1 hr at 2°C. Some extracts were dialysed for
5 hr against 5 litres of solution, using a rocking dialyser (Barbour and Gledhill,
1962).

F-Cycnoclanine synthase was assayed by three methods. The first was
essentially that of Floss et al. (1965). To prepare in incubation mixture, 5
}.:moles cysteine and 0.2 }.-moles pyridoxal phosphate in 0.5 m| water were
added to 1 m| buffered protein solution. The reaction was started with 5 }JCi
KMCN (36.8 mCi/mmole), incubated in stoppered tubes at 30°C for 1 hrand
stopped with addition of 1 mi 10% trichloracetic acid and 2/.|mo|es
F-cyanoalonine in 1 ml water. The precipitated protein was removed by
centrifugation at 2,000 g for 15 min, and the amino acids in the supernatants
were absorbed on a "Zeocarb 225" resin column. After washing with water,
the aminoacids were eluted with 2% aqueous ammonia and the eluates
evaporated to dryness in a rotary evaporator. The dry material was redissolved
in 1 ml. of 10% aqueous isopropanol and 5’J| portions separated by chromato-
graphy on Whatman No. 1 paper, ussing ¢OH as solvent. The radioactive
areas on the chromatograms were located with the "Actigraph" chromatogram
‘scanner and the areas under the peaks estimated as a measure of enzyme

activity: this method was standardised by eluting one chromatogram and

detemining the activity in a "Packard" liquid scintillation spectrometer, using
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the solution described by Bray (1960).

Trials were carried out using different enzyme preparations, and both
phosphate and tris buffers.

The other two assay systems depend on the assumption that HS is a
product of the reaction (Dunnill & Fowden, 1965, Floss et al., 1965).
In the second assay, production of H2355 from L-cysteine-ass was determined
“in Conway microdiffusion units. The outer compartment contained enzyme
preparation in 0.1 M potassium phosphate buffer pH 7.3, 0.1 ml (5 ,Jmoles)
potassium cyanide solution, and 0.2 ml L-cysteine -355 solution (made
by mixing 30 pmoles fresh carrier L-cysteine in 3 ml with 8,Jmo|es L-cystine-35$
in 0.8 ml a few minutes before the start of the assays), in a total volume of 1.8 ml.
The units were sealed and incubated at 30°C. The reaction was stopped by
adding 1.0 ml 0.1 M NaOH to each centre well and 200 'Jl of concentrated
sulphuric acid to each outer compartment. The units were immediately resealed
and left overnight for diffusion to proceed to completion. Spurious results
were obtained if the sodium hydroxide were put in place before the enzyme
reaction had been allowed to take place: these can be attributed to the alkali
absorbing the cyanide substrate, which at pH 7.3 is present mainly as unionised
HCN. Portions {0.1 ml) of the alkali from the centre wells were counted in
Bray's (1960) solution with a "Packard" liquid scintillation counter. The
cysteine-355 substrate solution was also counted under similar conditions,
to calculate the enzyme activity in molar units.

The third and préferred method also depended on determining the

production of sulphide, this time colorimetrically as methylene blue.
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It was suggested by the assay method used by Siegel (1965) for sulphite
reductase.

Fresh solutions of potassium cyanide (50 Fmoles/ml in0.05M
tris=HC1 buffer pH 8.4), cysteine hydrochloride (IOIJmoles/ml in0.05M
tris=HC1 buffer pH 8.4) were made up daily. 0.5 ml of the cysteine solution,
a portion of the extract being assayed, and buffer to make a volume of
2.9 ml were placed in a Thunberg tube at 30°C. Cyanide solution (0.1 ml)
was added, the tube stoppered, shaken and maintained at 30°C. At the end
of the incubation, a mixture of 0.5ml 0.03 M FeC*ﬂ3 in 1.2 M HC1 and
0.5 ml of 0.02M p-amino-N, N-dimethylaniline in 7.2 M HC1 was tipped
in from the stopper. After 20 min or more the precipitated matter was
centrifuged at 2;000 g for 10 min and the supernatants were read at 650 nm
in a Bausch and Lomb " Spectronic 20" spectrophotometer, against a blank
made by carrying out the procedure without protein. The method was
calibrated with solutions of sodium sulphide, standardised iodometrically

with sodium arsenite (Vogel, 1951), by mixing these with the other components

of the assay mixture after the incubation.
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Results

B(perimeﬁfs using Floss Assay

The Floss assay was used to investigate the subsfrdfe requirements
(table I11.3.1). No activity could be detected with serine as substrate, though:
activity with cysteine as substrate corresponded to 10 nmole F-cyanoalanine
per hr per mg protein. Dialysis of crude acetone powder extracts was necessary
to remove substances that interfered with the isolation of F-cyonoolonine.
Linearity of the .assay with time was studied, and the data in table 111.3.2
shows that the reaction is cpproxiﬁcfely linear for about three hours.

Tests on the stability of the enzyme were carried out. |t was found that
storing crude éxtracts of acetone powders in 0.05 M phosphate buffer (pH
7.3) at 0°C for 24-hours, and that freezing and thawing these same crude
extracts, did not significantly diminish their activity. However, extracts
made up in a cysteine phosphate buffer (0.05 M phosphate 0.025 M
L-cysteine; pH 7.3) lost approximately two thirds of their activity in 24
hours at 0°C.

The effects of EDTA and glycerol on the stability of the enzyme
were also determined. Portions of a crude extract from an acetone powder
were mixed with equal volumes of either water, 0.01M EDTA solution, or
glycerol. These mixtures were then incubated at 30°C for 0, 2 and 5 hours
before the cysteine and cyanide substrates were added to start the usual assay.
The results obtained are shown in table 111.3.3. Glycerol proved markedly
inhibifory; the hint of a possible slight stimulation by EDTA is confirmed

in section Ill.5 (table I1i.5.4).
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TABLE I11.3.1

Substrate Requirements for Floss Assay

Substrates Experiment
1 2
Serine (P moles) o 5
Cysteine (p moles) 5
Cyanide (lJ moles) 0.13 0 13
27 0

B -cyanoalanine formed (nmole/hr)

TABLE 111.3.2

Linearity of Floss Assay

Incubation Time Area Under B-CNala Peak Area per Time
r
. 2 2 . -1
min cm mm min
5 0.4 8
20 1.5 8
60 4.6 8

180 13.0 7
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. TABLE 111.3.3

Stability of B-Cyanoalanine Synthase (pH 7.3)
_ i

Reagent Added Time of Preincubation Relative Activity
Water 0 83
Water 2 25
Water 5 71
EDTA (0.01 M) 0 | 100
EDTA (0.01 M) 2 87
EDTA (0.01 M) 5 79
Glycerol 0 58
Glycerol 2 52
Glycerol 5 10

Equal volumes of crude extract of acetone powder and reagent were mixed

at given time before assay.
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A series of control experiments was also conducted in which radio-
active cyanide was incubated under the usual experimental condition with
no enzyme extract, or with a boiled enzyme extract. Though a variety of

products were obtained with cysteine, pyridoxal phosphate and metal ions,

only one such unidentified artefact appeared in the eluates of the ion exchange

columns, and this was separated from [g—cyanoclcnine in the chromatography
step.

Experiments Using 355-cysteine Assay and Microdiffusion

The second assay, using 35S-cysteine in microdiffusion units, was
tested for linearity with respect to the concentration of enzyme, with the
result shown in figure I11.3.1. Boiled controls and assays without pyridoxal
phosphate or cyanide were also carried out, with results summarised in
table 111.3.4.

The time course of the reaction was examined both in the presence
and in the absence of crude enzyme (table 111.3.5).

A small, but not negligible, reaction takes place when cyanide
is added to the incubation mixture in the absence of enzyme (tables 111.3.4
& 111.3.5; figure 111.3.1). This appears to depend only on the cyanide and

5S-‘cysteine, being approximately the same in all experiments, and not
increasing with time. This is consistent with a rapid reaction between
cyanide and a radiochemieal impurity in the 355-cysteine.

A test of enzyme stability at 30°C in the presence of cyanide
was also mode. Portions from the incubations for 2 hr-and 17 hr were assayed

for activity after the start of the incubation, as shown in table 111.3.6.
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Cyanide has little effect on the stability of the enzyme, in contrast to
the results obtained with cysteine, which markedly decreases the stability

at the same pH (7.3).

TABLE 111.3.4

Controls for 3SS-Cysteine Assay

Experiment Activity (Total cpm x 10-3)
Complete Mixture 22.2
—pyridoxal phosphate 21.7
—cyanide 0.1
Boiled Extract 1.2

The complete mixture consisted of 1.0 ml crude extract of acetone powder,

5 }Jmoles cyanide, 2 Pmoles 35S-L cysteine and 0.2 Pmoles pyridoxal phosphate
in a total volume of 2.0 ml phosphate buffer. Activities in crude extracts
were 70-75 nmoles hr-] ml-] by this assay, assuming that the 355-cysfine

equilibrated with the cysteine in the time allowed.
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TABLE I11.3.5

Linearity of 355—Cys'reine Assay with Time

Activity (cpm x 10-3)

15 min 30 min 60 min

Total Activity (cpm x 10'3) withe

enzyme , 3.6 5.2 10.0
Total Activity without enzyme 143 1.6 1.5
Difference Between Above 2:3 3.6 8.5
Boiled Enzyme 0.9
Without Cyanide w b cam 0;2

TABLE 111.3.6

Stability of ﬂ-Cy_cnoalanine Synthase with Cyanide
-1

Activity (cpm product/hr) .«

2 hr Expt 17 hr Expt
. . 3 3
Protein alone incubated 5.2x 10 2.6 x 10
3 3

Cyanide + protein incubated 5.0x 10 2.1x.10" -




TABLE 111.3.7

Stability of 3 -Cyanoalanine Synthase (pH 8.4)

35

Time Before Assay at Temp. Activity (Absorbance x 103)
(hr) 0°C 30°C
2.5 170 164
5 170 166
24 168 154

Portions (0.2 ml) assayed by colorimetric assay after storage at 0°C or

30°C for various times.
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Colorimetric Assay

The third assay used, the colorimetric assay,. is the method of choice.
It is sensitive, simple, and requires much more readily available materials
and apparatus sinqé. the product (methylene blue) absorbs in the visible region
of the spectrum. The amount of reaction with time was studied in a medium
buffered at pH 7.3, with the results summarised in figure 111.3.2. It will
be seen that the reaction is linear for at least 30 minutes, and that a small
"blank" reaction also occurs (cf 355- cysteine assay); the latter does not
change with time.

Figure 111.3.3 shows that enzyme activity increases rapidly with
increasing pH. This agrees with observations by Floss et al. (1965), which
indicate that cyanide ion is the substrate: the pK(J of HCN is 9.1 at 25°C, sO
little cyanide ion would be present at neutral pH. By using a variety of buffers,
Hendrickson and Conn (1969) confirmed the results given here, and extended
the pH range to about pH 11; above pH 9.5, enzyme activity falls.

To achieve greater sensitivity, the linearity with enzyme concentration
was checked at pH 8.4. Figure I11.3.4 shows the relationship between enzyme
concentration and activity; the response is linear in the range used in later
experimeﬁfs. Figure 111.3.5 shows the time course; once more there is a
small non-enzymic reaction. The enzymic redcfic‘a.n is linear for at least
5 min. rThis was the time infervcl chosen in further work.

The time taken for maximum colour development was investigated.
After the E—cmino—N, N-dimethylaniline was odcied, the absorbance was

192 at 10 min, 200 at 20 min and 201 at 60 min. -Thus the reaction is
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comp.lete within 10 to 20 min, and 30 min was routinely allowed in experi-
mental work using this assay.

Some further tests on the stability of the enzyme were carried out
(table 111.3.7). It will be seen that F -cyanoalanine synthase is stable
at pH 8.4, losing only 10% of its activity in 24 hrs at 30°C: this is greater
stability than shown at pH 7.3 (table 111.3.6). Samples of the same prepar-
ation were heated for 5 min in water baths at various temperatures, chilled in
ice;and then 0.2 ml portions were assayed, with the results shown in figure
iI11.3.6. The stability of the enzyme decreases sharply above 50°C.

When the colorimetric assay was standardised with a sulphide solution,
it was found that absorbance was proportional to sulphide concentration, and
that one absorbance unit was equivalent to 0. 53 ,Jmole sulphide.

Extracts of acetone powders contained 2.5 to 3.5 mg/ml protein.
Extracts of lyophilised plant material contained 6 to 10 fold more protein,

with correspondingly more enzyme activity (c.f. section Ill.5).
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FIGURE I11.3.1

Linearity of 3SS-Cysfeine Assay with Enzyme
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Time interval 1 hr, pH 7.3. Assuming complete equilibration

of 3SS-cys’rine with cysteine, activity corresponds to 33 nmole/hr/mg protein.



FIGURE I11.3.2.

Linearity of Colorimetric Assay with Time (pH 7.3)
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Activity measured at 650 nm with a Bausch and Lomb " Spectronic 20"
spectrophotometer. Assays at pH 7.3 in tris-HC1 buffer. Cyanide and cysteine

(5 pmole each) and 1.3 mg protein in 3 ml total volume.
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FIGURE 111.3.3.

Effect of pH on fJ-Cyanoalanine Synthase Activity.
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FIGURE I11.3.4

Relationship Between Colorimetric Assay and Enzyme Concentration

(pH 8.4)
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Time interval 30 min, pH 8.4. In later work (time interval 5 min),

absorbance was measured in a range where the response is linear.
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FIGURE 111.3.5

Time Course of Colorimetric Assay (pH 8.4)
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Enzymi c reaction data obtained with protein (0.5 mg) and substrates
incubated at 30°C in a tris-HC1 buffered medium (pH 8.4). Absorbance read
against blank reaction (without protein) for each time interval. These blanks

read against water, are plotted as "non-enzymic reaction".
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4. DISTRIBUTION AND DEVELOPMENT OF THE CYANIDE A SSIMILATION

SYSTEM
Methods

Plant material was prepared for F—cyonoolonine synthase assay and
asparagine assay by one of two procedures. In the first, it was rinsed with
water to remove the vermiculite, weighed, dropped into liquid nitrogen,
and then freeze dried. The freeze dried material was ground in a mortar
to a homogeneous powder. Portions of this were ground with the extracting
solution in a Potter homogeniser, and the suspension clarified by centrifug-
ation.

In the second, the vermiculite was washed off with water, and a few
grams wet weight of plant material was homogenised with 50 ml tris-HC]1
buffer {0.05 M, pH 8.4) in an MSE high speed homogeniser for 5 min.

The homogenate was strained through two layers of boiled muslin and portions
of the filtrate assayed.

Asparagine Assay:

Approximately 10 mg portions of the freeze dried powders were used
for the asparagine assays. Each was ground in a glass Potter homogeniser
with 5 ml glass distilled water, and the suspension clarified by centrifugation.
Portions (1 ml) of the supernatant from each were mixed with 1 ml of a 0.5
mg per ml solution of asparaginase (Worthington Biochemical Corporation
ASPC) dissolved in 0.05 M tris-HC1 buffer, pH 8.4: the mixture was incubated
for 1 hour at 35°C, ofter which 0.5 ml 10% trichloracetic acid solution was

added. The solution was again clarified by centrifugation and the supernatant
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assayed colorimetrically for ammonia with a modified Nessler's reagent.
Separate blanks for each sample were put through fhe: same treatment
without the asparaginase step: other Nessler chromogens were present, and
these absorbances were subtracted.

The modified Nessler's reagent used was based on that of Williams
(1964). Hgl2 (5.5 gm) and 4.125 gm Kl were dissolved in about 25 ml
glass distilled water. 14.4 gm NaOH were dissolved in about 40 ml glass
distilled water, and the solution cooled. Gum Arabic (0.2 gm) was
dissolved in 5 ml hot-glass distilled water, and the solution cooled. The
gum or;Jbic was added to the K2H9|4 solution and this solution chilled while
the cold sodium hydroxide solution was slowly stirred in. Finally 0.5 ml
1 M potassium sodium tartrate was added and the total volume made up to
100 ml with glass distilled water. This reagent was found to be stable for
some months at ZC_JC, when kept in the dark.

The colorimetric assay was carried out by diluting 0.5 ml of the
supernatants with 5 ml glass distilled water. Nessler's reagent {0.5 ml) was
added to each, and then rapidly mixed on a vortex mixer. After 20 to 25
minutes, the absorbance at 480 nm was reed in a " Unicam" SP 600
spectrophotometer. A series of asparagine and arother of ammonium chioride
standards were used for comparison: these gave almost identical standard

curves.
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3-Cyanoalanine synthase Assay:s

Portions (20 mg) of freeze-dried powders were extracted by homo-
genising them with 2 ml 0.05M tris-HC1 buffer, pH 8.4, in a glass Pof’rer'
homogeniser held in an ice bath. The suspensions obtained were centri-
fuged at 10,000 g for 20 min in a refrigerated centrifuge and the super-
natants assayed for [>-cyanoalanine synthase activity by the colorimetric
procedure described in the preceding section. In the alternative method,
crude homogenates were filtered through muslin, and 0.5 to 2 ml portions
of the filtrates were assayed directly by the colorimetric procedure.

Changes in -Cyanoalanine Synthase and Asparagine During Development

The first procedure used was to plant a batch of seeds and sample
seedlings at different ages. Problems of unconsious selection of atypically
vigorous plants, and of preparing fresh reagents each day, were minimised
by freeze drying large samples of seedlings.

The alternative procedure was to plant seedlings at intervals and
assay them all together. With small batches, the failure of a few seedlings
to develop nomally introduces large errors in this approach: the first procedure

is therefore preferred.
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Distribution of B-Cycnoclonine Synthase within the Plant

The disfriLufion of the enzyme between different plant organs was
investigated. Fresh and freeze-dried organs were homogenised, and the
filtrates of these assayed.

To investigate the subcellular distribution of the synthase, the
cotyledons, stems, and roots of 40 eight day old seedlings were separated
and ground in a cold pestle and mortar with cold sucrose-phosphate buffer
(0.4 M sucrose in 0.1 M potassium phosphate, pH 7.1; 1 ml buffer per gm
fresh weight plant material). The homogenates were strained through boiled

muslin and the filtrate treated as outlined in the scheme:

Strained Crude Homogenate

Centrifuged
10,000 g (20 min)

Pellet Supernatant
Resuspended, Centrifuged
Centrifuged 100,000 g (60 min)

500 g (10 min)

P'el let Superr&:font Peﬁef Supe'r'nafcnf
(discarded) "Microsomal Fraction" "Soluble Fraction"
Centrifuged

10,000 g (20 min)

Pellet Supernatant
i ri tion" (discarded)

1l
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All centrifugation steps were carried out at 0°C, and dll pellets resuspended
in sucrose-phosphate buffer. The "mitochondrial" and "microsomal" fraction
pellets were washed with buffer by resuspending and recentrifuging; the washed
pellets were resuspended for assay in 25 ml (mitochondrial fractions) or 5ml
(microsomal fractions) of buffer.

Portions (0.5 ml) of the mitochondrial, microsomal, and soluble
fractions from each part of the plant were separately assayed for
/B-cyonoalcnine synthase activity by the colorimetric method described in
the previous section.

Changes in Ability to Assimilate HCN:

Samples of three plants from the batches of seedlings used in the
development studies above were taken at various ages, and exposed to
HMCN in the apparatus illustrated in figure I11.2.1. The KMCN, was
in some cases diluted with carrier KCN so that the 10 pCi released into the
gas space was contained in either 0.30 pmole cyanide or in 1.84 ’)mole, Two
hours after the acid was tipped to release the cyanide, the complete stopper
unit was removed in a fume cupboard and 50 ml boiling 80% ethanol poured in
to kill the plants. These were then boiled briefly on a hotplate to expel residual
HCN. The plant material and aqueous ethanol were homogenised in an MSE
high speed homogeniser for 5 min, then centrifuged at 2000 g for 10 min.
The supernatant was kept and the pellet washed by resuspending, rehomo-
gen,ising and recentrifuging in 80% ethanol and then again in water. The
combined supernatants were evaporated to dryness in a Buchi rotary evaporator

o . . . . .
at 35°C, and the resulting material redissolved in 5 ml 10% aueous isopropanol.

Asparagine and ﬁcyonoolcnine were separated from 20 IJI portions of the
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resulting solutions by descending paper chromatography using the solvent
BPW 6:4:3. The sections of the chromatograms containing the aminoacids were
cut out as a standard sized strip and the MC in them counted by liquid
scintillation counting: each paper strip was placed in a vial with 15 ml 0.4%
PPO and 0.02% POPOP in toluene, and this was counted in a Beckman liquid
scintillation spectrometer. The counting efficiency of this system is
approximately 50%.

The identity of the labelled compounds on the chromatograms was
confirmed by 2-dimensional co-chromatography with authentic amino acids

in pairs of the solvents listed in table Hl.1.1.
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Results

Development of B-Cyonoalonine Synthase and Asparagine

l

Lupin seeds contain little or no asparagine or (5 -cyanoalanine

synthase activity. During the first 5 days after germination in the dark,
ﬁ-cycnoolonine synthase activity increases but asparagine is not
accumulated (table 111.4.1); but, as soon as the plumule starts to grow

at about day 5, the asparagine content increases rapidly. This apparent
maximum rate of asparagine biosynthesis conincides with maximum activity of
%—cyanoolcnine synthase (figure 1i1.4.1). Asparagine content is maximal
after 10 to 12 days, at which time F-cyonoclanine synthase activity is
declining rapidly and the dry weighf of the plant also begins a rapid decline
(table 111.4.1) suggestive of exhaustion of reserves: most plants died in the
fourth week. Figure Il1.4.1 summarised the results of assays of freeze

dried powders prepared from 12 seedlings of each age. Also included is a
study of the development of /E-cycnoalcnine synthase, carried out on
homogenates of seedlings grown under the same conditions from the same
batch of seed.

In the asparagine assays, the Nessler chromogens that were subtacted
from the total colour also varied with age. Until the age of 5 days they
exceeded the asparagine content: calculated as "pmoles NH+4" per plant they
increased from 19,Jmole at day 2 to a sharp peak of ll9}Jmo|e at day 5
and declined to 9,.Jmo|e at day 12. There was a small increase after this day;
the plants were now grossly etiolated, although tissue death and decay was

not apparent.



51

A comparison was made of the development of /B-cycnoolanine
synthase activity in light and dark grown plants, which were grown from a
different batch of seeds from thase wsed in the preceding experiments. The
results, presented in figure I11.4.2, show that light grown and dark grown
plants have maximal /B-cycnoclcnine synthase activity at the same age.
In view of the variations inherent in the method (the alternative one, p.46 ),
the apparently slower decline of f—cyonoolonine synthase activity in the light
grown plants may not be significant. it will be noted that plants from this seed
source yielded much more enzyme activity, although the pattern of development

is similar.

TABLE 111.4.1

Development of Asparagine and ﬂ—Cyonoalanine in Etiolated Lupin Seedlings

Age of Plant Dry wt. Plant Asparagine -CNala. synthase
(days) (mg/plant) {{umole/plon'r} (nmole/min/plant)
0 135 0 0
1 130 | 38
2 126 1 114
3 117 i 162
5 119 38 244
8 118 185 162
12 104 213 119
16 87 152 64

For each age, 12 seedlings were freeze dried and extracted together.
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Distribution Between Plant Organs

As illustrated in table 111.4.2, F-cyonoolonine synthase activity was
found mainly in the cotyledons and stems; the ratio of activity in the cotyledons
to that in the stems decreases during development, being nearly equal when
the plants are about two weeks old. Asparagine accumulates proportional ly
more in the stems. The distribution of synthase is similar in plants grown in
the light and in the dork.-

Subcellular Distribution

In all tissues of 8 day old etiolated lupin seedlings, F-cyonoolonine
synthase activity is located in the mitochondrial fraction. This is shown in
table I11.4.3. The distribution of protein differs from that of the synthase,
and the cotyledon mitochondrial fraction has a high specific activity of
F-cyonoolcnine synthase (over 300 nmoles/min/mg protein); this is much greater
than any other lupin fraction, and during the purification is only bettered after
two purification steps (section |11.5). Hendrickson and Conn (1969) used the
mitochondrial location of ﬁ-cyonoclanine synthase to obtain a more active
starting material than was used in the work described in the next section.

Changes in Ability to Assimilate Gaseous HCN

Dark grown seedlings of different ages were supplied with IO/UCi HIACN

in0.30 r.lmoles and in 1.84 Pmoles, for 2 hours. These plants were sampled

along with those used to obtain the data in table I11.4.1 (p. 49).
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TABLE 111.4.2

Distribution of ﬁ-Cyonoolonine Synthase Between Plant Organs

I

Age Plant Cotyledons Stems Roots

(days)
A. In low activity batch, dark grown.

Asparagine 5 31 35 8
P-Cyonoolonine synthase 5 237 82 42
P-Cyonoalonine synthase 16 39 40 1

B. In high activity batch, dark grown.
Wet weight (gm/plant) 12 0.35 1.26 0.45
Dry weight (mg/plant) 12 38 65 47
Proteinj content (mg/plant) 12 12 13 6
F-Cyonoolanine synthase 12 317 267 58
C. In high activity batch, light grown.
Wet weight (gm/plant) 12 0.47 0.76 0.58
Dry weight (mg/plant) 12 28 65 78
(B -Cyanoalanine synthase 12 426 276 56
Distribution of [J-cyanoalanine synthase activity between organs of lupin

seedlings derived from two different batches of seed. Units of /B-cyonoolonine

synthase, nmoles/min/plant.
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TABLE 111.4.3

Subcellular Distribution ofﬂ -Cyanoalanine Synthase

A. Synthase Activity (nmoles/min/plant) Mitochondrial Microsomal Soluble

Cotyledons 69 0 1
Stems 22 1 3
Roots 6 0 1

B. Protein Content (mg/plant)

Cotyledons 0.2 0.0 17.6

Stems 0.3 0.2 2.2

Roots 0.3 0.1 1.0
TABLE ill.4.4

Effect of Changing HCN Concentration on the Assimilation of HMCN

HCN level 1/HCN level Act. Asn +[3-CNala % Incorp. 1/HCN Assimilated

[

(’:IITIOIE) {Emole-]) (cpm) % {Emole-])
0.30 3.33 8920 20 16.6
0.77 1.30 7520 18 7.7
1.84 0.54 6080 14 4.0

15.4 0.07 1030 2 2.8

156. 0.01 140 0.2 2.0

Eight day seedlings supplied 10 ]uCi HMCN in total HCN in column 1.
In column 3 is activity in aminoacid products after 2 hr, determined in 1/250

total extract.
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The percentage incorporation into asparagine and F-cycnoolonine is shown in
figure I11.4.3. It will be seen that maximal ability to assimilafe. HCN developﬁ
after 3 to 4 days, before significant asparagine accumulation has taken place
and before maximum [ -cyanoalanine synthase activity developed (figure
I11.4.1, p. 49). When 0.30 ymole HCN is supplied, the proportion of label
appearing in B-cyanoalanine decreases from 21% at 3 days to 10% at 5 days,
subsequently increasing slightly. Thus when F-cycnoolonine synthase activity
is maximal, the smallest proportion of label from administered HMCN appears
in f-cycnoclonine. Thus /B-cycnoalanine hydratase activity is not rate
limiting and may increase at about this stage in development.

Eight day old seedlings from the same batch were investigated with -
a wider range of cyanide levels. The results obtained are summarised in table
I11.4.4. As all samples were supplied with HCN for the same length of time,
the mass of HCN assimilated by the /E-cycnoclanine pathway (calculated from
the activity observed in asparagine and F—cyonoclcnine) is a measure of the
rate of assimilation, provided this remains approximately constant over the
two hour time interval. |t will be seen from table 111.4.4 that at low HCN
levels, the percentage incorporation tends to an approximately constant
value of about 20%, i.e. total cyanide assimilation is proportional to cyanide
level. Unless there is further metabolism of asparagine to aspartate, and thence
to the TCA cycle, depletion of substrate did not introduce a large error into these
measures of average rates. Alternative pathways of cyanide assimilation are
probably insignificant {section 111.2; figure I11.4.5), and little aspartate was

labelled in these experiments.
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The data in figure 1l1.4.4 was also plotted in the manner of Line-

weaver and Burke: the result is figure I11.4.4. The system appears to conform
to Michaelis kinetics, and the apparent maximum velocity is about 0.5/Jmo|es
HCN assimilated by three plants in two hours. This incorporation is less than
* 1% of an-integration of [)-cyanoalanine synthase activity over the two hour
period (table 111.4.1).

Altough only a very approximate estimate, this difference of more
than two magnitudes gives substance to the belief that F-cyonoolcnine
synthase is not rate limiting in cyanide assimilation. The rate limiting step
may be one involved in absorption and transport of HCN to the mitochondrial
site of conversion to asparagine. As the data of figure Ill. 4.5 shows, HCN
incorporation into fJ-cyanoalanine and asparagine varies with age of plants,
but reaches maximum activity earlier than the synthase.

Preliminary experiments were carried out with seedlings grown from the
batch of seeds used to obtain the data in figure I11.4.2. As this data shows,
these develop high cyanoalanine synthase activity. They were supplied
H]4CN for only 0.5 hours. In this work, in contrast to that described before,
up to 16% of the activity appeared in_ospcr'rqfe. No consistent differences
were observed between light grown and dark grown plants. Detached cotyledons,
stems, and roots of 12 day old seedlings were incubated with HMCN, qnd it was
found (figure Ill.4.5) that roots were the most effective in cyanide assimilation,
accounting for 44% of the assimilation in dark grown plants and 57% in light
grown plémfs; this contrasts with 10% and 7%, respectively, of the synthase -

activity in these organs (table 111.4.2). These differences suggest that the
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rate of cyanide assimilation may be related to surface area, and are
consistent with the hypothesis that the rate limiting step is cyanide absorption
and not conversion to P-cyanoclcnine.

The appearance of label in aspartate suggests that there could be a
N 14 .
significant flux of = 'C from cyanide through the C-4 of aspartate to carbon
dioxide. Although it seems unlikely that this could be large enough to
invalidate fhe tentative interpretation proposed here, the possibility should

not be discounted.



ASPARAGINE (u mole/Plant )

FIGURE 111.4.1

Development of Asparagine and ﬂ-Cyonoalonine Synthase Activity in
v

Lupin Seedlings

300
A.
200 .l
200+
100
100
. ﬁ-_-
d. 0-0-0 1 1 L 1
0 5 10 15 20

AGE OF PLANTS (days )

—6——0—0— Asparagine content of seedlings.

-g--@--g- B-Cyanoalanine Synthase activity,)
determined in the freeze dried
powders used for Asparagine assay.

—A--—-A—---A-- B-Cyanoalanine Synthase activity,

determined in seedling homogenates.

B-CYANOALANINE SYNTHASE (nmoles /min /Plant )

58



09

FIGURE Ill.4.2.

/5 -Cyanoalanine Synthase in Light and Dark Grown Seedlings
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Lineweaver-Burke Treatment of HCN Assimilation Data
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FIGURE Il1.4.5

Chromatograms of Cyanide Assimilation Products
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5. PARTIAL PURIFICATION OF g—CYANOALANINE SYNTHASE
[

Some experiments were carried out on the purification of ,B-cycnoalanine

synthase from acetone powders and from freeze dried powders (prepared as des—
cribed in section [l1.1) of lupin seedlings. Freeze dried powders proved the more
convenient source.

As described in the preceding section, the activity of synthase that
could be extracted from these powders varied with age and with different
batches of lupin seed. Because high activity seed became unavailable, and
because it was known that Hendrickson had begun a similar purification pro-
gramme (Hendrickson and Conn, 1969), the work was not pursued far.

The purification procedures investigated include acetone precipitation,
ammonium sulphate precipitation, and gel filtration chromatography. These
were carried out at 2° -3°C except where otherwise stated. Centrifugation
steps were carried out in a "Servall" refrigerated centrifuge.

Some of the substrate and cofactor requirements were examined in more
detail than described in section 1.3, using partly purified synthase. The results
of this work are described at the end of this section.

(i) Acetone Fractionation

Methods
Extracts of acetone powders were prepared by shaking 1 gm powder
with 50 ml tris-HC1 buffer {0. 1M, pH 8.4) at 0°C. The extract was then
clarified by centrifugation for 20 min at 10,000 rpm. In the first three trials
10 or 20 ml of such an extract was taken in a 50 ml centrifuge tube, which

. . . . o .
was then immersed in an acetone-ice mixture at -15 to -20"C. Appropriate
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volumes of acetone at -15°C were added drop-wise from a graduated
pipette while the mixture was agitated by hand. After each addition of
acetone the mixture was stood for 5 min at -15°C before being centrifuged
at 15,000 rpm for 4 minutes at -15°C. The precipitates were drained at
-15°C and redissolved in tris—-HC1 buffer (0.05 M, pH 8.4); portions of the
fractions so obtained were assayed by the colorimetric assay described in
section 111 3. In the third trial the fractions were all flushed with a stream
of nitrogen to rapidly remove the acetone.

The fourth trial was an attempt to carry out acetone fractionation
on a preparative scale. Figure 111.5.1 is a diagram of the apparatus employed.

_Results

The results of the first three experiments are summarised in table
I11.5.1. This shows that the optimum fraction was found to be the 55% to
67% acetone fraction. The recovery of protein between 0 and 75%
acetone was better than80%, and enzyme recoveries of better than 40%
were achieved.

In the first trial, 15% of the initial activity was recorded in the
most active fraction '60-57%), with a purification of more than 2 fold; and in
the second triai, taking a smaller fraction (60 - 64%) a 17% recovery of initial
activity was obtained, with a purification of 4.6 fold. When only two fractions
were taken (0-55% acetone and 55-67% acetone), and the precipitates flushed
with nitrogen to rapidly remove acetone, 43% of the initial activity was recorded
in the second fraction, with a purification factor of 4.8. However, when an

attempt was made to scale this up 20-fold (using the apparatus shown in figure
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TABLE 111.5.1

Acetone Fractionation Experiments

Acetone Fraction Protein in Fraction Activity in Fraction Specific Activ.

% mg nmole min - nmole min_]mg-]
(a) Crude Extract 26 790 30
0-5 0.6 15 24
5-13 0.8 12 16
13-23 0.8 8 10
23-31 2.5 10 4
31-37 2.5 7 3
37-47 4.3 8 2
47-55 5.3 15 3
55-60 2.7 31 12
60-67 1.8 116 64
67-75 1.7 5 3
(b) Crude Extract 27 896 33
0-50 18 143 8
50-55 1.0 18 18
55-60 0.4 37 92
60-64 1.0 151 151
64-75 1.4 69 50
(c) Crude Extract 62 1760 28
-0-55 32 372 12
55-67 5.6 753 154

Three experiments in acetone fractionation of ﬁ-cyanoclcnine synthase;
(a), {b) and {c) dbove are the initial crude extracts, and the figures below each

show the activity in acetone fractions of each.
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I11.5.1), the recovery of activity dropped to 17%, with a purification of
4.6 fold.

(ii) Ammonium Sulphate Fractionation

Methods

Extracts of acetone powders were prepared by extracting 50 gm
powder with 2 litres tris-HC1 buffer (0. TM, pH 8.4) by stirring for an hour
in a polythene bucket at 2°C. After centrifugation at 12,000 rpm for 10 min,
the supernatant was dialysed overnight against 10 litres distilled water. The
dialysed extract was frozen in a dry ice-al cohol bath, and then freeze dried.
The product was redissolved in water, using one tenth of the initial volume,
and dialysed against 5 litres tris-HC1 buffer (0.05 M, pH 8.4).

Freeze dried powders (200 gm) were prepared by a similar method with
2 litres buffer: this ratio could not be achieved with acetone powders because of
a tendency to form a gel. The protein concentration in extracts of freeze dried
powders was higher than in those obtained from acetone powders: specific
activities were also 1.5 to 2 times greater than found in extracts of acetone
powders that had been concentrated by lyophilisation.

A saturated solution of ammonium sulphate {pH adjusted to 8.4 with
ammonia) was added dropwise to portions of the extract. After 15 min the
suspension was centrifuged at 12000 rpm for 10 min. The precipitates were
redissolved in tris-HC1 buffer (0.05 M, pH 8.4) and portions assayed for

F-cycnoalcnine synthase activity.
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Results

Initial experiments with ammonium sulphate fractionation were carried
out on a low specific activity crude extract (8 nmole/min/mg protein) that -had
been extracted from acetone powder by 0. 1M tris, instead of tris buffer as usual.
Table Ill. 5.2 summarises the first two experiments, and also shows fypfcal results
from the later scaled-up preparative experiments; the last case shown illustrates
the preparation of ammonium sulphate fractionated material for further purification
(see below).

It will be seen from table I1i.5.2 that enzyme activity precipitated mainly
between 47% and 60% saturation with ammonium sulphate, with 70% of the
initial activity being recorded in this range and with a purification factor of
better than 10 for the low specific activity crude extract. The crude extracts
~with the more typical specific activity of 26 nmole/min/mg protein, were
purified 5.7 fold.

~Table [11.5.3 shows the results of a fractionation carried out on an

extract of a freeze dried powder. Although the 45% to 60% saturated fraction
has a similar specific activity to that obtained from extracts of acetone powders,
the purification factor:is less because of the higher initial specific activity.

(iii)  Gel Filtration

-Methods
"Sephadex G 200" was swelled in tris-HCY buffer (0.02 M, pH 8.4)
and packed into columns of various dimensions, the bottoms of which were
supported by sintered polystyrene discs. The gel was then washed with tris-
HCI buffer (0.01 M, pH 8.4). The enzyme preparations used had already

been partially purifiéd by ammonium suiphate fractionation, and contained 20



69

to 40 mg per ml protein in 0.05 M or more concentrated trissHC1 buffer. The
preparation was layered on to the surface of the gel through a capillary, forming
a layer below 0.01 M tris-HC1 buffer (pH 8.4). The protein was eluted with
0.01 M trissHC1 buffer, collecting fractions with LKB apparatus.

The fractions collected were assayed for F-cyonoolcnine synthase activity,
and the most active fractions pooled. These were then frozer; in adry ice-
alcohol bath, and freeze dried. The residues were redissolved in water.

Further purification was achieved if this material was applied again to a smaller
""Sephadex" column.
Results

The firstirial of gel filtration was carried out on the material obtained in
the " 1st scaled up experiment" listed in table i11.5.2, a 47% to 60% ammonium
sulphate fraction of an acetone powder extract. The fractions obtained varied
in volume from about 5ml tc 10 ml , as they were collected for constant
time. Each was assayed for protein content and enzyme activity. Figure I11.5.2
is a graphical representation of the results. In this experiment, the purification
was 1.95 fold and the yield in fractions 4 and 5 estimated to be less than 25%.

It will be seen that the peak of synthase activity occurs slightly after the main
protein peak, and well before the second protein peak. This separation was
improved in subsequent experiments in which protein concentration was

monitored with an LKB "Uvicord" and recorder.
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TABLE I1l. 5.2

Initial Experiments with Ammonium

Sulphcte Fractionation

(NH)) SO Frac. Protein in Fraction  Activity in Frac. Specific Activit
422= Y Y
-1

. =1 . =1
% mg nmole min nmole min 'mg

—

First experiment:

Crude Extract 230 1846 8
0-33 38 110 3
33-50 28 695 25
50-67 18 1062 59
67-80 9 17 2

Second Experiment:

Crude Extract 230 1846 8
0-33 36 68 2
33-41 18 136 8
41-47 9 186 21
47-55 10 665 67
55-60 7 650 93
60-67 11 140 13

Ist Scaled up Experiment:

Crude Extract 180 13,100 /i
47-60 82 6900 84

2nd Scaled up Experiment:

Crude Extract 750 19500 26
45-60 39 5760 148

"Crude extracts" are extracts of acetone powders that hod been concentrated
by lyophilisation.
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TABLE 111.5.3

Ammonium Sulphate Fractionation of Extract of Freeze Dried Powder.

(NH,),SO,Frac.  Protein in Frac. Activity in Frac. Specific Activit
42=4 Y L

% mg nmole/min nmole/min/mg
Original Extract 140 7000 50
0-29 42 300 7
29-37 12 230 19
37-46 11 540 49
46-52 10 1350 135
52-61 15 2660 177

61-71 24 420 17
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Complete records of recoveries at each step were not kept for these
preliminary experiments on further purification. The highest specific activity
material obtained had a specific activity of 6400 nmole/min/mg protein,
which was a 250 fold increase on that of the crude extract used; this purification
involved ammonium sulphate fractionation and two cycles through " Sephadex G200"
columns. When this material was examined by disc electrophoresis in a polyacryl-
amide gel it was found to still contain at least five distinct protein components.
Using a similar assay, Hendrickson and Conn (1969) purified f—cyanoalanine
synthase from lupin mitochodria, and obtained, after preparative gel electrophoresis,
a preparation with a specific activity of 33,800 nmole/min/mg protein. The earlier
steps in their purification procedure involved ammonium sulphate precipitation,
acetone precipitation, and chromatography on " Sephadex G100"; the acetone
precipitation yields were improved over those described here by adding the
acetone at ~<65°C.

Purification with DEAE cellulose and CM cellulose was also attempted,
but a reproducible binding of the bulk of the enzyme to the ioan exchange materiol
was not obtained. Some protein could be removed from partly purified preparaticns
by passing through a DEAE cellulose column, under such conditions that
F-cyonoclonine synthase passes through unaffected; this was not used in the

work described here.
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(iv) Cofactors and Substrates

Methods
The 250-fold purified F-cyonoclanine synthase preparation was used
for further examination of cofactor requirements and of substrate specificity.
The substrates, cofactors, and possible inhibitors listed in table IIl.5.4
were added in solution in tris-HC1 buffer (0.05M, pH 8.4), replacing normal

substrate or buffer in the usual colorimetric assay.

Results
The results obtained are summarised in table I11.5.4. As with the crude
enzyme preparation studied in section I11.3., no evidence was obtained for

a requirement of pyridoxal phosphate ("PALP"). The slight stimulation observed
on adding this is paralled by adding EDTA, and thus can be explained by
the removal of inhibitory trace metals. Isoniazid, similarly, has only a
slight effect, as would be expected since the enzyme is not pyridoxal phosphate
dependent. Hendrickson and Conn (1969} also failed to demonstrate a pyridoxal
phosphate dependence of F -cyanoalanine synthase, although they suggested
that an absorbance at 405 nm, which seemed to be associated with the
enzyme, could be due to bound pyridoxal phosphate. The relative instability
of the enzyme in the presence of cysteine (I11.3, above) supports this view,
and further evidence adduced by Hendrickson and Conn (1969) is the sensitivity
of enzyme activity to inhibition by borohydride.

Glutathione proved to be neither an effective inhibitor nor an effective
substrate for F-cycnoclcnine synthase. The results show that it does not signifi-

cantly complete with cysteine when both are supplied in equimolar concentrations.
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Serine does not suppress sulphide production, and thus is not an

effective substrate for the synthase, confirming the results with crude
preparations (section I11.3). Hendrickson and Conn showed that, while
serine is not a substrate, O-acetyl serine is, although the rate in this case
is only 5.4% of that with cysteine.

Formamide is not an effective substrate, so the reaction

CH, SH Ha _MNH, CH— %—NHz
CH + (E:S A—i + HSH
+/ \ _ rj
\ =
H,N COO HN' COO

does not take place to a significant extent.



76

TABLE Ill. 5.4

Substrates and Cofactors for 8 -Cyanoalanine Synthase

[

Substrates Additive Activity (nmole/min)
cyanide ,cysteine i 4]
cyanide ,cysteine PALP (0.3 pmole) 44
cyanide ,cysteine isoniazid (' 1 pmole) 49
cyanide , cysteine serine ( 5 pmole) 42
cyanide ,cysteine glutathione ( 5 pmole) 39
cyanide ,cysteine EDTA ( 2 pmole) 49
cyanide ,glutathione o 2
formamide, cysteine . 0

The effect of altering substrates and adding various substances to the

colorimetric assay for F—cycnoalanine synthase. 5 pmoles of all substrates
aodded.
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6. ASPARTATE, FUMARATE & GLYCINE AS ASPARAGINE PRECURSORS:

Methods

Fumaric acid 1,4 (]4C), specific activity 12.0 mCi per mmole, and
glycine 2 (MC), specific activity 21.8 mCi per mmole, were obtained from
the Radiochemical Centre; L aspartic acid 4(]4C), specific activity 19.5 mCi
per mmole, was obtained from Calbiochem, Los Angeles, U.S.A. |

Dark grown seedlings {5 days old) had their roots cut off with a razor
blade, and each shoot was allowed to take up through the severed hypocotyl
50 ’JI of a solution containing 5 rCi of one of the radioactive substrates. For
each substrate duplicate experiments were carried out for each of the time
intervals 0.1 hr, 0.3 hr, 1.0 hr, and 3.0 hr.

At the end of the experiment, the plant material was killed by dropping
it into boiling 80% ethanol and boiling briefly. It was kept at 2°C for 2 to 4
days, and then the aqueous ethanol decanted off. The plant material was trans-
ferred to a motor driven Potter homogeniser; about 5 ml of 80% ethanol Qos
added and the material homogenised to an even consistency. This was then
centrifuged and the supernatant added to the decanted squeous ethanol. The
pellet was rehomogenised with 80% ethanol, recentrifuged, and the super-
natant was added to the rest of the extracted solution.

The pellet was further extracted twice with distilled water. The combined
supematants were evaporated to dryness at 35°C in a Buchi rotary evaporator;
the final pellet was kept for digestion with "Pronase”". The soluble extracted
material after evaporation was redissolved in 1 ml 10% aqueous isopropanol,

and 200 {.Jl portions were separated by high voltage electrophoresis. The radio-
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active areas on the electropherograms were located by autoradiography and the
neutral amino acids and aspartate areas eluted. These were then separated by
chromatography on Whatman 3MM paper, using PropW as solvent system. The
radioactivity was again located by autoradiography and the bands corresponding
to aspartate c|-nd asparagine eluted.

The insoluble pellets were digested with "Pronase", as described in
section I11.2. About 1 ml ethanol was added to the digest, and the suspension
centrifuged. The supematant was collected and the pellet resuspended in 50%
ethanol, and then recentrifuged. The combined supernatants were evaporated
to dryness in a vacuum desiccator over concentrated sulphuric acid. The dry
material was redissolved in 200 ’Jl of pyridine acetate buffer pH 5.3 and
separated by electrophoresis and chromatography as described above.

The radioactivity in the original extracts, and in the isolated asparagine
and aspartate samples from each, was determined by liquid scintillation counting.
Portions (50 Fl) were applied to 2 cm x 6 cm rectangles of Whatman No 1 paper
and then dried and placed in a vial with 15ml of 0.4% PPO and 0.02% POPOP
in sulphur free toluene. This was then counted in a Beckman liquid scintillation
spectrometer with a counting efficiency of about 50%.

Sufficient asparagine and aspartate for the detemination of the
distribution of label were isolated similarly but using a larger scale; Whatman
3MM paper was used for the chromatography, first with BPW 6:4:3 as solvent
system, followed by PropW. The isolated amino-acid fractions were eluted and

stored frozen in 1.0 or 0.5 ml distilled water. .
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The distribution of label in the isolated aspartate and asparagine was
determined by a modification of the decarboxylation procedure of Chappelle
and Luck (1957). This was carried out on aspartate, asparagine, and on aspara-
gine samples that had been hydrolysed to aspartate at 120°C, with equal volumes
of concentrated hydrochloric acid in sealed tubes. In this procedure both C1
and C4 of aspartate are removed as COZ’ but only C1 of asparagine. From
the difference between hydrolysed and unhydrolysed asparagine samples, the
label in C4 was estimated.

After trial experiments (see below) the procedures adopted were as
follows.

Into the main compartment of a two-armed Warburg flask was pipetted
3.0 ml 10% succinimide in sodium acetate buffer pH 4.7, and the sample
(50 rl to 250 rJl) Tetramethylammonium hydroxide (0.1 ml 25%, approx.

2.7 M) or sodium hydroxide (0.1 ml 5M) was placed in the centre well. Into
one side am was pipetted 0.5 ml 10% K1, and into the other 0.5 m| decarboxy-
lation reagent. The latter was made by grinding N-bromesuccinimide in a
pestle and mortar with 10% succinimide in sodium acetate buffer, pH 4.7,

until a thin paste was obtained.

The flasks were shaken in a water bath at 30°C, and the reaction
allowed to proceed for three hours after the decarboxylation reagent had
been tipped in from the side am.

The activity in the carbon dioxide collected in the centre well was
counted with a "Packard" liquid scintillation spectrometer equipped with

automatic external standardisation. When the carbon dioxide was collected
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in tetramethylammonium hydroxide, the entire contents of the centre well

were transferred to a scintillation vial. When sodium hydroxide was used,

this was first diluted to 5 ml in a volumetric flask, and 0.2 ml to 0.5 ml

portions of this counted. The preferred scintillation solvent was a modification
of that of Jeffay & Alvarez (1961). One litre contained 550 ml sulphur free
toluene, 350 ml redistilied 2-methoxyethanol, 55 ml ethanolamine, 50 m| "Triton
x 100" and 6 gm PPO.

The trial experiments that led to the adoption of this method were
carried out on samples of uniformly labelled (]4C) - lysine and (MC) - serine,
to which carrier amino acid had been added.

Paper chromatograms were run of somples of each amino acid solution,
using as solvent system BPW 6:4:3 on Whatman No. | paper. These chromatograms
were scanned with a Packard chromatogram scanner; the lysine was found to
contain only one significant radioactive impurity, which amounted to less
than 1% of the total activity. The serine (which had been stored for cver
a year) contained substantial radioactive impurities; about 10% af the activity
did not move from the origin.

For decarboxylation, 1 t,-m@ie of amine acid, containing 2 to & x ?IO5
dpm'(M C), was used. Various methods of .chserbing and counting the carbon
dioxide were tried; the following is a summary of the results obtained.

IE The carbon dioxide was absorbed by 0.2 ml M sodium hydroxide
soaked into a strip of Whatman No. 1 paper, 2 em x 6 cm. This was then
dried and counted in a vial as described above (p.78). When this was done

only 60% to 70% of the expected activity was detected: the reason for this
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was not investigated. It is suggested that the increased opacity of the paper
that had been in contact with sodium hydroxide would account for the disparity,
as the observed activity was stable.

2. The carbon dioxide was absorbed by 0.1 ml 5 M sodium hydroxide.
This was diluted to 5 ml with water, and 0.5 ml portions of the solution so
obtained were counted in the solvent described by Bray (1960). The vials
were recounted 3 hr and 18 hr after the first counting; the results (expressed
as % theoretical) are given in table 1il.6.1.

These suggested that activity was being lost from the vials; as no
precipitate was apparent and activity was not recovered by agitating the
vial contents (cf. beiow), it is presumed that the carbon dioxide excapes into,
or is exchanged with, the atmosphere.

When the 5 M sodium hydroxide in the Warburg vessels was replaced
with 1 M "Hyamine" hydroxide in methanol (0.1 ml) plus 0.1 m| water, and
the entire contents of the centre well counted, the results summarised in
table 111.6.2 were obtained. These indicate that hyamine is no better than
sodium hydroxide for holding carbon dioxide in Bray's solution, and appears
to be less efficient as a trapping agent. Trials of a method in which carbon
dioxide was trapped in sodium hydroxide and trasferred by microdiffusion

(overmnight) into hyamine hydroxide confirmed this.
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TABLE 111.6.1

Loss of ]4C02 from Sodium Carbonate in Bray's Solution

All Figures % Theoretical

Amino acid First count Second count Third count
Lysine 94 97 45
Lysine 96 73 2
Serine 78 76 18
Serine 79 78 9

The second count was made 3 hr and the third count 18 hr after the

first count. MCOz decarboxylation product of lysine (MC) or serine (MC)

TABLE 111.6.2

Loss of MCOZ from Hyamine Carbonate in Bray's Solution

All Figures % Theoretical

Amino acid First count Second count Third count
Lysine 83 81 40
Lysine 86 88 16
Serine 70 55 4
Serine 36 17 3

The second count was made 3 hr and the third count 18 hr after the

first count.



83

K The decarboxylations and carbon dioxide trapping were carried
out as above, in 5M sodium hydroxide, and diluted samples of this were
counted in various trial scintillation solvents.

First @ modified Bray's solution, containing 10% 1 M hyamine
hydroxide in methanol instead of 10% methanol (i.e. 0.1 M hyamine
hydroxide in Bray's solution). Results obtained are given in table 1[1.6.3.

In view of the known contamination of the serine, these results were con-
sidered to be satisfactory.

At the same time a solvent system consisting of toluene 67%, 1 M
hyamine hydroxide in methanol 33%, PPO 0.6% POPOP 0.03% was made up.
This gave satisfactory results also. |

The difficulty with these two solvent systems was severe quenching. The
modified Bray's solution gave counting efficiencies below 30%. A scintillation
solvent consisting of 60% toluene, 30% methanol, 10% ! M hyamine hydrox-
ide in methanol, 0.6% PPO and 0.4% POPOP was also satisfactory, giving
counting efficiencies of 44-47%; this was initially used.

Attempts to use | M NaOH instead of 5 M NaOH to absorb the
carbon dioxide showed that this did not give quantitative absorption.

4. This method was not suitabie for the study of the distribution of
label in some samples that contained a total activity of less than a few thousand
counts per minute. [n this case the transfer of the total contents of the centre
well (0.1 ml of 5 M NaOH) to the last scintillation solvent described above

was attempted. Loss of counts was again observed on repeated counting, but



TABLE 111.6.3

Retention of Carbonate in a Modified Bray's Solution

All Figures % Theoretical

Amino acid First count Second count
Lysine 102 108
Lysine 103 104
Serine 90 93
Serine 88 90

Third count

103
104
86
83

Bray's solution containing 0.1 M hyamine hydroxide was used. The

second count was made 5 hr, and the third 18 hr, after the first.

84
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this time most of the activity could be restored by shaking the vial (cf. above)
indicating that sodium hydroxide and carbonate had separated from the solution
as a precipitate. A visible precipitate could be seen. Adding 0.4 ml water,
(making the aqueous sodium hydroxide content 0.5 ml 1 M solution) did not
prevent this occurring; thus the limit of solubility is between 0.5 ml 0.1 M
NaOH and 0.5 ml 1 M NaOH.

The solvent system of Jeffay & Alvarez (1961) was also tried; this was
better but still unsatisfactory. It was noted that this quenched less than the
solvent containing hyamine hydroxide, and quenching could be further decreased
by adding "Triton X 100". The final mixture selected had the compesition 55%
toluene, 35% 2-methoxyethanol, 5.5% ethanolamine, 5% *Triton X 100"
and 0.6% PPO. The counting efficiency in this, using the same gain settings,
was 53-57%. In this mixture, not more than 25% of the initial activity was
lost in 18 hours; but as extended overnight counting series were contemplated
this was still considered unsatisfactory.

Other carbon dioxide absorbants were considered. Hyomine hydroxide
was ruled out already, and potassium hydroxide was not considered pecause
its.natural radioactivity would be expected to interfere with samples of low
activity. Instead was tried a 25% (c. 2.7 M) aqueous solution of tetramethyl-
ammonium hydroxide; 0.1 ml of this was used to replace the sodium hydroxide in
the centre wells of the Warburg vessels. This did not increase the quenching
in the last scintillation solvent described above. in duplicate trial decarboxylations
of lysine the recovery of (]4C) was 100% of theoretical in both samples, and

this remained unchanged after 18 hours. This base was then adopted as the
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preferred trapping agent.
It was noted that the apparent degree of quenching, and hence counting
efficiency, fluctuated significantly in all methods. Thus it proved necessary
' . p 14 .
to calibrate the automatic external standard (using cyclohexane - 'C) and determine
the counting efficiency in each case; this was used to convert all cpm determin-

ations to disintegrations per minute.
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Results

The total disintegrations per minute in the soluble matter extracted from
the plant material, and in aspartate and asparagine, are given in table 111.6.4.
Aspartate and fumarate are both effectivly converted to asparagine at a rate
more than twenty fold faster than that of glycine. During chromatography, most
activity from glycine-fed plants appeared to be in unchanged glycine.

When the solid residues were investigated, it was found that these were
extensively labelled only in the case of the glycine-fed plants. In the case of
fumarate and aspartate-fed plants, radioactivity was not detected in experiments
of less than one hour, and was substantial only in the three-hour experiments.

In all cases most activity was found in substances that moved with the neutral
aminoacids on electrophoresis.

Thus glycine, a precursor of cyanide in Chromobacterium viplaceum

(Michaels et al., 1965) is not effective as a precursor of asparagine in lupins.
The four carbon dicarboxylic acids, aspartate and fumarate, are more effective
despite a relatively more rapid loss of activity from the plant; these substances
are known to be rapidly metabolised, probably by reactions related to the
TCA cycle, which involve decarboxylations (Naylor et al., 1958, for aspartate
metabolism; Titus and Splittstoesser, 1969, for fumarate metabolism).

Table I11.6.5 summarises the results of the degradation studies.
Two plants were separately put through each treatment, and each of these
duplicates was checked by repetition of the decarboxylations. The aspartate
samples from fumarate fed plants gave unexpected results, and its identity.

was rechecked by chromatography in BAW and @OH. Label from L-aspartate-
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14C) and from fumcrcfe-l,4-(]4C) appeared in Cl and C4 of

4-(
asparagine in approximately equal amounts; little appeared in C2 and C3

of asparagine. Thus the four carbon skeleton is retained, but with extensive
equilibration between C1 and C4 of aspartate.

However, asparagine from aspartate-fed plants consistently had more
label in the amide group, whereas samplies from fumarate-fed plants consistently
had more label in the carboxyl group, suggesting that aspartate is probably not
incorporated via fumarate. The randomisation observed when aspartate is supplied
can be explained if excgenous aspartate equilibrates more rapidly with a pool of
dicarboxylic acids than it does with the aspartate pool involved in asparagine
biosynthesis. This aspartate pool is separate from most aspartate, as the
fumarate-feeding experiments show. The label from fumarate enters most
aspartate only after extensive metabolism, but the degradation of asparagine
shows that it enters asperagine more directly, probably via a separate, smaller,
pocl of asparagine.

Glycine is not incorporated into asparagine vie cyanide, as this would
lead to a prependerance of ldbe! in C4, the converse of what is observed.

The data obtained is consistent 'with glycine being metabelised via the TCA
or & modified glyoxylate cycle.

In experiments where pre cursors were administered for less than an haur,
and in all glycine experiments, the total activity in the isolated aspartate and
asparagine was usually less than 104dpm. In these cases the main uncertainty
in the results should be the random errors inherent in radioisotope counting.

The standard deviaiions of these results were calculated, considering only



TABLE 111.6.4

Incorporation of 14C into Aspartate and Asparagine

Compound Adminstered Time Activity (dpm x 10-6) Incorporation Into
Asparagine
(LCE) (hr) Tot. Soluble  Aspartate Asparagine (%)
L-Aspaitatad='"€ 0.1 1.4 0.7 0.01 L
0.3 3.4 1.6 0.03 .3
1.0 5.4 1.9 0.2 1.8
3.0 5.0 0.6 0.9 8.1
Fumarufe-—l,4-]4C 0.1 2.2 0.04 0.01 0.1
0.3 2.4 0.1 0.02 0.2
1.0 5.8 0.1 0.1 0.9
3.0 5.2 0.2 0.7 6.3
Gl cifie-2=" 1@ 0.1 2.6 <0.01 <0.01 <0.1
0.3 4.0 <0.01 <0.01 <0.1
1.0 7.8 0.01 0.01 0.1

3.0 6.4 0.01 0.03 0.3



TABLE I11.6.5

Distribution of MC in Aspartate and Asparagine

Compound Time Expt. Aspartate Asparagine
Administered (hr) No. (C1+C4) Cl+C4 (95 C4
Aspartate 0.1 1 0.96 0.86 0.34 0.53
0.1 2 0.93 0.88 0.44 0.44
0.3 1 0.98 0.98
0.3 2 0.93 0.89
1.0 1 0.89 0.96 0.42 0.54
1.0 2 0.93 0.96 0.4] 0.55
3.0 1 0.91 0.90 0.43 0.47
3.0 2 0.99 0.95 0.42 0.53
Fumarate 0.1 1 0.67 0.87 0.45 0.42
0.1 2 0.75 0.93 0.49 0.44
0.3 1 0.45 0.94 0.55 0.39
0.3 2 0.81 0.92 0.57 0.35
1.0 1 0.30 0.97 0.50 0.47
1.0 2 0.77 0.90 0.46 0.44
3.0 1 0.16 0.64 0.36 0.28
3.0 2 0.27 0.87 0.43 0.43
Glycine 1.0 1 0.29 0.17 0.14 0.03
1.0 2 0.21 0.13 0.13 0.00
3.0 1 0.19 0.32 0.15 0.17
3.0 2 0.22 0.33 0.17 0.16

Each horizontal line gives the data derived from one plant. Figures are portions of total radioactivity in the different
carbon atoms of the aspartate and asparagine samples.
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counting errors, and the seven sets of data with standard deviations greater than
+0.02 are listed in table 111.6.6. Thus with both aspartate and fumarate-

fed plants there is a significant difference in the activity in C1 and C4 of aspara-
gine, but the data does not detect any change in pattern with administration

time.
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TABLE 111.6.6

Standard Deviations of Results

Radioactive Substrate Time Aminoacid Portions of Label £ Standard Deviation*

(hr) Isolated Ci1+C4 cl Cc4
Fumarate 0.1(1) Asn 0.8710.02 9.4540.02 0.42+0.04
Fumarate 0.1(2) Asn 0.9310.05 0.49+0.03 0.44+0.06
Fumarate 0.3(1) Asn 0.9440.03 0.550.02 0.39+0.04
Fumarate 0.3(2) Asn 0. 9210.03 0.57+0.02 0.35+0.03
Aspartate 0.1(1) Asn 0.8610.03 0.3410.03 0.53+0.04
Aspartate 0.1(2) Asn 0.8810.08 0.4430.05 0.44+0.10
Glycine 3.0(2) Asp 0.22140.05

*Determined from radioisotope counting errors only.
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7. OTHER POSSIBLE PRECURSORS OF CYANIDE OR ASPARAGINE

Seedlings and shoots were used in this series of experiments, which
were preliminary to those described in the previous section (I11.6). In most
cases it was assumed that asparagine is only slowly metabolised: as the results
in sections 111.4 and 1il.6 suggest, this appears to be true in as far as there is
a large pool of asparagine that turns over slowly (c.f. Steward & Bidwell, 1966).
Thus if a labelled metabolite is converted into asparagine, trace amounts of
label supplied to the plant over a prolonged period should appear in asparagine
and the label should accumulate. When significant labelling was observed
in a long term experiment, short term experiments were carried out.

Etiolated seedlings of various ages were used. Three methods were used
to supply these with labelled metabolites. The first was to supply the possible
precursor through the roots. The seedling was washed with distilled water, and
the roots dipped into 2 ml solution containing the labelled precursor. The
second was to inject the plant with the labelled precursor, using a Hamilton
syringe, in evenly spaced portions over the surface of the plant. The third was
to remove the roots with a sharp blade, and to allow the severed hypocotyl to
imbibe the precursor in 100 ,JI of solution.

No attempt was made to maintain strictly aseptic conditions during
these preliminary experiments. However, all glassware was washed with

dilute "Zephiran" before use, and rinsed with freshly boiled distilled water.

& ¢

During the incubation period all plants were covered by a large beaker that

had been similarly washed.



The plant material was killed with boiling 80% ethanol (1 to 3 seed-
lings with 50 ml) and extracted by homogenising with further aqueous ethanol

and with water. The insoluble matter was removed by centrifugation and the
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. o~ .
combined supernatants were evaperated to dryness at 35-40 C in a rotary

evaporator. After evapcration, the soluble matter was redissolved in 2 ml 10%

isopropanol (for chromatography) or pyridine acetate buffer (for electrophoresis).

Portions of this solution were analysed.

Insoluble residues were digested with *Pronase” as descrioed in section

111.2, and the aminoacids separated from the digest by the same method os

used there.

The possible precursors supplied were:
() L Arginine (ureido M'C)‘, 15.7 mCi/mmole
(i1) Glycine-Z-(MC), 31.7 mCi/mmole

(iii) L Serine (uniformly labelied), 7.4 mCi/mmole & 87

mCi/mmole

(iv) Pctassium cycnafe-(MC), 7.0 mCi/mmole

(v) Sedium pyruvcfredm(MC)y 9.3 mCi/mmcle

(vi) L Valine (107 mCi/mmole), L Isoleucine (174 mCi/
mmole) & L Tyrosine (238 mCi/mmole) (all uriformly
labelled)

(vii) DL Aspartic acid=—4=(MC), 3.2 mCi/mmole

p.95

P-96

P-97
P-98

p.98

P-98

p.-99
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(i) Arginine

Seedlings, initially 6 days old, were allowed to take up 10 PCi’
L-arginine-ureido MC through the roots over a period of 6 days, and seedlings,
initially 12 days old, were allowed to take up 10 rCi arginine through the
roots over a period of 3 days. The asparagine was separated by electrophoresis
followed by dhromatography of the neutral aminoacids in BPW 1:1:1; the label
wos detected with the "Actigraph” chromatogram scanner. Most of the ldbel
remained in the arginine; a small but significant incorporation into asparagine
was observed with the 6 day piants after 6 days. The identity of this asparagine
was confirmed by elution, followed by co-chromatography with authentic
asparagine on a two dimensional chromatogram using ¢OH inthe first direction
and BAW in the second: the brown ninhydrin positive area and the spot on an
autoradiograph coircided.

Seedliings 2 days old, 6 days old, and 12 days oid were injected with
10 ’.JC'i arginine, and after 3 hours killed and extracted. The asparagine was
separated as before. Agein, oniy the asparagine from the & day old plants
conteined detectable !abel. Sufficient of this for a study of the distribution of
label between the carbon atoms was isolated by large scale electrophoresis
followed by chrematogrophy on Whatman 3 mm paper with BPW 1:1:1. The
asparagine was degraded with N-bromosuccinimide, as described in section
.6, The C02 was collected i§0.1 ml 5M NaOH and this was diluted
to 5ml; 0.5 ml portions were then counted in Bray's solution. Results obtained
with uniformly labelled serine decarboylated demonstrated at the same time that

this procedure was giving almost quantitative results, probably because (unlike

Ay
b i



96

the later work described in Il1.6) new sc_:infillafion vials were used, with
sealing inserts in the screw caps.

The amide group of asparagine was found to contain only 14% of the
total activity (table 111.7.1). This result is not consistent with the hypothesis
that the ureido group of arginine is converted to cyanide, which is then
converted to asparagine via the f—cyanoalanine pathway.

(ii) Glycine

A seedling initially 6 days old was allowed to take up 10 'JCi glycine
2-]4C through the roots for 6 days. The asparagine was separated by chromat-
ography in BEW and BPW 1:1:1 and the radioactivity located with the "Actigraph"
scanner. Although most of the radioactivity remained in the glycine, considerable
activity was found in the asparagine. Sufficient of this to study the distribution
of label was purified by chromatography in BEW; the asparagine was eluted and
further purified by chromatographing it again first in BAW and finally in BPW
1:1:1.

The asparagine obtained was degraded in the same manner as that
derived from arginine (table Il1.7.1), and proved to have about 22% of the
total label in each of C1 and C4 (c.f. results in 1}i.6, table 1il.6.5 ; P-90).

Three hour experiments on 5 day old plants are described in section ¥1.6.
A 15 day old seedling injected with 5 rCi glycine and left for 6 hours did not
incorporate detectable radioactivity into asparagine. This is consistent with
data in section Il1.4 (fig. 111.4.1) which shows asparagine synthesis to be most

rapid in plants 4-6 days old.
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(i) Serine_

A seedling initially 12 days old was injected with 5 rCi of L-serine
-U-MC (7.4 mCi/mmole) and left for 2 days. The asparagine was separated
by chromatography in propW, BPW 1:1:1, and BAW, and the radioactivity
detected with an "Actigraph” chromatogram scanner. Extensive metabolism
of the serine occurred, and asparagine was one of the labelled products.

A 5 day old seedling was aliowed to imbibe 5 l.lC‘i of serine (87 mCi/
mmole} through the severed hypocotyl for three hours. The asparagine was
separated by chromatography in BPW 6:4:3, BAW, and ¢OH and the radio-
activity detected with a Packard chromatogram scanner. A small but significant
conversicn to asparagine was observed, although only 4% of that observed in
a paraliel experiment with 10 'JCi DL-aspartate (table 111.7.1). The
identity of the asparagine was checked by cochromatography (see below, vi).

“Sufficient for degradation was isolated by chromatography on Whatman 3 MM
paper in BPW 6:4:3 followed by elution and chromatography in BAW. The
degradation was carried out as described for arginine; the solution of

]4CO§‘ in alkali was then freeze dried and sent to another laboratory, where

the COzwos transferred by microdiffusion into a solution of "Hyamine 10X"
hydroxide and counted in this form. As will be seen from the results in section
1i1.6 {p.78) this is likely to underestimate the label a little. However,
approximately equal activity was found in C1 and C4 (table {11.7.1), and taking
into account the probable counting errors in these low activity samples, the

observed distribution of label is consistent with even labelling.
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(iv) Cyanate

A seedling initially 6 days old was allowed to take up 5 rCi potassium
cyanate -14C through the roots over a period of 6 days. The asparagine was
separated by chromatography in propW, BPW 1:1:1 and BAW. The seedling
contained little radioactivity, and no significant label was detected in
asparagine.
(v) Pyruvate

Two seedlings 11 days old at the start were used: one was-allowed to
take up 10 ’JCH sodium pyruvate -1]-]4C through the roots for 3 days and the
second was injected with 5 !.;Ci pyruvate and left for 24 hours. The asparagine
was separated by chromatography in propW, BEW, BAW, and BPW 1:1:1,
and the radioactivity .ioca'red with the "Actigraph" scanner. Very little
activity was recovered from these plants, with no significant labelling of
asparagine.

(vi) Yaline, Isoleugine and Tyrosine

Three 5 day cld seediings were each allowed to imbibe 5 lJCi of one of
these three unifomly labelled L-amincacids fhrouéh a severed hypocotyl, and
left for three hours. The asparagine was separated by chromatography in BPW
634:3, BAW, ard ¢O\H° A considerable number of peaks were observed when
these chromatograms were scanned with the "Packard" scanner, and peaks near
where asparagine would be expected.were eluted and their identity checked
by cochromatography with authentic asparagine using two cimensional systems.

These systems consisted of the two solvents from BPW, BAW and ¢OH that were
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not used in the initial separation. The radioactivity was detected on these by
autoradiography and the position of this compared with the brown ninhydrin spot
of asparagine. Only asparagine from the isoleucine fed plant contained signific-
ant radioactivity; the conversion was poor even in this case, and was less than in
the parallel serine experiment (iii. above) and much less than that when
aspartate was supplied (vii. below). Degradation was not attempted.

(vii) DL Aspartate

A 5 day old seedling was allowed to imbibe 10 PCi of DL aspartate
-4-]4C through the severed hypocotyl, and left for three hours. The asparagine
was separated and its identity checked as described in the preceding paragraph
(vi). Extensive metabolism of the aspartate had occurred, but the largest
peaks on the chromatogram scans corresponded to asparagine; this was signific-
antly larger than that corresponding to aspartate. DL Aspartate was clearly
a much more effective precursor of asparagine than was the serine, valine,
tyrosine, and isoleucine supplied in parallel experiments.

Sufficient asparagine for investigation of the distribution of iabel was
isolated by electrophoresis followed by chromatography in BPW 6:4:3. The
MCOZ samples were collected in alkali, freeze dried and counted as described
for the parallel serine experiment. The results obtained suggest that C1 and C4
were equally labelled, with about 38% of the total label in each. As the counting
method used would underestimate carboxyl label (section I11.6, table 111.6.2),
this result is in consistent with those described in section Ill1.6. The signific-

ance of this experiment lies in its allowing a comparison with serine, isoleucine,

LISRARY
MASSEY, UNIVERSITY
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tyrosine, and valine as precursors. Under the same conditions, label from
. 14 . . .
L-serine-U-"'C was incorporated into asparagine at less than one tenth the

rate, and label from the other aminoacids even less effectively.
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Labelled Precursor

L-Arginine-ureido-
Glycine -2-]4C
L-Serine-U-MC
DL Aspartafe-4-]4C

Counts were carried out on 1/10 of the CO,, collected. In the first two cases, !

I4C

TABLE 11.7.1

Distribution of Label in Asparagine Somples

Time Activity Decarboxylated
(dpm x 10'3)

6 doys 1.2

6 days 8.3

3 hrs 0.95

3 hrs 23.4

2

Portions of Activity

in carbons

C1+C4 C_l
0.40 0.26
0.43 0.21
0.48 0.26
0.76 0.37

4C02 was counted as sodium

C4

0.14
0.22
0.22
0.39

carbonate; in the other two, as hyamine carbonate. The latter were done for the author, and may be underestimated

because of the method used. The activity in portions of asparagine decarboxylated are comparable between serine

and aspartate only.
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8. INVESTIGATIONS WITH CELL FREE SYSTEMS

Cell free preparations from dark grown lupins were investigated for the
ability to catalyse four types of reaction that could be relevant to this study.

(i) Reduction of Carbamoyl Phosphate (or Gyanate) to Gyanide
(P- 103 )

Camamoyl phosphate is, in solution, in equilibrium with cyanate and
phosphate (Allen & Jones 1964). Thus a possible metabolic pathway for
cyanide for asparagine biosynthesis was considered involving reduction of
cyanate or carbamoyl phosphate to cyanide, and lupin preparations were inves-

tigated for enzymes that could catalyse either

o® ~ .
o= + NAD(P)H ——= "CaN +P. + H,0 + NADP
\NH '
2
or
CNG™ + NAD(P)H + H —— CN -+ NAD(P)" + H,O

in secticn V.2 are given the reasons for suspecting a possible link between
cartbamoy| phesphate metabalism and asparagine biosynthesis.

(ii) Detydretion of Formamide (p. 104)

Formamide could conceivabiy arise from folate derivatives, and an

enzyme that catelyses the reaction

H—-E-—th——-—a- H—Cs==N + HZO

was looked for. The date in table 11§.5.4 (p. 76 ) shows that formamide

is not, itself, an effective substrate forJB-cyonoalanine synthase.
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(iii) F -Cyanoalanine Hydratase (p. 106)

There is radioisotopic evidence for the probable existence of this enzyme,
as has been noted already. Fowden and Bell (1965) have shown that the reaction
can take place in cell free systems of @ number of plants. Preliminary experi-
ments were carried out to assess a possible colorimetric assay that would enable
some of the properties of this enzyme to be determined.

(iv)  Asparagine Synthetase (p.108)

The evidence for the occurrence in plants of this enzyme is discussed
in section IV.3 (p.125). It is a well established entity in animals and
micro orga.nisms..

(i) Carbamoy| Phosphate (or Cyanate) Reductase

Dilithium carbamoyl phosphate was prepared by the method of Spector
et al. (1955) as modified by Davis (1962), and its purity assayed by the method
of Fiske and SubbaRow as described by Leloir and Cardini (1955). The
preparation used contained 65% carbamoyl phosphate.

Acetone powders were extracted with tris-HC1 buffer (0.2M, pH 7.4)
and centrifuged. Some of the supernatants were dialysed. Another extract
was prepared by homogenising 25 gm tissue with 25 mi tris HC1 buffer (0. 1M, |
pH 8.4) and straining the homogenate through muslin. Substrate (potassium
cyanate or carbamoy| phosphate) and extract were mixed in asilica spectro-
photometer celi, and the reacticn started by adding NADHI or NADPH.
Absorbance at 340 nm was followed in a Beckman DU or DK2 spectrophotometer.
With KCNO as substrate, low activities were absorbed in all experiments:

a little acetaldehyde was added at the end to check that some active enzyme
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and coenzyme were present. The results of this experiment (table 111.8.1) pro-
vide no evidence for a nicotinamide coenzyme linked reduction of cyanate or of
carbamoy| phosphate. The slight loss of absorbance observed occunred at least
as fast in the absence of the suspected substrate as in its presence. That other
enzyme activities had survived the preparation of these extracts was demonstrated
by the addition of acetaldehyde: high alcolhol dehydrogenase activities were
observed. This also confirms the effectiveness of the coenzyme preparations.

In the later experiments, high endogenous activity provided the same controls.

(i) Formamide Dehydration

Lupin seedlings (5 day old) were homogenised with tris HC1 buffer
(0.1 M, pH 8.4), 1 ml buffer being used for each gm wet weight of plant
material. The homogenate was strained through muslin and the filtrate used.
Assays were carried out in 3.0 ml total volume buffer (0.05 M tris HC1, pH
8.4), coﬁfaining of 2.0 ml fiitrate, 0.5 ml buffer containing 5 Pmole ATP,
and 0.5 ml of buffer containing 10 erO|eS formamide. The mixtures were
incubated in stoppered tubes for 1 hr at 30°C, and then portions assayed for
cyanide by the method of Aldridge (1945). The results obtained are summarised
in table 111.8.1. In ail cases where filtrate had been included high absorbancies
were found. As this also occurred in the boiled controls, in which a large
portion of the cyanide would be expected to have been lost by volatilisation,
it was suspected that the colour was to be attributed to interfering substances
other than cyanide. This was confirmed by microdiffusion. Portions of the
assay mixture were placed in Conway units with alkali in the centre well; the

alkali was assayed for cyanide. Less than 0.1 ’Jmole cyanide was present.
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Extract

ADI1
ADI
AD2
AD2

Abbreviations: A; acetone powder extract. AD; dialysed acetone powder extract.

Assays for Reduction of Cyanate and Carbamoyl Phosphate

TABLE 111.8.1

Substrate

KCNO
KCNO
KCNO
KCNO

Coenzyme

NADH
NADPH
NADH
NADPH
NADH
NADPH
NADH
NADPH

- g? (Absorbance) x 103

With Substrate Without Substrate +CH3CH0
3 3 330
1 5 30
4 -
0
13 16
9 10 v
56 62
74 84

H; crude homogenate.

CAP; carbamoyl phosphate. All in volume 3ml; 5 ,Jmoles substrate used in each case, and 0.3 Fmole coenzyme.

All assays in tris HC1 buffer; the first four at pH 7.4, the last four at pH 8.4.
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Thus no evidence was found in this experiment to suggest that lupin seedlings
can dehydrate formamide to cyanide.

(iii) ﬁ -Cyanoalanine Hydratase

The first attempt to measure the activity of this enzyme in a lupin
system was carried out on an homogenate of 10 day old etiolated seedlings,
prepared as described in (ii) above. The extract was dialysed against 1 litre
of tris HC1 buffer (0.02 M, pH 8.4) before use.

With 1.0 ml homogenate were mixed 5 I.Jmoles of f—cyanoalonine
in buffer, and in some case 5 rmole ATP. The total volume was made up to
2.0 ml with buffer in all cases. The mixtures were incubated at 30°C for
one hour, then placed in a boiling water bath for 5 min. After cooling, 1.0 ml
of a solution of asparaginase was added, and the procedure of the asparagine
assay of section lil.4 (p.45 ) was followed. The results obtained are summarised
in table 111.8.2.

Apparent activity in the complete mixture is 64% greater than that in
the boiled control, suggesting that some enzyme was detected. This difference
corresponds to 0.35 Pmole asparagine being formed in one hour. ATP appears
to be inhibitory. However, interpretation is vitiated by the high absorbancies
found in the controls, and these are eliminated if ’ﬁ-cyonoalanine is
excluded. The purity of the /g-cyanoalcnine was checked chromatographically,
and found not to contain significant asparagine. |t was suspected that the
asparaginase preparation was contaminated with a /S-cyanoalcnine hydratase;
but recent work by Lauinger and Ressler (1970) suggests a more likely explanation.

They found that asparaginases from guinea pig and E._coli slowly hydrolyse
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TABLE 111.8.2

Assay for Dehydration of Formamide

Experiment Absorbance at 530nm
Complete mixture 0.35
- ATP 0.37
- Fomamide 0.33
« - Homogenate 0.05
Boiled Homogenate in Complete Mixture 0.42

The complete mixture contained, in 3 ml., 2.0 ml filtered homogenate from
5 day old lupins, 10 ’Jmole formamide, and 5 umole ATP.

TABLE 111.8.3

Assay for F-—Cyanoulanine Hydratase

Experiment Absorbance at 480 nm
Complete mixture 0.18

- ATP 0.24

- P-cyonoclonine 0.01
Boiled Homogenate in complete mixture 0.11

The complete mixture contained, in 2.0 ml, 1.0 ml dialysed homogenate S,Jmole
-cyanoalanine, and 5Fmo|e of ATP.
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P-cycnoclcnine to aspartate; if the same is true for the preparation used here
t.he high blanks are readily understood.

Because of the high asparagine content of the plant matertal used
(section l1.4, p. 51 ), inefficient dialysis will also cause high controls. Thus
this method of assay is not satisfactory.

The assay for (5 -cyanoalanine hydratase was also carried out on extracts
of freeze-dried powders; in these cases there were no differences between the
experiments and the controls.

(iv)]  Asparagine Synthetase

Four artempts were made to detect an asparagine synthetase activity.

In each case asparfote-4—]4C (either DL or L) was supplied to a crude homo-
genate and the radioactivity in asparagine investigated. Table 1§1.8.4 gives a
summary of these experiments, which were all negative. Asparagine was isolated
by electrophoresis and chromatography (as described in section Il1.6); in the

case of experiment 4 (using sucrose-buffer) a preliminary isolation of aminoacidswas
carried out using IR 120 ion exchange resin (as described in section i11.3).

Thus no direct evidence was obtained for the presence of an asparagine
synthetase, in agreement with the work of Lees et al. (1968) ard in contrast
with reports by Webster and Varner (1955 a & b) and Al Dawody (1961). The
significance of this wili be discussed later. Time did not pemit two technical
improvements of these assays; first, the use of "Sephadex G25" to speed up the
separation of protein and asparagine (relative to dialysis), and second, the

use of an ATP generating system to compensate for any ATP-ase present.



TABLE 111.8.4

Attempts to Detect Asparagine Synthetase

Seedling Age (Day)

Homogenate in

Dialyed?

Substrates:
DL Asportote-MC (6Ci/ml)
L Aspartate —MC (uCi/ml)
Fumarate-MC (;JCi/ml)
NH“; (mM)
Glutamine (mM)
Carbamoy| Phosphate (mM)

Cofactors:
ATP
Pyridoxal phosphate

Time of Incubation at 30°C

i

10
Buffer
Yes

0.8

2

3hr

Experiment Number

2

6

Buffer
Yes

0.8

2

3hr

]

5

Buffer
No

1.3
1.3
1.3
1.3

]'3
0.3
1. 5hr
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-

5
Sucrose/Buffer
Yes & No

1.0

0.4
0.4

1.0
0.2
3hr

Conoentrations of substrates and cofactors expressed in }JCi/ml for radio-

active one, remainder mmolar. Buffer tris HC1 (0.05M in assay medium, pH 8.4)

with 0.2M sucrose added in experiment 4. Each experiment consisted on incubations

of different combinations of the components listed.
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1. RELATIONSHIPS BETWEEN CYANIDE AND SULPHIDE METABOLISM

In the introduction to this thesis a close .connection between cyanide and
sulphide assimilation was concluded to be unlikely. Here, the evidence for this
will be considered more fuily: the nature of the serine dependent and O-~acetyl
serine dependent cysteine synthases will be considered and compared with
P—cyonooloni’ne synthase, and the data in section 1ii.2 discussed.

(i) Serine Dependent Cysteine Synthase

This enzyme was described by Schiossmann and Lynen (1957) under the
name “serine sulphhydrase”. Schlossmann et gl. (1962) purified it 50 fold

from yeast. Similar enzymes have been found in Escherichia coli (Pasternak

.‘i‘.’_!:_’. 1965) and I\Jeurospoa‘g_q.e?nweber and Monty, 1965). Bruggemann et al.
(1962) claimed to have detected this enzyme in spinach (very low activity), in
a wide range of microorganisms and in rat and chicken tissues: indeed, they
reported that chicken liver homogenates were as active as crude yeast extracts.
This enzyme appears to be stimulated by ATP and pyridoxal phosphate. A
cysteine synthase found in chicken embryo tissue by Fromagect and co-workers
(Sentenac et al., 19€2; Fromageot and Sentenac, 1964) may be closely allied;
it requires serine O-phosphate as substrate and will not utilise serine. These
enzymes display a lack of specificity: Nakamura and Sate (1943) showed that a
fungal enzyme woulid catalyse the exchange of thiosulphate groups as well

as the sulphide and hydroxyl groups of cysteine and serine, and in the presence
of Fromageot's enzyme sulphite, sulphide and phesphate groups are interchangeable.

This lack of specificity may extend to cyanide.
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Dunnill and Fowden (1945) observed ATP and pyriodéxal phosphate
stimulation of cyanide assimilation into F—cyanoalanine in cell free preparations
from E. coli; serine and cysteine could both serve as the other substrate. A

similar enzyme activity has been described from Bacillus megaterium by Castric

and Strobel (1969), and there is no reason to suspect that it is not more widespread.
This activity can quite plausibly be attributed to a non-specific cysteine synthase.

Except for low activities reported by Bruggemann et al., using a rather

non-specific assay, a serine dependent cysteine synthase has not been reported
from higher plants. It has been reported from animals that are not known to be
able to either synthesise F-cyonoalanine from cyanide or cysteine from serine.
In section I11.5, confimed by Hendrickson and Conn, lupin 'B—cyanoalonine
synthase was shown not to use serine as substrate, and it is stimulated neither
by ATP nor by pyridoxal phosphate. Data in section Ill.2 (Table 111.2.1, p.20 )
illustrates that acetone powders of lupin contain high levels of ‘B-cyanoolonine
synthase but no significant serine dependent cysteine synthase activity: these
results have been confimed by Hendrickson and Conn (1969).

Thus the formation of é-cyanoalanine in lupins cannot be attributed
to a non-specific serine dependent cysteine synthase.

(i) O-Acetyl Serine Dependent Cysteine Synthase

Later work has shown that the important enzyme in cysteine biosynthesis
requires O-acetyl serine as its substrate: this applies in E. coli (Kredich and
Tompkins, 1966), and higher plants (Giovanelli and Mudd, 1967; Thompson
and Moore, 1968). An interesting difference between this cysteine synthase and

the one discussed above is that pyridoxal phosphate does not stimulate its
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reaction, nor is ATP required. In these respects the O-acetyl serine dependent
enzyme is similar to F-cyonoalanine synthase (sections 111.3 and I1l.5). However,
Hendrickson and Conn (1969) have demonstrated that the two enzyme activities

are distinct in lupins, F—cyanoalanine synthase activity occurring in the
mitochondria and cysteine synthase in the soluble portion of the cell.

(iii) ﬂ—Cyonoolanine Synthase

[
Sections 111.2 to 1l.5 of this thesis, and Hendrickson and Conn (1969)

contain much information about |upinf -cyanoalanine synthase. The only
known aminoacid substrates are cysteine and O-acetylserine; the only known
other substrates are cyanide and sulphide. The formation of F-cycnoolcnine is
not effectively reversible. é—Cyonoalcnine synthase is a mitochondrial .
enzyme which can be easily extracted and is reasonably stable below 50°C

in neutral or slightly alkaline solution. The stability is decreased by cysteine
but not by cyanide. It may be a relatively hydrophobic protein since it is
soluble in 60% acetone and does not bind readily to ion exchange materials
(section {11. 5).

No cofactors have been identified, but there is scme circumstantial
evidence that the enzyme may contain bound pyridoxal phosptate (Hendrickson
and Conn, 1969). This is an examplie of the intriguing similarity between this
enzyme and the O-acetyl serine dependent cysteine synthase. Hendrickson
and Conn also showed resemblances in substrate and cofactor requirements,
molecular size, and absorption spectra, while they were establishing

characteristic differences.
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(iv)  Comparative Assimilation of Cyanide and Sulphide

Exogenous cyanide is converted to asparagine whereas sulphide is rapidly
oxidised to sulphate (section I11.2). As ?-cyanoalanine synthase can catalyse
the exchange of the sulphhydryl group of cysteine with sulphide, the total
lack of label in cyst(e)ine in young plants supplied 3SS-Hydrogen sulphide
suggests that lupins can discriminate between sulphide and cyanide in such
a way that whereas cyanide reaches the (presumably mitochondrial) site of
the f-cycnoclanine pathway enzymes, sulphide does not. A preliminary
experiment with 35504 ~ suggests that etiolated lupin seedlings can
synthesise cysteine, as expected. If this is confirmed, failure to incorporate
sulphide means that exogenous sulphide is not able to equilibrate with the
pool of sulphide involved in cysteine biosynthesis, and this would be further
evidence of barriers to intracellular sulphide movement.

Thus, on the basis of arguments from several directions, the hypothesis
that cyanide assimilation merely reflects a lack of specificity in sulphide

assimilatory processes must be regarded as untenable.
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2. BIOGENESIS OF CYANIDE

The biosynthesis of cyanide is achieved by a remarkable variety of
organisms, among which are representatives of the bacteria, fungi, and
higher plants. Two biological origins have been identified: first from
cyanogenic glycosides (recently reviewed by Conn and Butler, 1969) in plants
and in some fungi (Stevens and Strobel, 1968), and second, from glycine in

Chromobacterium violaceum (Michaels et al., 1965) and possibly some other

bacterdia (Wissing, 1968) and fungi (Ward and Thorn, 1966). The pathways
inv:olved in the metabolism of these precursors are discussed below, and the
possibility of similar pathways operating in lupins considered. Then considered
are the possibilities of cyanide biosynthesis starting from intermediates of the

urea cycle or from tetrahydrofolate-linked one carbon units.

(i) Cyanogenic Glycosides

The term "cyanogenic glycoside" has been used for each of a number

of naturally occurring glycosides that have been isolated, and which, on
hydrolysis, give free cyanide. They are found widely distributed in many

plant taxa, but even though Conn (1969) could cite approximately 1000 species,
this is still only a small proportion of known species. In all cases where the
structure is known, the aglycone is a cyanhydrin. Conn and Butler (1969)

have lucidly reviewed these substances, and this review contains an account

of the recent experimental work that they carried out with Tapper to elucidate
the biosynthetic pathways involved. The cyanhydrin aglycones are structurally

related to aminoacids, and in those plants that have been investigated there

is a direct conversion of the aminoacid into the cyanogenic glycoside, with



116
the retention of the ®-amino nitrogen and the (¢-carbon as the nitrile group.

R R O-(glycosyl)

1 i 1
N 7 N
O\ yC00" 7
R cH R C=N
2 s 2
NH3

The pathway has not been completely elucidated, but most likely it involves the

oxime derivatives.

R] H
N 7

C
R2/ \CH=NOH

and cyanhydrins

R OH

bag A
C
R/ \C

2 =N.

Aminoacids known to give rise to cyanogenic glycosides are phenylalanine,
tyrosine, valine and isoleucine; the last three of these were shown in section
1.7 (p. 98 ) not to be effective precursors of asparagine in the blue lupin.

Unpublished experiments referred to by Blumenthal et. al. (1968) led to the

same conclusion. Were cyanide being synthesised by lupins from a cyanogenic
glycoside, label would be expected to be found in the amide group of asparagine,

as observed by Abrol and Conn.(Abrol and Conn, 1966; Abrol et al., 1966) in

cyanogenic Lotus and Nandina plants. In view of the rapid rate at which 5

day old lupin plants are synthesising asparagine, these negative results are

evidence against the most common known cyanogenic glycosides being involved
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in asparagine biogenesis in lupins.
(i) Glycine

The bacterium Chromobacterium violaceum (Michaels and Corpe, 1965;

Michaels et al., 1965) and possibly the snow mold fungus described by Ward

and Thorn (1966) convert glycine into hydrogen cyanide, the cyanide carbon
being derived from the methylene carbon of the glycine. The conversion cccurs
without much dilution of the label, but the mechanism is not known: Conn and
Butler (1969) observed that there is no reason why an oxime pathway should not
operate in this case also. This is consistent with the observation of Brysk et al.
(1969) that the ®-amino nitrogen is retained. The studies described in sections
lil.6 and 11I.7 (pp-87 & 96 ) suggest that glycine gives rise to asparagine in lupins
very slowly; the pathways involved seem to be related to the tricarboxylic

acid cycle or glyoxylate cycle, rather than by conversion to cyanide followed

by entry into the F-cycnoclonine pathway. Thus lupins that are rapidly accumul-
ating asparagine appear not to synthesise cyanide from glycine. The pessibiiity
that cyanide is being synthesised from glycine in a separate metabolic pool
cannot be ruled out: but as will be discussed in section 1V.3, this is not the

most likely explanation.

(iii)  Urea Cycle Intermediates

It was observed by Schulze and Steiger as long ago as 1886 that
aspasagine accumulation is accompanied by arginine accumulation, and Reifer
and Buraczewska (1958) noted that adding arginine to the medium in which
pea shoots were growing stimulated intense asparagine production. As later

discussed (section IV.3), the amide nitrogen of glutamine may give rise directly
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to the amide group of asparagine. Now the nitrogen of carbamoy| phosphate
comes from glutamine in most tissues of higher organisms, including higher

plants. Kleczkowski (1965) showed (with extracts of green pea acetone powders)
that glutamine is 10 to 20 times more effective a precursor for citrulline
biosynthesis than is ionic ammonium; were cyanide to be derived from urea

cycle intermediates we could explain the apparent role of glutamine in
asparagine biosynthesis. Animal systems which are not competent to catalyse
reactions of the P-cyanoolcnine pathway show a similar preference for
glutamine;this has been differently explained, as will be seen later.

The possibility was considered that either the guanido group of arginine
gave rise to cyanide, or that cyanide and arginine shared a common precursor
such ag carbamoyi phosphate: the cyanide could then be converted to
asparagine. The involvement of arginine seems to be ruled out by the
experiments described here.

Carbamoyl phosphate is too unstable in solution o supply directlys
however, in solutien it is in equilibrium with cyanate and phosprate (Allen
and Jones, 1964). From the hypothesis being discussed here, one would
predict that were the MC-cyt:nc:ne supplied over a long period to plants
rapidly synthesising asparagine, then label would appear predominatly in the
amide carbon of asparagine. Insufficient incorporation was observed to check
this prediction, possibly because of poor absorption of the cyanate. This and
the attempts to demonstrate enzyme systems capable of reducing cyanate or
carbamoy| phosphate are in themselves inconclusive, but the results do not favour

the hypothesis that there is a close connection between the urea cycle and
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asparagine biosynthesis.

(iv) Folate Derivatives

Another possible source of cyanide that could enter the F-cycnoclcnine
pathway is the so called "one carbon pool" associated with tetrahydrofolate.
In plants it would seem that the most important source of this pool would be the
carbon 3 of serine. Cossins (1964) and Cossins and Sinha (1965) have investigated
the metabolism of formate and methanol in plants; as might be expected label
rapidly appears in serine and lesser amounts in other aminoacids. Very little
label was detected in asparagine. Experimental work described in this thesis
strenghtens the view that folate derivatives are not involved in asparagine
biosynthesis, since serine is not an effective precursor of asparagine (Section
I11.7). Were C4 of asparagine derived from C3 of serine, and the other three
carbons of asparagine derived more directly from serine also, one would expect
that when U-(MC)-— serine is supplied to plants rapidly synthesising asparagine,
then asparagine would be rapidly and asymmetrically labelled. This is not the
case (I11.7, p. 97 ).

Formamide could be plausibly derived from the one carbon pool. It
could also be derived from carbamoyl phosphate. No evidence was found to
suggest that formamide could be dehydrated to cyanide (section Iil.8) or

that it could serve as a substrate for F -cyanoalanine synthase (section 1li.5,

table 111.5.4).
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3. PATHWAYS OF ASPARAGINE BIOSYNTHESIS

In the introduction it was suggested that the {g—cyanooloni’ne pathway
might result from a lack of specificity in cysteine synthase, or that it might
be important pathway in asparagine biosynthesis. The first suggestion
can now be eliminated (section IV. 1);.in this section the more likely pathways
of asparagine biosynthesis will be discussed. Three plausible precursors of
asparagine are known: F-cycnoclanine, F-oxosuccinomofe, and aspartate;
and the evidence for each of these as an asparagine a precursor will be
considered.

(i) [-Cyancalanine

The only known pathway of /B-cyqnoqlanine biosynthesis is from cyanide
and cysteine or serine. The P-cycnoclon‘ine pathway can operate in cyanogenic
plants, as discussed in the preceding section. These, however, are only a large
minority of all plants; even in these there is no evidence that this is a major
route of asparagine biosynthesis.

Labelled F-cyonoalanine is probably formed by all plants when HMCN
is supplied to them, but in only a few does it accumulate free or as a Y -glutamyl
peptide; in particular, this happens in some legumes, members of the genus Vicia_
(Bell, 1966). These provide useful material for studies of ﬁ—cyonoalonine
biosynthesis, as they do not further convert this aminoacid into asparagine

(Fowden and Bell, 1965). Some of these species (e.g. V. angustifolia) are

known to synthesise vicianin, a cyanogenic glycoside derived from pheylalanine.

When phenylolanine-Z-(MC) is supplied to these, label appears in /g-cycnoolonine
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with a trace in asparagine (Tschiersch, 1966). However, when phenylalanine is
supplied to V. sativa, another F-cyonoclanine accumulator, no significant label
appears in P-cyonoalonine or asparagine (unpublished data quoted by Blumenthal
et al., 1968; Ressler et al. 1969).

There is some confusion in the literature on the taxonomic status of these
plants,Conn (1969) writes "Closely related if not identical species may differ

greatly in this single property of cyanogenicity. Thus, common vetch (Vicia

sativa L.) does not contain a cyanogenic glucoside whereas Vicia angustifolia L.,

which many botanists consider as a variety of V. sativa, is the plant in which
the cyanogen vicianin occurs". Although Conn's V. sativa does not contain a
cyanogen, Ressler et al. (1969) quote older literature to the effect that V. sativa
seeds do contain a cyanogen. |t is not clear whether this could in fact refer

to V. angustifolia; however, Ressler et al. distinguished between V. sativa and

V. angustifolia and detected low levels (100 ngm/gm seed). of HCN in their

V. sativa seeds. The negative results of feeding phenylalanine, tyrosine, isoleu-
cine and valine (quoted by Blumenthal et al., 1968) suggest that seedlings of this
plant are not synthesising known cyanogenic glycosides.

As Ressler et al. (1969) observed, Vicia sativa seedlings synthesise
,B-cyanoolanine and X—glutomyl—f -cyanoalanine when grown under steriie
conditions. Four possible mechanism for this are (1) the plants can synthesis
/H-cycmoalcnine by an unknown pathway; (2) the plants can synthesise cyanide
by an unknown pathway; (3) the plants only synthesise cyanogens at a particular

stage in their growth cycle, e.g. in the senescent stage or in maturing seeds;
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(4) exogenous cyanide is required for P -cyanoalanine formation.

The first possibility seems unlikely; only asparagine is a likely precursor,
and no evidence has been reported of this being converted to /B-cyanoalanine.
The enzyme that catalyses the reverse reaction is actually absent in the very
species that accumulate the F-cycnoclcnine derivatives (Fowden and Bell,
1965). The second possibility is also unlikely in view of the conclusions
reached in the previous section. The third possibility deserves rather more
consideration; it would be important to know the source of the cyanide detected
in the seed material. This may have been synthesised at a late stage in the
life cycle. The fourth possibility is related to the "cyanide cycle" proposed
by Allen and Strobel (1966) and Strobel (1967). This is a proposed cycling of
HCN between soil microorganisms and plants. Results in section Ill.4 (p. 52 )
suggest that seedlings may be able to assimilate the low levels of HCN such as
could occur in their environment.

Thus present knowledge of P -cyanoalanine metabolism in Vicia does

not leadl to unequivocal solutions to problems about the role of the /B-cyunoulonine
pathway.

The accumulation of P-cyonoclcnine in species not known to be cyano~
genic suggests that the plants have access to an unknown source of cyanide. As
we have seen, this argument is not conclusive. These plants can presumably all
synthesise asparagine, which is a protein aminoacid. In those species lacking
/B-cyanoalcnine hydratase, this would argue against the /5 -cyanoalanine pathe

way being important in asparagine biosynthesis.
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In the related genus Lathyus there are no known cyanogenic species.
These legumes do not accumulate f;-cyanoalcnine, but some species (Bell,
1966) accumulate Ig-cmino propionitrile, which could be produced by the
decarboxylation of /g-cyanoclanine, as its ¥ -glutamyl peptide. Tschiersch
(1964) showed that this became labelled in the nitrile group when HMCN
was supplied to L. odoratus seedlings, which have no known source of
endogenous cyanide. Label also appeared in asparagine. The biosynthesis
of I@-aminopropionifr‘ile by L.odoratus, therefore, poses a similar probfem

to /ﬂ-cyanoalanine synthesis in Vicia. In this case it is possible that, at

certain stages in the life-cycle, asparagine is converted to /g-cycmoclonine
and then decarboxylated, or cyanide is synthesised by some unknown path-
way: however, exogenous cyanide is an alternative pessible source of the
nitrile group.

This would agree with the situation in lupins. Lupin seedlings develop
the enzyme; of the /q-cycnoalcnine pathway early (figures [11.4. 1 to il1.4.3),
but this does not appear to be related to asparagine biosynthesis. There are
substantial levels of f—cycnoclanine synthase in younger seedlings that are
synthesising negligibie asparagine (figure 1f1.4. 1) and plants of this age have
a high capacity to metabciise cyanide (figure 11i.4.3). The coincidence of
maximal F-cyanoclanine synthase and maximal rate of asparagine accumulation
at day 5 (figure 111.4.1) are probably only two of many biochemical changes
associated with morphological changes that occur as the plumule commences
development. Attempts to demonstrate a source of endogenous cyanide in

lupins have failed. As will be discussed below, the data in section I1§.6
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suggests that a major pathway of asparagine biosynthesis in lupins is from
aspartate. So it seems reasonable to suppose that although lupins possess the
enzymes of the ?-cycnoolanine pathway, these are not of major importance
in asparagine biosynthesis. This pathway may be of secondary importance in
enabling the plant to utilise HCN from its environment.

(i) ﬁ -Oxosuccinamate

Animals (Meister and Fraser, 1954; Lerman and Mardashev, 1960) and
plants (Suzuki, 1959; Guitton, 1963) possess asparagine aminotransferases;
Cincerova (1969) has recently studied the specificity of the wheat enzyme
and shown that glutamate is the preferred second amino acid. The X-ketoacid
corresponding to asparagine is the f&vamide of oxaloacetic acid, or /Z-oxo-
succinamic acid.

As yet, asparagine is the only known source of f-oxosuccinamate in
living tissues. Another pathway considered involves the carbamoylation of
pyruvate; one can envisage a plausible mechanism for the reaction between

carbamoyl phosphate and pyruvate:

/o /p
Gl&lc\‘ C
* “NH | NH
% 2 2
A ————— % CH +P.
|C=O (|:=O
COO™ COO~

No enzyme catalysing this reaction has been described from any source.

The negative experiments with MC cyanate and pyruvate (section 111.7) are

inconclusive because the plant may not have absorbed the precursors effectively;

and so although this pathway is unlikely it deserves some further consideration.
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(iii)  Aspartate

The biosynthesis of glutamine from glutamate is a well known reaction.
The enzyme involved (glutamine synthetase) has been purified from a number
of sources and its reaction mechanism investigated. |t catalyses an ATP-linked
amidation of glutamate, with an enzyme bound Y -glutamy| phosphate as an

intermediate;

/° /° /°
N

C C
|\o' I\o

C
ATP NH I NH,
(|ZH2 SADP cI:H2 ?Llpi ' ?:H2
CH, CH, CH,
CHNH CHNH CHNH
3 l 3 | 3
CoOO~ COO” CcCOO~

A paraliel reaction with aspartate would give asparagine, and such
an asparagine synthetase was described by Webster and Varner (1955 a & b)
from wheat and lupin tissues. Al Dawody (1961) described a purification of an
asparagine synthetase from yeast that is virtually identical to mammalian glute-
mine synthetase except, of course, for the substrate and product. He also claimed
to have dtected asparagine synthetase in cell free extracts of pig heart and
liver, dry peas, and pea and lopin seedlings. Al Dawody, Varner and Webster
(1960) described asparagine biosynthesis from aspartate in tissue sections of lentil
seedlings, in which the distribution of MC in isolated asparagine appeared to
be identical to than in the DL- aspartate-4 14C supplied.

This work has not been confirmed. No details of the partial purification

of asparagine synthetase have been published since the initial abstract
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(Webster and Varner, 1955a), and of the other work by the same authors
Meister (1962) says, "Although the wheat germ system was reported to

i s 14 . e
catalyse the incorporation of = C aspartate into asparagine in the
presence of magnesium ions, ATP, and ammonia, the incorporation
was extremely low and net synthesis of asparagine was not observed.
Attempts to carry out this and similar reactions in the author's laboratory

have not been successful.”" Fowden (1967) also noted the weakness of the

evidence for asparagine synthetase in higher plants. Lees et al. (1968) could

not detect any asparagine synthetase activity in extracts of wheat and lupin

tissue. On the other hand, Oaks (1967) described significant but low con-
versions of MC aspartate into asparagine in homogenates of wheat plants,

‘and Nair (1969) has described an enzyme from Y—irrodiated potatoes

with properties very like those of Webster and Varner's enzyme. The

attempts to demonstrate an asparagine synthetase described in section 111.8 (p.108 )

confirm the results of Lees et al. rather than Webster and Varner; the data in

sections 1tl. 6 and 1.7 shows the distribution of label in asparagine synthesised
"from C4 labelled aspartate by lupins to be different from that described by Al
-‘Dawodyst_gl_o (1960).

Since the report of Al Dawody (1960), a number of workers (Patterson
and Orr, 1967, 1968; Holcenberg and Pease, 1968; Holcenberg, 1969; Prager
and Bachynsky, 1968 b) have described asparagine synthetases from a variety of
mammalian sources. Although these reports differ in detail (section IV.4, below)

they agree that mammalian asparagine synthetase in vitro will utilise ammonium

ion or glutamine as the amide group nitrogen donor, with a preference for the
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latter; the reaction mechanism of the enzyme studied by Patterson and

Orr (1968) invoives enzyme bound F-ospau’fyl adenylate

o o) o
7 Vi /
c\ c\ C
} .
o ATP OAMP glu.NH2 NHZ
A L
CH, 3 B CH, = C|:H2
PR, glu.
CHNH, ' CHNH, +AMP CHNH
3 3 3
COO" COO" COO™

The preference for glutamine expiains the conversion in animal tissues
of glutamine amide nitrogen to asparagine amide nitrogen, as observed by

Levintow (1957), and Levintow et ai. (1957).

Thus the enzyme described in animal tissues is similar to the bacterial
* asparagine synthetases described in Lactobacillus arabinosus (Ravel et ai.,

1962), Streptococcus bovis (Burchali et al., 1964), and Escherichia coli

(Cedar and Schwartz, 1969 a & b). These also involve a F-csporfyl
adenylate intermediate, although they are specific for ammonium ion as nitrogen
donor.

Now asparagine is a ubiquitous protein aminoacid; ‘ve could, then,
expect its biosynthesis in plants to resemble the process in other eukaryotes
such as higher animals. There are indications that this is so. Lerman and
Mardashev (1960) quote work by Bauerova and Shom (1959) which demonstrates
a transfer in rape seedlings of glutamine amide nitrogen to asparagine,
similar to the process in animal tissues. In a review Kretovitch (1965)

quotes work by his own group which demonstrates that nitrogen is assimilated into
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glutamine more directly than into asparagine, and among the materials
mentioned are lupin and vetch shoots.

In section 1il.6 it was demonstrated that fumarate and aspartate are
effective precursors of asparagine. Comparisons with glycine (table I1].6.4
p. 89 ), and with serine and other substances (section ll1.7) show that
these dicarboxylic acids are more effective than possible precursors of
ﬁ-cyanoolanine pathway intermediates. The data in table 111.6.5 (p. 90 )

“show that the carbon skeleton of the four carbon dicarboxylic acids is
retained in the asparagine. Since asparagine from the plants fed 1,4 MC-
fumarate had significantly lower portions of label in C-4 than that produced
from 4—]4C- aspartate, the carbon skeleton of asparagine is probably derived
directly from aspartate. Comparison of the degradation data of the aspartate
and asparagine isoiated from the same plants (table 11i.6.5 ; P 90 )
shows that a discrete pool of aspartate is involved in‘aspamgine biosynthesis.
Thus the data in section [ll.6 provide evidence that lupin seedlings
possess an asparagine synthetase, even though this has not been demonstrated
in a cell free system. There are also indications that glutamine is the preferred
amide nitrogen donor, which parallels the observations made in animal systems.
The rep.art of Nair (1969) on an asparagine synthetase from potato must, however,
be considered. This enzyme produces ADP and inorganic phophate as products,
and uses ammonium ion as substrate: glutamine was not tried. Meister (1962)
offered an alternative explanation for some similar data of Webster and Varner

(1955b). The enzyme being studied may be aspartate kinase, which produces

‘B-aspartyi phosphate; this is a reactive species and could undergo non-enzymic
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reactions leading to P-asporfyl hydroxamate, or asparagine. Nair (1969)
has documented his enzyme more convincingly than the earlier workers, but
does not seem to have eliminated this possibility; he also used high concentrations
of reactants in his assays (e.g. 30mM NHZ ). |If his work is confirmed, it would
mean that the asparagine synthetase from at least some higher plants are more
akin to glutamine synthetase than to animal and bacterial asparagine synthetases.
The view that aspartate is important as an asparagine precursor is not
agreed with by Ressler et al. (1969). They studied the specific activity of
asparagine isolated from plants after supplying various radioactive precursors
for periods of up to eight days. They found that cyanide and F-cyanoalanine
appeared more effective than aspartate. However, in view of the extensive
and varied metabolism of aspartate observed even in one hour, (section lli.6),
one would expect only a smail portion of the radioactivity from exogenous
aspartate to appear in asparagine after a period of days, whereas cyanide and
F-cyanoclanine would be almost exclusively converted to asparagine. Further,
whereas the exogenous aspartate will be rapidly diluted by newly synthesised
aspartate, exogenous cyanide and ﬁ-cyanoalcnine will retain their initial
specific activity unless there are other unknown pathways to these intermediates.

In view of what has been said before, this last possibility is unlikely.
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4. GENERAL DISCUSSION OF ASPARAGINE METABOLISM

In the previous section it was concluded that the principal biosynthetic
route to asparagine in higher plants is probably from aspartate. Here,
mammalian asparagine biosynthesis will be discussed more fully, for the
difficulties encountered in isolating asparagine synthetases in animal tissues
could provide a valuable guide for further investigation of the plant systems.

This is used to develop a model of lupin asparagine metabolism.

Interest in mammalian asparagine biosynthesis was kindled by the dis-
covery of the anti-leukemic activity of asparaginase. Adamson and Fabro (1968)
have reviewed developments from the early observations of the beneficial effects
of guinea pig serum, which is remarkable for its high asparaginase activity.
Patterson and Orr (1967) provided evidence of a correlation between asparaginase
susceptibility and low asparagine synthetase activity in many tumors; these tumors
depend on serum asparagine for growth. This correlation has since been observed
in several mammals, including man (Prager et al., 1969)-

(i) Mammalian Asparagine Synthetases

Partial purifications of asparagine synthetase have been reported by
Patterson and Orr (1968) from the Novikoff hepatoma, and by Helcenberg
(1969) from guinea pig liver. The latter enzyme is reparted to require a high
salt concentration for activity, and the cation must be NHZ or K+ and the
anion SOi_ . Other common ions are ineffective, or inhibitory. Glutamine
is preferred to ammonia even in the presence of ammonium sulphate. The
Novikoff hepatoma enzyme does not require high salt concentrations, and

neither does the enzyme described from normal and malignant mouse tissues,
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and from guinea pig tissue, by Prager and Bachynsky (1968 b). In their
experiments, asparagine synthetase was found to be microsomal in nomal
liver, although the supernatant fraction from malignant tissue contained a
substantial portion of the activity. Aspamginase was present in the
supernatant in all cases. Prager and Bachynsky homogenised their tissues with
a sucrose medium containing calcium chloride; Hocenberg, who purified

his enzyme from the 105,000 x g supernatant, and Patterson and Orr, who
purified theirs from a 20,000 x g supernatant, used a similar medium but with
magnesium chloride instead of calcium chloride. This may account for the
different results. If mammalian asparagine synthetase is membrane bound the
association is loose.

(i%) Organisation and Control of Asparagine Synthetase

Asparagine biosynthesis in animal cells appears to be separate from
other metabolic processes. For example, asparaginase is present in the same cells,
a possible explanation for earlier failures to detect asparagine biosynthesis. Leman
and Mardashev (1960) reported extensive dilution of the specific activity of
aspartate during conversion to asparagine, and suggested that either there is an
intermediate between aspartate and asparagine, or there are alternative pathways
of asparagine biosynthesis, one of which does not involve aspartate. Puszkin
et al. (1970) studied the biosynthesis in human platelet of aspartate and asparagine
from labelled glucose and acetate, with similar results; they concluded that the
aspartate pool in asparagine biosynthesis is distinct from the main aspartate pool.
This explanation seems the more likely, and agrees with the situation in lupins

(section 111.6).
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Thus asparagine biosynthesis in mammals is organised into a separate
pool. It is probably subject to control. Both bacterial and mammalian
asparagine synthetases are inhibited by asparagine. Holcenberg (1969)
obseﬂed a strong inhibition of guinea pig enzyme with glutamine as substrate
but only weak inhibition with ammonium. Patterson and Orr (1968), -using
glutamine as substrate, observed strong inhibition of the Novikoff hepatoma
enzyme that did not obey the classical knetics of competitive or non
competitive inhibition; as ammonium and glutamine appear to act at the same
site, some kind of allosteric control would seem more likely than simple
end product inhibition.

Patterson and Orr (1969) found that the level of asparagine synthase
in rat tissues is closely related to asparagine requirement, and is greatly
increosed under conditions where active tissue growth is involved, whether
this be normal regeneration or a tumor. fncreases are also observed in
animals injected with asparaginose and with animals fed asperagine deficient
diets: the increase was found to be just sufficient to bring the asparegine
pool size up to the normal controls. This suggests an efficient control mechanism.
Prager and Bachynsky (1968 a) found a doubling time of 4 hours for asparogire
synthetase activity after asparaginase treatment of asparaginase resisiant
mouse lymphomas, which they interpreted in temms of a derepression mechanism.
This might also explain how, in cultures of asparagine-requiring Jensen
sarcoma cells, variants can appear with the ability to synthesise asparagine:

these consistently appear even in cultures derived from a single cell. However,
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Patterson et al. (1969) believe these to be spontaneous mutants.
Thus mammalian asparagine synthetases are under metabolic control,
but little is known of the mechanism of this process as yet.

(iii)  Asparagine Synthesisi.ifi Chicken'Liver

One recent study of asparagine biosynthesis has been made in a non-
mammalian animal system. Arfin (1967) investigated homogenates of chick
embryo livers, and found that in these glutamine was required for asparagine
biosynthesis, and another unidentified factor was also required. Asparagine
synthesis would only occur in the presence of cell supernatant and intact
mitochondria; the supernatant factor was protein in nature and possibly corres-
ponds to mammaleia . asparagine synthetase. The mitochondria were required
to supply energy, but ATP generating wystems could not replace them: neither
could mitochondria from hatched chicks although the supernatants were still
active. A range of nucleoside triphasphates were all ineffective or inhibitory.
No furhter work on this has been published yet.

(iv) Application to Plant Systems

If plant asparagine synthetases are similar to the enzymes from ather
eukaryotes, difficulties in detecting it in cell free systems would be anticipated.
The high asparagine content of plant cells may be strongly inhibitory, and
complete removal may be difficult if the enzyme is unstable (section Ill. 8).

High salt concentrations or other unexpected cofactors may be required for
activity. To detect the E. coli enzyme, Cedar and Schwartz (1969 a)

cultured a strain low in asparaginase, and added the asparaginase inhibitor 5
-diazo-4-oxo-L-norvaline as well. The latter may prove useful in plant systems,

for the convemgion of HMCN to labelled aspartate (section 1.4, p. 56 )
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suggests that lupins do have the ability to convert some asparagine
(that derived from [=-cyanoalanine) to aspartate, although the enzyme
responsible appears to be kept separate from the relatively inert pool of
accumulated.

The changes in asparagine content during development (figure 111.4.1,
p. 58 ) imply some control of its biosynthesis. Some attempts to isolate
asparagine synthetase from plants may have failed because asparagine
synthesis was very slow at the stage of development chosen. Lupins (5 days
old) would appear to be particularly favorable in this respect. The
asparagine synthetase activity described by Nair (1969) was increased up
to seven-feld by X -irradiation, possibly by some derangement of control
mechanism.

(v) A model of Asparagine Metabolism

The data presented in this thesis can be explained by the model illustrated
in figure IV.4.1. This is constructed by anticipating a resemblance between
animal and plant asparagine biosynthesis. The model incorporates the
interpretation of the data in section [ll.6 advanced before; aspartate synthesis
is supposed to be most active in the mitochondrion. This can explain the
distribution of label in aspartate after supplying carboxyl labelled fumarate
(section 1{l.6); carboxyl groups of fumarate that enter plant mitochondrial
pathways are rapidly lost as carbonate (Titus and Splittstcesser, 1969), and
only label that enters the 4-C dicarboxylic acids less directly (e.g. via_
carbohydrate) is retained. The label observed in isolated aspartate is pre-
dominantly that of mitochondrial aspartate, which is in equilibrium with the

mitochondrial 4-C acids.
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The significant preponderance of label in asparagine C-4 when C-4
labelled aspartate is supplied is evidence for aspartate being the direct
precursor of asparagine; the similar predominance in C-1 when carboxyl labelled
fumarate is supplied can similarly be interpreted as an effect of dilution of
C-4 through the equilibration of C4 dicarboxylic acids and pyruvate.

Thus present knowledge can be integrated into a consistent model.

This leaves the P -cyanoalanine pathway as a separate mitochondrial

pathway which converts exogenous HCN to asparagine, and does not appear to
play an important role in asparagine biosynthesis. Whether it has a nutritional
role in a cyanide microcycle (Allen and Stobel, 1966; Strobel, 1967), or is a
detoxication pathway (Conn and Butler, 1969) for a powerful respiratory poison,
will be more difficult to assess; but the mitochondrial location of lg-cyanoalcnine

synthase, close to the site of respiratory activity, favours the latter suggestion.



FIGURE IV.4.1.

Mode| of Asparagine Metabolism in Lupins
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