FOREWORD

WE BELIEVE that the appearance of a new journal covering the area of plant
biochemistry will be generally welcomed by those whose work lies in this
field; for, although it is generally agreed that the basic metabolic processes
of plants, animals and micro-organisms are similar, we feel that their
essential differences must not be lost sight of. Besides the obvious example
of photosynthesis, plants show other important dissimilarities, notably
their ability to synthesize a whole host of secondary metabolic substances
whose function, where known, is unique. Furthermore there are a number
of important features of the physiology of higher plants such as the trans-
port of metabolites, the dormancy of seeds, and the response to environ-
ment which diverge markedly from those of other life forms. Finally it
should not be forgotten that the biochemistry of animals and micro-
organisms has been geared to medicine and has thereby reached a more
advanced state than that of plants, and consequently every encouragement
must be given to enable plant biochemistry to develop as rapidly as
possible. We believe that this journal will help towards this end, albeit in
a small way, by unifying the science which it sets out to serve, and by
giving its protagonists a sense of purpose and pride in their craft. If we

succeed in these tasks we shall be well satisfied.
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Abstract—An enzyme was found which catalyzes the deamination of L-tyrosine, giving equimolar amounts
of trans-p-coumaric acid and ammonia as the products. This enzyme (tyrase) was readily detected in
sorghum, barley, rice, wheat, oat, corn and sugar cane plants; but not in pea, lupine, alfalfa or white sweet
clover plants, or in yeast. Tyrase was concentrated in the stems of barley rather than the leaves, and reached
its maximumn concentration at about the time the heads were emerging. The crude, soluble protein extracted
from an acetone powder of barley stems was purified about forty-fold with respect to tyrase. Tyrase
preparations from this source were also found to convert pDL-m-tyrosine to m-coumaric acid and ammonia,
and have been shown by Koukol and Conn*? to contain an enzyme (phenylalanase) which can catalyze the
conversion of L-phenylalanine to cinnamic acid and ammonia. The data suggest that tyrase is distinct from
the enzymes (or enzyme) catalyzing the deaminations of phenylalanine and m-tyrosine.

INTRODUCTION

IN RECENT years there has been considerable interest in the formation of secondary.growth
substances in plants, especially substances with an aromatic structure such as flavanoids,
coumarins, lignin and related compounds. Tracer studies on the biosynthesis of these
compounds have been reviewed.® They are probably derived from phenylalanine and, in
some species, from tyrosine as well. Cinnamic acid, p-coumaric acid and other phenolic
cinnamic acids are likely intermediates. In order to account for the formation of

R—CH=CH—COOH from R—CH,—CH(NH,)—COOH

the following sequence has been suggested :3-5
R-CH,-CH(NH,)-COOH—>R~CH;~CO-COOH——>R~CH;-CH(OH)-COOH——R-CH = CH-COOH

This postulates formation of the ethylenic bond by dehydration, but the tracer work can
be explained just as well by postulating a direct deamination of the amino acid side chain
as in the aspartase,®? f-methyl aspartase® and histidase®1° reactions, i.e.
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R—CH,—CH—CO0O~ —— R—CH=CH—COO~ +-NH*

A,

Koukol and Conn'2 found an enzyme in sweet clover that catalyzes the formation of
cinnamic acid from phenylalanine. This enzyme (phenylalanine deaminase) was also found
in other legumes and in members of the Gramineae. The reaction has been established as
a direct deamination of the type shown above (R = phenyl).

The present paper describes two other deamination reactions of the same general type:
(1) the conversion of L-tyrosine to p-coumaric acid (R = p-hydroxyphenyl) and (2) the
conversion of DL-m-tyrosine to m-coumaric acid (R = m-hydroxyphenyl). The enzyme
catalyzing deamination of L-tyrosine has been named tyrase. It was found in substantial
amounts in grasses, but not in any of the legumes examined.

EXPERIMENTAL AND RESULTS
Detection of Tyrase in Plants

The first direct evidence for the existence of tyrase was obtained as follows: A sample
of acetone powder (0-2 g) prepared from 6-day-old sorghum seedlings was incubated at
room temperature (about 22°) with 3 ml of 0-05 M tris(hydroxymethyl) aminomethane-
hydrochloric acid buffer (pH 8-8) containing 0-1 per cent of L-tyrosine. After 3 hr the
mixture was diluted by 7 ml of water and filtered in a Buchner funnel. The filtrate was
acidified with 0-2 ml of 5 N hydrochloric acid, extracted with 10 ml of ether, the ether
evaporated and the residue redissolved in 0-2 ml of 95 per cent ethanol. About one-third
of this solution was chromatographed on paper using solvent B (Table 1) as the irrigant,

TaBLE 1. COMPARISON OF cis- AND trans- 1SOMERS OF pP-COUMARIC ACID

Isomer of p-coumaric acid*
cis- trans-
Corrected m.p., °C 131 219-220
Absorption peak of salt (mu)t 290 333
Ryin solvent A} 0-66 0-35
in solvent B} 0-64 0-64
r in solvent C} 0-40 0-34
Ry in solvent D} 0-36 029

* Both isomers give the same colored spot with diazotized
p-nitx;o::::‘line, i.. orange, changing to blue when sprayed with

t Measured in 0-05 N sodium hydroxide. The fluorescence of the
cis- isomer in this solution is less than one-tenth that of the trans-
isomer

1 Solvent A—2 per cent acetic acid in water.
Solvent B—Uj of benzene—acetic acid-water (6 : 7 : 3)
5{ im and Towers*®).
Solvent C—n-Propanol-conc. NH,OH (7 : 3).
Solvent D—Isopropanol-conc. NH,OH-water (8 : 1 : 1).

A component with the properties of p-coumaric acid was observed; it had the correct
mobility and gave the same color reactions with diazotized p-nitroaniline (i.e. orange
changing to blue in alkali). This component was not detected in parallel experiments where
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tyrosine was omitted, even if p-hydroxyphenyl pyruvic acid or p-hydroxyphenyl lactic acid
was added.

Acetone powders from other sources were tested in the same way (Table 2). Evidence
for an enzyme converting tyrosine to p-coumaric acid was obtained for sorghum, wheat.
rice, barley, oats, corn and sugar cane. In some of these tests p-coumaric acid was detected
when tyrosine was omitted, but the parallel experiment with tyrosine always gave a more
intense spot. Sorghum seeds did not contain a detectable amount of tyrase. Negative tests
were also obtained with acetone powders of yeast and three species of legumes. No
p-coumaric acid was observed in the negative tests, whether tyrosine was added or not.

TABLE 2. DETECTION OF TYRASE IN ACETONE-DRIED PLANT MATERIALS

Presence of

Source of plant material tyrase

Sorghum vulgare Pers. (sorghum) var. Honey Drip.
seeds soaked overnight

4-day old, etiolated seedlings
6-12-day old, non-etiolated seedlings

Triticum vulgare Vill. (wheat) var. Ramona.
4-day old, etiolated seedlings
4-day old, non-etiolated seedlings

Zea mays L. (corn) var. Minnesota B164.
6-day old, non-etiolated seedlings +

Hordeum vulgare L. (barley) var. Mariout.
4-day old, etiolated seedlings
4-day old, non-etiolated seedlings

Avena sativa L. (oats) var. Kanota.
6-day old, non-etiolated seedlings +

Oriyza sativa L. (rice) var. Caloro.
0-day old, non-etiolated seedlings +

*Saccharum officinarum L. (sugar cane).
stalk from plant about 150 cm tall -

{Pisum sativum L. (peas) var. Alaska,
6-day old, etiolated seedlings —

tLupil ibus L. (white lupin).
2 i e -

t Melilotus alba Desr. (white sweet clover).
Shoots, 30-40 days old —

Fleischman’s dried bakers’ yeast ! -

4+ 4+

++

* Obtained from the Department of Agronomy, University of
California, at Davis by courtesy of Dr. D, S. Mikkelsen.
t These acetone powders were prepared by Dr. J. Koukol.

A positive test for tyrase was also obtained with soluble protein fractions from sorghum
or barley seedlings. These fractions were extracted by 005 M tristhydroxymethyl)-
aminomethane-hydrochloric acid (pH 8-8), precipitated by ammonium sulfate at 70 per cent
saturation, then dissolved and dialyzed overnight at 0°, using buffer of the same concentra-
tion. They lost the tyrase activity on heating at 100° for 3 min. It was concluded that
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certain plants, especially members of the Gramineae, contain an enzyme that can catalyze
the conversion of L-tyrosine to p-coumaric acid.

Quantitative Assays for Tyrase

Tyrase was estimated by measuring the rate of formation of p-coumaric acid in the
presence of excess L-tyrosine. The p-coumaric acid was isolated from the reaction mixture
by extraction with ether and assayed either spectrophotometrically or fluorometrically in
sodium hydroxide solution (Figs. 1 and 2). In most experiments a temperature of 40° was
used (see Fig. 3) and the reaction mixture was buffered at pH 8-8 (Fig. 4) by 0-05-0-10
M sodium borate containing 0-1 per cent of L-tyrosine. One unit of tyrase is defined as the
amount of enzyme which catalyzes formation of 0-1 umole of p-coumaric acid per hour,

0-501 (333 mu

Optical density

ZJZ o 2 éO 330 3; [+ 318 o
Wave length, mee
F1G. 1. ULTRAVIOLET ABSORPTION SPECTRUM OF p~COUMARIC ACID.
The solid line is for purified trans-p-coumaric acid (3-33 ug per ml of 0-05 N sodium hydroxide);
the circles are for an ether-extractable acid fraction obtained following treatment of L-tyrosine with
barley-stem tyrase (preparation C, Table 6).
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FIG. 2. RELATION BETWEEN CONCENTRATION AND FLUORESCENCE FOR frans-p-COUMARIC ACID IN
ALKALI
The acid was dissolved in 0-05 N sodium hydroxide, the solution put in a round quartz cuvette and
fluorescence measured with an Aminco-Bowman spectrophotofiuorometer using the 350 mu
setting for activation and measuring the output at 440 mu. Fluorescence is reported in arbitrary
units; a reading of unity on the per cent transmission scale at the 0-01 sensitivity setting was defined
as one unit of fluorescence. (a)—Curve when concentration was varied over a wide range.
(b)—Linear relation obtained for dilute solutions.
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FiG. 3. RATE OF FORMATIOM OF p-COUMARIC ACID BY TYRASE AS A FUNCTION OF TEMPERATURE.
The tyrase preparation was a rice seedling protein obtained between 35-70 per cent saturation on

the ﬁ_rst ammo_nium sulfate fractionation. Each ml of reaction mixture contained 4-3 mg of
protein, 3-1 units of tyrase, 1:0 mg of L-tyrosine and 100 umoles of sodium borate at pH 8-9.
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Fi1G. 4. EFFecT OF PH ON THE ENZYMATIC FORMATION OF 7~ AND p-COUMARIC ACIDS FROM THE
CORRESPONDING ISOMERS OF TYROSINE.

Barley-stem protein purified through step 4 (Table 5) was used as the enzyme. The solid line
(filled circles) is for formation of p-coumaric acid from L-tyrosine; the broken line (triangles) is
for formation of m-coumaric acid from pL-m-tyrosine. The rate at any given pH is expressed as
the percentage of the rate at pH 8-8 (0-1 M sodium borate) as determined in a parallel experiment.
Sodium acetate buffer (0:1 M sodium borate) as determined in a parallel experiment. Sodium
acetate buffer (0-1 M) was used for pH 5:0 and 5'4; potassium phosphate buffer (0-1 M) was used
for pH 6-0-8-0; sodium borate buffer (01 M) was used for pH 8-4-9-6; ethanolamine hydrochloride
buffer (0-2 M) was used for pH 10-0 and 10-6 and, methylamine hydrochloride (0-2 M) for pH 10-9.
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FiG. 5. TIME COURSE OF THE ENZYMATIC FORMATION OF P-COUMARIC ACID FROM EXCESS L-TYROSINE,
Line A is for preparation C (Table 6) under the usual conditions of assay (i.e. pH 88, 40°), using
0-08 mg of protein per ml. Line B is for a crude protein from etiolated barley seedlings obtained
between 40-60 per cent saturation on the first ammonium sulfate fractionation. This experiment
was run at pH 8-8 and 31° using 2-8 mg of protein per ml.
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Fi1G. 6. RATE OF FORMATION OF p-COUMARIC ACID AS A FUNCTION OF ENZYME CONCENTRATION.

The rate is expressed as ug of p-coumaric acid formed in 45 min. Each ml of reaction mixture

contamed_ 1-0 mg of L-tyrosine, 100 zmoles of sodium borate (pH 8-8) and enzyme as indicated.

The reaction was run at 40°. The enzyme used was a barley-stem protein fraction precipitated at
40-60 per cent saturation on the second ammonium sulfate fractionation.
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under these conditions. The rate of formation of p-coumaric acid was constant (Fig. 5) and
directly proportional to the enzyme concentration (Fig. 6).

Comparison of Sources of Tyrase

Table 3 lists the tyrase contents of acetone powders prepared from the seedlings of
several species belonging to the Gramineae. Rice seedlings were a good source, particularly
the roots. The relatively low tyrase content of acetone-dried whole seedlings is due to
dilution by starch and other inert substances in the seed residues. Wheat germ acetone
powder was practically free from tyrase. It seems likely that there is little, if any, tyrase in
seeds (compare with sorghum seeds, Table 2), but the enzyme is readily formed on
germination.

TABLE 3. TYRASE CONTENT OF VARIOUS ACETONE POWDERS

Age Yield of ! Units of tyrase
Source* (days) acetone powder per g of
(% of fresh wt.) | acetone powder
Rice \
Whole seedlings 12 24 27
s ’ 11 28 21
Shoots of seedlings 11 12-6 52
Roots of seedlings 11 50 95
2 » E2 4 11 5'0 138
5 » 12 69 104
Barley
Etiolated whole seedlings 4 11-0 13
Etiolated seedling shoots 5 56 36
Non-etiolated seedling shoots 7 65 25
» » » roots 7 30 31
Wheat |
Shoots of seedlings 7 10-4 ! 43
Sperry wheat germ —_— 86 mul
i

* Seedlings were grown in the laboratory from Caloro rice, Mariout barley
and Ramona wheat.

The tyrase content of barley seedlings grown in a field was relatively low, but it increased
as the plants developed and reached a peak at about the time the heads were emerging
(Table 4). The tyrase content of barley stems was considerably higher than that of the leaves.

Extraction and Partial Purification of Tyrase

(a) General. Tyrase was extracted and concentrated from several sources. Acetone
powders of wheat seedling shoots, barley seedlings, rice seedlings and roots of rice seedlings
were tried, but the best results were obtained with acetone powders from barley stems.
Table 5 summarizes the results obtained with barley stems. Each step in the fractionation
is described below, with observations on results obtained with other sources. Table 6
describes preparations that were used in a study of the properties of tyrase.

Although rice root acetone powders were rich in tyrase (Table 3), attempts to concen-
trate the enzyme from this source met with little success because of the instability of the
extracts. Sometimes more than half the activity was lost during dialysis overnight at 0-5°.
A sample purified through step 3 (Table 5), lyophilized, and stored 83 days at —20°, lost
about half of its activity. Tyrase prepared from barley stems was much more stable; a
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TABLE 4. CHANGES IN TYRASE CONTENT DURING DEVELOPMENT OF BARLEY*

! |
' [ Units of tyrase per g of .
i :‘1;12 n%f acetone powder from Units of tyrase found
Date , Stage of development | powder r 100 gt me of
i (% of | Whole per 10 &1 | per mg
fresh wt.) | shoot Leaves | Stems | Heads | of vt;x;&sh e;rt;atecxt:?
Jan. 30 ! Plantsupto 12cmtall; 11-6 51 — — — 59 0-02
2-3 leaves
Feb. 26 | Plants up to 30 cm tall; 10-6 60 — — —_ 63 004
34 leaves
March 11 | Plants up to 40 cm tall; 90 170 —_ — — 150 0-06
4 leaves
March 18 | Plants up to 45 cm tall 9-0 220 11 39 . — 200 ' 046
March 26 | Plants up to 65 cm tall 11-8 370 9:6 72 — 430 v 067
April 3 Plants up to 80 cm tall; 147 230 77 35 — 340 0-47
headsready toeme;
April 16 | Plants up to 90 cm tall; 254 320 28 44 47 810 | 044
. heads just emerged !
April 30 | Heads in milk stage 321 12:0 42 15 12 380 —
|

* Hordeum vulgare L. (var. Aravat) growing in field, University of California at Davis, 1960.
t Calculated for the whole shoot by multiplying the units of tyrase per g of acetone powder by the
percentage yield of acetone powder. -
} The first three figures apply to protein extracted from the whole shoot acetone powder, the others to
protein from stem acetone powders. The protein was extracted by 0-10 M sodium borate (at pH 8-8),
pit(agﬁdsb%')ammonium sulfate (0-70 per cent saturation) and dialyzed overnight against 0-05 M sodium
ate -8).

TABLE 5. PURIFICATION OF TYRASE FROM AN EXTRACT OF BARLEY-STEM ACETONE POWDER*

: ! Specific
' Totalt } g o
Step | P Volume i Tyrase activity %
No. | Description of step (D) P{°t°)‘“ (units) | (units/mg | Recovery}
l mg of protein)
1 | First ammonium sulfate precipitate, | 195 3100 1340 043 —
' 0-70 per cent
2 : Supernatant after titrating to pH 6 190 1690 1330 0-80 99
3 ! Fraction precipitated between 50-60 212 218 725 33 54§
per cent saturation withammonium
I sulfate
4 Cliromatographed on DEAE-<cellu- 99 33 376 11-4 28
© lose
Fraction from step 3 purified by 33 49 388 79 | 38
calcium fphospha\te gel i
6 Fraction from step 5 chromato- 30 14 258 ' 184 ! 19
graphed on DEAE-cellulose | ‘

* Barley stem acetone powder (171 g, 5400 units of tyrase) from April 16 (Table 4) was extracted by
2400 ml of 0-10 M sodium borate at pH 8-8. Half of this was purified by steps 1, 2, 3 and 4 and the other
balf by steps 1, 2, 3, 5 and 6. The results are calculated back to the total.

t The ratio of optical density at 280 mu to that at 260 mu was 0-9 after the first ammonium sulfate
?recxpltatxon, 1-4 after the second ammonium precipitation and 1-6 for the most highly purified sample of

yrase,

{ Recoveries are based on the tyrase found in the first ammonium sulfate precipitation. This was only
25 per cent of the total tyrase in the acetone powder.

§ The fraction precipitated between 40-50 per cent saturation with ammonium sulfate contained an
additional 377 units of tyrase (28 per cent) with a specific activity of 1-14.
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sample purified through step 3 and stored 70 days at —20° lost only about 10 per cent of its
activity, and when it was lyophilized there was no detectable loss of activity during 70 days.
The more dilute solutions obtained from DEAE-cellulose (diethylaminoethyl cellulose)
columns (Table 6) lost about half of their activity in the 2 weeks, but during this period
they were thawed 8-10 times for sampling. Loss of activity of tyrase preparations may be
due to proteolysis, since free amino-acids have been detected, after storage, in preparations
purified through step 3.

TABLE 6. DESCRIPTION OF SOME TYRASE PREPARATIONS

Preparation Source mlf Composition of solution m:':;
A Rice seedlings, 12 | 35-70fraction of { 0-35 mg of protein per ml in 0-025 M 4-0
days old, acetone- :iﬁ 1, puri- potassium phosphate at pH 6-8
by steps and 0:2 M potassium chloride

2,5and 6
B Barley stems, pre- ( 1,2,3and 4 0-31 mg of protein per ml in 0-035 M 80
m ace- potassium phosphate at pH 6-8
and 0-2 M potassium chloride
C Barley stems just | 1,2,3and 4 0-34 mg of protein per mi, otherwise 11-4
after emergence of as B
heads, acetone-
dried
D Same as C

1,2,3,5and 6 | 0-40 tgg of protein per ml, otherwise 184
as

* The steps are numbered as in Table 5; see Table 5 and text for description.

(b) Preparation and extraction of acetone powders. A Waring blendor was used. Fresh
plant material was cut into convenient lengths (about 1 in.) by scissors, barely covered with
acetone at —20°, blended for 1-1-5 min at full speed, filtered by suction and washed three
times with acetone at —20°. After drying for about 5 min on the Buchner funnel, the powder
was spread on paper, air-dried in a fume hood for about 15 min and finally dried in vacuo
at room temperature for at least 1 hr. The powders were stored at 4-6° in containers with
tight caps. Although referred to as “powders™, some of the acetone-dried materials were
rather fibrous, particularly those made from stems of cereals.

The acetone powder was mixed with about 15 times its weight of 0-10 M sodium borate,
pH 8:8, at room temperature. The mixture was cooled in an ice-bath and stirred manually
from time to time during 30 min, then filtered through a double layer of cheese cloth. The
filtrate was centrifuged at 8000 X g and 0° for 15 min. The supernatant fluid contained much
of the tyrase; the sediment was discarded. Usually only 2040 per cent of the tyrase present
in a sample of acetone powder was obtained in solution. All subsequent steps were carricd
out at 0-4°,

(c) First ammonium sulfate precipitation (step 1, Table 5). The supernatant from the
preceding step was cooled in ice, and solid ammonium sulfate, to give 70 per cent saturation,
was added gradually, with stirring, during 5-10 min, then the precipitate was collected by
centrifugation at 8000 xg for 15 min. The precipitate was taken up in 0-05 M sodium
borate at pH 8-8, using a volume about one-twentieth the original extract. This was
dialyzed overnight against 50 volumes of the same buffer. The precipitate nearly all
dissolved giving a slightly turbid solution.

In early experiments the fractions precipitating between 0-35 and 35-70 per cent
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saturation were collected separately; tyrase was found chiefly in the 35-70 fraction. Extracts
from rice seedlings showed unique behavior; the 35-70 fraction rose to the surface. After
allowing about 10 min for separation most of the clear solution was siphoned out from
under the surface layer of insoluble material. Centrifugation of this insoluble fraction
gave a pellicle containing the enzyme; the clear solution was poured out and the pellicle
taken up in 0-05 M sodium borate (pH 8-8) and dialyzed as above.

(d) Precipitation of inactive protein at pH 6 (step 2, Table 5). The slightly turbid solution
from the preceding step was titrated to pH 5:9-6-1 (glass electrode) using M acetic acid at
0°. A heavy precipitate formed; it was removed by centrifugation at 11,000 xg. The
supernatant fluid contained practically all of the tyrase; it was titrated to pH 8:6 by N
sodium hydroxide. This clear solution was used at once for the next step.

(e) Second ammonium sulfate precipitation (step 3, Table 5). Solid ammonium sulfate
was added carefully to the tyrase solution at 0°; fractions precipitated at 040, 40-50, 50-60
and 60-75 per cent saturation were collected separately by centrifugation at 8000xg.
Tyrase was always concentrated in the fractions at 40-60 per cent saturation, sometimes
chiefly in the 40-50 fraction and other times in the 50-60 cut. The precipitates were
dissolved in 0-02 M potassium phosphate at pH 6-8, to give a protein concentration between
1 and 2 per cent. They were then dialyzed overnight against 0~100 volumes of the same
buffer at 0°. The dialyzed solution was ready for chromatography on DEAE-cellulose.

(f) Chromatography of tyrase on DEAE-cellulose (steps 4 and 6, Table 5). The DEAE-
cellulose was a commercial preparation; i.e. Biorad Cellex-D. It was washed with 0-1 N
sodium hydroxide, suspended in deionized water, titrated to pH 6-8 by M phosphoric acid,
filtered on a Buchner funnel and washed with 0-02 M potassium phosphate at pH 6-8.
Only this purified material was used for chromatography.

Two sizes of columns were employed. The small size (1-1 X10 cm) was loaded with
about 20 mg of protein; the large size (2-2 17 cm) was loaded with about 100 mg. The
small column was operated at 0°, in an ice bucket, using a flow rate of about 30 ml per hr;
the fractions (3 ml) were collected manually. The large column was operated at 4°, in a
cold room, using a flow rate of about 90 mi/hr; the fractions (4 ml) were collected
automatically. Columns were packed in Pyrex tubes with retaining plugs of fine glass wool.
After washing the packing thoroughly with 0-02 M potassium phosphate (pH 6-8) the
enzyme solution (see above) was put on and washed in. The column was developed using
a linear gradient! between equal volumes of 0-02 M potassium phosphate at pH 6-8 and
0-05 M potassium phosphate at the same pH but containing 0-4 M potassium chloride. The
total volume in the gradient elution apparatus was 80 ml for the small column and 400 ml
for the large one.

Tyrase was detected in the eluate by the direct fluorometric method described in the
next paragraph. It emerged from the column after about one-half the contents of the
clution apparatus had been used. The enzyme was thus obtained in about 0-035 M
potassium phosphate at pH 6-8, 0-2 M with respect to potassium chloride. The protein
concentration was usually 0-3-0-4 mg/ml. The active fractions were stored at —20°
(Table 6).

The tyrase content of fractions eluted from DEAE-cellulose columns was determined
by a rapid fluorometric procedure which omitted ether extraction and zero-time controls.
An aliquot (0-1-0-2 ml) of the eluate was mixed with 0-5 ml of 0-1 per cent tyrosine in
0-15M sodium borate (pH 9-0). This mixture was incubated in a 13X 100 mm culture
11 R. M. Bock and N. LING, Anal. Chem. 26, 1543 (1954).
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tube for 30 min at 40°, then 1-0 ml of 0-13 N sodium hydroxide was added and the mixture
poured into a round quartz cuvette for measurement of its fluorescence. All fractions had
a fluorescence, but this was augmented 3-5 times in tubes containing appreciable amounts
of tyrase. This simple, rapid method showed which fractions could be recombined. The
composite fraction was then analyzed for tyrase by one of the more accurate methods
outlined above.

(g) Purification by calcium phosphate gel (step 5, Table 5). Fractionation by positive
adsorption on a calcium phosphate gel was used in some instances. This fractionation was
applied to fractions after removal of inert protein at pH 6 or after the second ammonium
sulfate precipitation. The calcium phosphate gel'* contained 37-8 mg of solids per ml.
The enzyme solution was dialyzed for at least 4 hr against 100 volumes of 0-01 M potassium
phosphate at pH 6:0. The volume was then adjusted to give a protein concentration of
1 per cent; 0-1 volume of the gel was added, the mixture stirred for about 5 min then
centrifuged at 6000 xg for 10 min. The supernatant solution was treated with 0-3 volumes
of gel, stirred 10 min and centrifuged as before. Most of the tyrase was absorbed on the
second portion of gel; this precipitate was washed with 0-01 M potassium phosphate at
pH 60, and the enzyme eluted by mixing for 10 min with 0-02 M potassium phosphate
at pH 7-4, then with 0-05 M potassium phosphate at pH 8-0. These eluates were combined.
The enzyme was recovered in a volume about 1-5 times as large as the original volume
(Table 5).

(h) Other fractionation procedures. A number of other standard fractionation methods
were tried in addition to those described above. These procedures were applied to a rice
seedling protein fraction obtained between 35-70 per cent saturation with ammonium
sulfate (first precipitation). Fractional precipitation by acetone resulted in considerable
loss of tyrase with no increase in specific activity. Protamine sulfate (0-01 M potassium
phosphate, pH 6-0) was found to remove tyrase from solution; no attempt was made to
recover the enzyme from the precipitate. A 2-6 fold purification of tyrase was obtained
using alumina Cy*® for positive adsorption in the same manner described above for calcium
phosphate. Most of the rice seedling proteins, including tyrase, passed through a
carboxymethyl-cellulose column (Biorad Cellex-CM) at pH 6-0 (0-02 M potassium
phosphate).

Specificity of a Tyrase Preparation

Chromatography on DEAE-cellulose removed practically all the free ammonia from
tyrase preparations. It was found that preparations purified in this way formed ammonia
and p-coumaric acid in equimolar amounts when incubated with tyrosine (see section on
stoichiometry below). Other amino-acids were substituted for tyrosine, and ammonia
formation was measured, in order to obtain information on the specificity of tyrase (Table 7).
Two amino-acids, L-phenylalanine and DL-m-tyrosine (i.e. m-hydroxy-phenylalanine),
induced a more rapid formation of ammonia than did L-tyrosine. The formation of
ammonia from L-phenylalanine was expected since Koukol and Conn':? had already
demonstrated that barley and other plants contain an enzyme (phenylalanine deaminase)
which forms cinnamic acid and ammonia from rL-phenylalanine. The deamination of
m-tyrosine was unexpected; it was investigated further and m-coumaric acid identified as
the product (see below). There was little, if any, deamination of the other amino-acids.
Histidase?1° and aspartase®.” were either absent or present in very low concentrations.
1§, P. CoLoWICK, Methods in Enzymology, Vol. I, pp. 97, 98. Academic Press, New York (1955).



12 A. C. Nesq

TABLE 7. DEAMINATION OF VARIOUS AMINO-ACIDS BY A TYRASE

PREPARATION™
ug of NH, found pmoles of
Amino-acid added NH,
atstart | after 3 hr formed
L-Tyrosine 4-4 166 0-79
pL-g-Tyrosine 53 61 0-05
pL-m-Tyrosine 30 24-6 1-40
pL-DOPAt 47 72 016
L-Phenylalanine 82 72 4-00
L-Aspartic acid 41 62 013
L-Alanine 52 60 0-05
L-Histidine 42 62 013
L-Tryptophan 4-5 65 0-13

* Preparation B (Table 6). The reactions were run in air-filled
sealed Thunberg tubes at 40° for 3 hr. Each tube contained 0-61 mg
of protein, 150 umoles of sodium borate (pH 9-0), and 10 gmoles of
L-amino acid (or 20 umole of pDL-form) in a total volume of 3-0 ml.
The cap of the tube contained 0-3 ml of N sulfuric acid. At the end
of the reaction the tubes were cooled in ice, the acid mixed in and a
2 ml aliquot of the mixture removed for estimation of ammonia.

t 3,4-Dihydroxyphenylalanine.

Identification of p-Coumaric Acid as the Product of the Enzymatic Deamination of Tyrosine

The product of the tyrase reaction had the same R, as trans-p-coumaric acid in the
solvents listed at the foot of Table 1. Tests with the diazotized p-nitroaniline spray reagent
followed by alkali gave the same colors (orange changing to blue) as were exhibited by an
authentic sample. The fluorescence was also the same for both samples; a blue fluorescence
was noted on the paper chromatograms when viewed under ultraviolet light (366 mu) only
after the sheet had been sprayed with alkali. The maximum settings of the spectrophoto-
fluorometer were the same, both for activation (350 mu) and emission (440 mu), as for
trans-p-coumaric acid. Itis unlikely that cis-p-coumaric acid was formed, even transitorally,
since it was not observed on paper chromatograms irrigated with solvent A (Table 1) and
since cis-p-coumarate was not converted to the trans- isomer by an active tyrase preparation.

The product of the tyrase reaction was rigorously indentified as trans-p-coumaric acid
by isolating enough crystalline material for a mixed melting point determination. This was
done both with rice and barley preparations. Ten ml of barley stem tyrase purified through
step 3 (Table 5), containing 178 units of enzyme and 150 mg of protein, was mixed with
20 m! of 0-15 M sodium borate (pH 9-0) containing 30 mg of L-tyrosine. This mixture was
incubated at 40° for 43 hr, cooled in ice, acidified with 2 ml of 5 N hydrochloric acid, then .
shaken with 80 ml of ether. The ether phase was separated and back-extracted with 12 ml
of 0-1 M sodium bicarbonate. The bicarbonate extract was acidified with 1 ml of 5 N
hydrochloric acid, shaken with 15 ml of ether and the ether separated and allowed to
evaporate at room temperature. The crystalline residue (9 mg) was recrystallized from
water (using charcoal) and the colorless product collected on a glass filter, washed with
ice-water and air dried. This gave 7 mg of a crystalline solid, m.p. 219-220°. The melting
point was not depressed when the sample was mixed with authentic trans-p-coumaric acid,
m.p. 219-220°. Both samples evolved gas on melting.

Another crystalline sample was obtained using a rice seedling protein fraction purified
only through steps 1 and 2 (Table 5). This tyrase solution (91 ml) contained 100 units of
enzyme and 700 mg of protein. The reaction was run essentially as described above. The
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crude p-coumaric acid, obtained by evaporation of the ether extract, was digested with hot
toluene (2 ml), then cooled and 2 ml of 30-60° petroleum ether was added. The solid was
filtered out, dried at room temperature, then recrystallized from water as described above.
This gave about 4 mg of a colorless crystalline solid m.p. 218-219°. The m.p. was not
depressed by admixture with authentic trans-p-coumaric acid.
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Fi1G. 7. ENZYMATIC SYNTHESIS OF p-COUMARIC ACID-C! FROM L-TYROSINE-C!!.

The enzyme was a barley-stem protein fraction precipitated at 40-60 per cent saturation on the
second ammonium sulfate fractionation. Each ml of reaction mixture contained 320 pg (16 jc)
of L-tyrosine-C* (uniformly labelled), 70 umoles of sodium borate (pH 8-8), 4-4 mg of protein and
7-9 units of tyrase. Samples were chromatographed on Whatman No. 1 paper using n-butanol-
acetic acid-water (4 : 1 : 1-8) as the irrigant. The chromatograms were scanned by a Nuclear-
Chicago Actigraph II. (a)—Tracing of scanner record of 8 ul of reaction mixture, sampled
immediately after mixing. (b)—Tracing of scanner record of 15 u! of reaction mixture, sampled
after 3 hr incubation at 40°. The broken circles show position of tyrosine as revealed by ninhydrin.

Experiments with L-tyrosine-C' (uniformly labelled) showed that C'¢-labelled p-coumaric
acid was formed as the major product and with practically the same specific activity as the
tyrosine. The first experiment (Fig. 7) showed one major product with the mobility of
p-coumaric acid in the irrigant employed. A possible minor component may be an impurity
in the tyrosine. The bulk of the reaction mixture was acidified with hydrochloric acid,
extracted by ether, and aliquots of the extract were plated and counted under a Nuclear-
Chicago gas-flow counter fitted with a micromil window. This showed 42 per cent of the
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CM had been converted to an ether-extractable form (i.e. p-coumaric acid). Another
aliquot of the ether extract was analyzed for p-coumaric acid by ultraviolet absorptiometry
The specific activity was calculated to be 92 per cent of that expected assuming all the C
to be in p-coumaric acid. A similar experiment was run using enzyme preparation D
(Table 6). The conversion of substrate was 23 per cent and the specific activity of the
p-coumaric acid formed was 96 per cent of the expected value. Crude preparations probably

contain or generate some endogenous tyrosine.

Identification of m-Coumaric Acid as the Product of the Enzymatic Deamination of m-Tyrosine

The ether-soluble acid formed by incubating tyrase preparations with DL-m-tyrosine had
the same mobility in solvent D (Table 1) as authentic m-coumaric acid, and it gave the
same color changes when the paper was sprayed with diazotized p-nitroaniline followed by
alkali (yellow changing to red). The ultraviolet absorption spectrum in alkali coincided
with that of authentic trans-m-coumaric acid (Fig. 8). The identity was firmly established
by isolation of enough crystalline product for a mixed melting point test. Five ml of barley
stem tyrase purified through step 3 (Table 5), containing 87 units of tyrase and 78 mg of
protein, was mixed with 10 ml of 0:15 M sodium borate (pH 9-:0) containing 100 mg of
pL-m-tyrosine. This mixture was incubated at 40° for 44 hr then worked up as described above
for isolation of p-coumaric acid. The crystalline residue (10 mg) from evaporation of the ether
extract was recrystallized from water. This gave 6 mg of colorless crystals m.p. 194-196°;
the m.p. was not changed by mixing with authentic m-coumaric acid (m.p. 194-196°).
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Wave length, mu
Fi1G. 8. ULTRAVIOLET ABSORPTION SPECTRUM OF m-COUMARIC ACID.

The solid line 1s for the synthetic material (3-3 u4g per ml of 0-05 N sodium hydroxide); the circles
are for an ether-extractable acid fraction formed by the action of a barley-stem tyrase on
DL-m-TYROSINE.

Stoichiometry of the Enzymatic Deamination of Tyrosine and m-Tyrosine

Both reactions were found to form one mole each of ammonia and the corresponding
coumaric acid for each mole of the amino acid used. The data obtained for the deamination
of L-tyrosine by three different enzyme preparations are collected in Table 8. The dis-
appearance of tyrosine was measured only when the amount present initially was low
enough to permit utilization of a reasonably large fraction. Enzymes from rice or barley
formed p-coumaric acid and ammonia in equimolar amounts 410 per cent. This was also
true for the formation of m-coumaric acid and ammonia from pL-m-tyrosine by a barley-
stem preparation (Table 9).
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TABLE 8. STOICHIOMETRY OF TYROSINE DEAMINATION

|
. ! pmoles of L-tyrosine pmoles change on incubation
Enzymes | Protein I Incubation

i added (mg) | time (hr) at start at finish | tyrosine p'“;‘éma"c NH,

i |
A 7 5 16:5 —_ — +0-79 -077
A | 072 ‘ 5 nil — —_ nil -+-0-01
B i 0-60 I 3 1-66 1-01 —0-65 +0-61 -+-0-54
B . o060 | 3 . 153 — - +097 —0-84
C E 051 3 i 1-65 1-05 —0-60 +0-78 -0-87
C ! 0-51 ' 3 331 2:39 —0-92 +-1-04 —1-18
C i 0-51 l 3 13-2 — —_ +1-41 -1-50

! .

* The enzyme preparations are described in Table 4. The reactions were run in Thunberg tubes as
described in footnote to Table 7. After cooling and acidification one aliquot was analysed for ammonia
and another fractionated by ether extraction; p-coumaric acid was measured in the ether extract and
L-tyrosine in the aqueous residue (see text for further details).

Effect of Inhibitors and Activators on Tyrase

Table 10 summarizes the results of a series of experiments where sulfhydryl compounds
or sulfhydryl reagents were added to tyrase reactions. The reactions were run about 1 hr
at 40° then the amount of p-coumaric acid formed was measured. The relative rate is the
amount of p-coumaric acid formed, expressed as the percent of the amount formed in a
control test where no sulfhydryl compound or inhibitor was added. The sulfhydryl
compounds caused a marked decrease in formation of p-coumaric acid by crude enzyme
preparations, but as the enzyme was purified this effect disappeared. Tyrase was strongly
inhibited by p-chloromercuribenzoate, but not by iodoacetamide. '

Various salts were tested at 0-05 and 1-1 mM concentration, especially those of divalent
metals, such as Ca, Mg, Mn, Cu, Co and Fe. None of these gave a marked stimulation;
cupric sulfate was rather toxic. Quite large concentrations of ammonium sulfate (0-11 M)
had no effect. No evidence could be obtained for participation of a divalent cation in the
tyrase reaction. It was not inhibited by EDTA (ethylenediamine tetra-acetate). There is
a possibility that a firmly bound cation is involved. The role of monovalent ions was not
investigated. The reaction mixtures always contained fairly high concentrations of sodium
and potassium ions.

TABLE 9. STOICHIOMETRY OF M-TYROSINE DEAMINATION

umoles of DL-m-tyrosine pmoles change on incubation
after . m-coumaric o
at start incubation m-tyrosine ! acid NH,
276 2-08 —0-68 +0-72 +0-76
5-52 4-45 —-107 +0-98 096
22-1 —_ — +1-97 -1-1-90

Enzyme preparation C (Table 6) was used. The reaction mixture (2 ml) contained
0-34 mg of protein and 150 umoles of sodium borate (pH 9-0). The reactions were
run for 3 hr at 40° in sealed Thunberg tubes with 0-2 ml of N sulfuric acid in the
cap, The reaction was terminated by cooling the tubes in ice and mixing in the
acid. One aliquot was analysed for ammonia and another was fractionated by
ether; m-coumaric acid was measured in the ether extract and m-tyrosine in the
aqueous residue (see text for further details).
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TaBLE 10. EFFECT OF SULFHYDRYL COMPOUNDS AND INHIBITORS ON BARLEY
TYRASE PREPARATIONS AT DIFFERENT STAGES OF PURIFICATION*

Specific activity '
pmoles added | Relative rate
:m&en Compound added I per ml (°4 of control)
013 Reduced glutathione | 10 -2
CH,SH.CH,0H 10 41
CH,SH.COONa 10 18
Iodoacetamide 7 : 101
p-Cl-Hg-Benzoate 01 ! 57
" » 001 91
18 Reduced glutathione ul) gz
1 '
Cystemne 10 i 58
: » 1 82
! " 01 : 91
107 © Reduced glutathione 10 ; 120
| Cysteine © 10 L 104
' ’ ! 1 | 116
Iodoacetamide ' 70 X 89
- | 7 99
18-4 | Cysteine |10 90
» | 1 121
p-Cl-Hg Benzoate ' 01 11
| 0001 93

i ’y ’”

* The preparation with the lowest specific activity is from etiolated barley
seedlings purified through steps 1 and 2, the other preparations are from stems
of field grown barley purified through steps 3, 4 and 6 respectively (Table 5).

Tyrase was not inhibited by fluoride, but it was inhibited fairly readily by cyanide
(Table 11). Pyridoxal phosphate had no effect on the tyrase reaction whether a-keto acids
were added or not. Other cofactors that were without effect include folic acid, adenosine
triphosphate and coenzyme A.

Attempts to Reverse the Tyrase Reaction

Two attempts to demonstrate reversal of the tyrase reaction gave negative results. In
these experiments p-coumarate was incubated with a large excess of ammonium sulfate in
the presence of tyrase. In the first experiment the p-coumarate concentration was measured;

TABLE 11. INHIBITION OF TYRASE BY CYANIDE*

|
. Specific pmoles of Relative rate
Enzyme preparation activity KCN/ml | (% of control)
Rice seedling protein 30 27
i by steps 1 0-58 2 91
ion D, 10 i 18
able 6. 182 1 ! 47
0-1 ' 74
|

* Reactions run one hour at 40° in 0-07 M sodium borate at pH 8-8.
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there was no change even after incubation with 8000 times the theoretical amount of
ammonia for one hour either at pH 7-4 or at pH 9-0. In the second experiment p-coumaric
acid-a-C' was used and measurements were made of the C!* fixed in a form not readily
extracted into ether. This gave a fairly sensitive method of detecting tyrosine formation.
The molar ratio of ammonia to p-coumarate was 38 : 1 and the reaction was run at pH
8:8 with a highly purified sample of barley stem tyrase (preparation D, Table 6).
formation of tyrosine could be detected although the counting method was sensitive enough
to measure conversion of 0-0005 per cent of the p-coumarate.

Comparative Studies on Formation of p-Coumaric Acid, m-Coumaric Acid and Cinnamic

Acid by Tyrase Preparations

Partially purified preparations of tyrase from barley stems have been shown to catalyze
the deamination of three aromatic amino-acids, i.e. L-tyrosine, DL-m-tyrosine and
L-phenylalanine (see above; Koukol and Conn!-2). These three activities were found at all
stages of purification tested so far. However, the studies reported in this section suggest
that tyrase is distinct from the enzymes (or enzyme) catalyzing the deamination of
m-tyrosine or phenylalanine, although this has not been established beyond doubt.

-TABLE 12. VARIABILITY IN RELATIVE RATES OF FORMATION OF m- AND p-COUMARIC ACIDS

ymoles/n/\g
Enzyme protein/hr meta para
preparation* Buffer PH p-coumaric | m-coumaric ratiot.
acid acid

B Potassium phosphate 74 0-27 0-52 | 19

B Sodium borate 88 043 1-35 31

B » » 9-6 022 1-30 59

C Potassium phosphate 74 0-64 1-73 27

C Sodium borate 8-8 0-84 600 7-1

C » ” 9-6 0-54 475 88

me tions described in Table 6. Each 1-4 ml of reaction mixture contained 100 ;moles
og buﬂ'er, 12 2 moles of sodium hydroxide, 1-0 mg of L-tyrosine (or 2:0 mg of DL-m-tyrosine) and 65 yg
of protein.

t In another experiment barley stem protein fractions, purified through ste, ep 3, from plants harvested on
March 19, April 4 and April 16 (see Table 4), were tested at pH 8-8 and 40 with 0-1 per cent L-tyrosine
or 20 per cent DL-m-tyrosine. The meta/para ratios found were 3-4, 42 and 6-0 respectively.

The pH curve for the formation of p-coumaric acid from tyrosine is displaced about
one pH unit towards the acid side relative to the curve for formation of m-coumaric acid
from m-tyrosine (Fig. 4). Because of their rather broad peaks these curves overlap and the
optima coincide at pH 8-8-9-0. However, the ratio of these reactions varies with the pH.
The data in Table 12 show the variation for two different enzyme preparations. It is evident
that the ratio of the two activities varies with the pH and also with the enzyme preparation.
It seems likely two enzymes are involved and their relative concentration changes as the
plant matures (see footnote to Table 12).

The Michaelis-Menten constants (Fig. 9) show that the affinity of tyrase for tyrosine
is about 25 times as great as the affinity of the other enzyme for m-tyrosine. Koukol and
Conn!:? have obtained a Km (Michaelis—-Menten constant) for phenylalanine deaminase
approximately twice that reported here for tyrase. They have observed a strong inhibition
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F1G. 9. EFFECT OF SUBSTRATE CONCENTRATION ON THE RATE OF FORMATION OF M- AND p-COUMARIC
ACIDS FROM THE CORRESPONDING ISOMERS OF TYROSINE.

Preparation C (Table 6) was incubated with the substrates 40° and pH 9-0. V = relative rate.
(5) = substrate concentration in mole/1. The upper line (filled circles) is for formation of
p-coumaric acid from L-tyrosine, the lower line (triangles) for formation of m-coumaric acid from
pL-m-tyrosine. Concentrations for m-tyrosine were calculated on the assumption that only one
enantiomer was active. The Michaelis—-Menten constant (Km) for L-tyrosine was found to be
(-84 % 10-* from this data; other determinations gave values of 0-74 X 10-* and 1-0X 10-4. Xm for
m-tyrosine was calculated to be 2:3x 10-?; another determination gave a value of 1-3 X 10-2.

of phenylalanine deaminase by r-tyrosine. Tyrosine also inhibits the formation of m-
coumaric acid from m-tyrosine (Table 13). On the other hand, the formation of p-coumaric
acid from L-tyrosine was not inhibited by either L-phenylalanine or prL-m-tyrosine (Table 14)
even when these substrates were present in a concentration high enough to give an apprec-
iable inhibition, assuming they were competing with tyrosine for the same active center.
Tius supports the view that tyrase is distinct from the enzymes (or enzyme) acting on
phenvialanme or m-tyrosine.

TABLE 13. EFFECT OF L-TYROSINE ON THE FORMATION OF
M-COUMARIC ACID FROM DL-Mm-TYROSINE*

pmoles/ml
Enzyme Relative ratet
DL-m-tyrosine l L-tyrosine

C (Table 6) 28 ’ 55 10
D (Table 6) 46 26 32

* Run at 40° and pH 8:8 on 0-07 M sodium borate.

t Rate of formation of m-coumaric acid as percentage of the
control containing no L-tyrosine. The m-coumaric acid was
extracted hy ether and measured at 248 mu and a correction
applied for the absorption by p-coumaric acid. This correction
was deterruned m a parallel experiment in which L-tyrosine (but
not m-tyrosine) was added. This is possible since m-tyrosine does
not inhibit formation of p-coumaric acid (see Table 14).
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TABLE 14. EFFECT OF OTHER AROMATIC AMINO-ACIDS ON FORMATION OF p~COUMARIC ACID FROM TYROSINE*

} i
A L pmoles/ml Relati
Enzyme preparation r(;mtnc amino- peve — ative
: aromatic ratet
L-tyrosine amino-acid
Barley stem protein purified L-Phenylalanine 32 72 : 98
through step 3 .
Specific activity = 1-8 . i 32 14 . 100
Preparation C, Table 6 L-Phenylalanine | 5:5 114 L 103
Specific activity = 11:4 » 55 57 102
pL-m-Tyrosine 55 28 | 102
Preparation D, Table 6 L-Phenylalanine 46 1011 ' 100
Specific activity = 18-4 pL-m-Tyrosine 46 46 | 95
pL-DOPA 4-6 81 106

* Run at 40° and pH 8-8 on 0-07 M sodium borate.

t Rate as percentage of the control tube containing L-tyrosine as the only aromatic amino-acid.

Table 15 shows the results of an experiment done in collaboration with Dr. Jane Koukol.
Acetone powders from several species were assayed at the same time and under the same
conditions for both phenylalanine deaminase and tyrase. The acetone powders from
legumes have quite a low tyrase content compared to phenylalanine deaminase; this ratio
was not nearly so wide for grasses. It is not proved that legumes contain any tyrase. The
figures in Table 15 are maximum values since the ether-soluble C'4-labelled acid obtained,
in the tyrase assay for acetone powders of legumes (see footnote to Table 15), has not been
rigorously identified as p-coumaric acid. The ratio of phenylalanine diaminase to tyrase

may be even wider than that reported for the legumes.

TABLE 15. COMPARISON OF THE PHENYLALANINE DEAMINASE AND TYRASE ACTIVITIES OF
ACETONE POWDERS FROM SEVERAL SPECIES

Source of pmoles/hr/gt cinnamic p-coumaric
acetone powder* cinnamic acid ‘ p-coumaric acid ratto
Barley seedlings, shoots 80 23 35
» roots 12-2 34 36
Wheat seedlings, shoots 9-0 | 25 36
Rice seedlings, whole 65 ! 1-9 34
» 314 ! 104 30
White sweet clover, tops 45 | 014 320
Alfalfa stems 11-0 : 023 480

|

* The alfalfa powder was prepared from Medicago sativa L. var. Caliverde, using
defoliated stems of shoots about 36 cm long. The other powders were made from the
the varieties listed in Table 2.

+ Cinnamic acid formation was measured by Dr. J. Koukol using a radiotracer assay
method.}* p-Coumaric acid formation was measured fluorometrically for barley, rice
and wheat, and by a radiotracer method for sweet clover and alfalfa. The tracer assay
was based on measurement of the total C4.]labelled, ether-extractable acids formed on
mc:iu%tlon of L-tyrosine-C* with the acetone powder All reactions were run at pH 8-8
an °.
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DISCUSSION

The results of this investigation support the view that lignin and related phenylpropanoid
compounds are formed from the aromatic amino acids via the phenolic cinnamic acids,?
especially when the findings of Koukol and Conn!-? are also considered. In view of these
new results the scheme suggested previously®512 for formation of lignin and related com-
pounds from shikimic acid has been revised (Fig. 10). The acids with the

—CH=CH—COOH

side chain are now shown as originating by direct deamination of the corresponding
amino-acid rather than by dehydration of the corresponding a-hydroxy acid. The conver-
sion of the a-hydroxy acids to lignin and related compounds by living plants can be
explained by their ready conversion to the amino-acids.* There is no longer any reason to
postulate these hydroxy acids as having physiological significance in lignification, although
it is still possible. All tracer experiments in this field, known to the author, can be
explained by Fig. 10, where the a-hydroxy acids are involved in side reactions, if at all.

R—CH;—CH{OH)—COOH Rp—CHz—CH(OH)—COOH

R—CHz—CH(NH,)—COOH Rp—CHz—CH(NH,}—COOH
Phenylalonine lTym
deamingse

R—CH==CH~—COOH L » Rp—CH=CH—COOH

Lignin ond reloted compounds

F1G. 10. REVISED SCHEME FOR FORMATION OF LIGNIN AND RELATED COMPOUNDS FROM SHIKIMIC
ACID,

R = phenyl; Rp = p-hydroxyphenyl.

Conversion of tyrosine—-C to lignin occurs readily only in certain species.3%1¢ For
example, grasses can easily convert tyrosine to lignin while legumes cannot. It is possible
that tyrase is necessary for conversion of tyrosine to lignin, since it is found in substantial
amounts in grasses with much less, if any, in legumes. This fact agrees with the findings of
tracer experiments on living plants, but a more thorough study should be made of the
correlation between the ability of a given plant to convert tyrosine to lignin and its tyrase

12D, R. McCaLLA and A. C. NusH, Can. J. Biochem. and Physiol, 37, 537 (1959).
14 0. L. GaMBORG and A. C. NesH, Can. J. Biochem. and Physiol. 37, 1277 (1959).
18 5. A. BRowN and A. C. NeisH, Can. J. Biochem. and Physiol. 34, 769 (1956).

1¢ S. A. BROWN, Can. J. Botany (in press).
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content. At present the correlation is good enough to suggest that p-coumaric acid is an
obligate intermediate between tyrosine and lignin.

Acerbo et al'” found that C-labelled p-hydroxyphenyl pyruvic acid was converted to
lignin by sugar cane. Its effectiveness was not compared with that of tyrosine or any other
potential lignin precursor. However, since sugar cane contains tyrase (Table 2) this result
might be explained by the following sequence of reactions:

p-hydroxyphenyl pyruvic acid —— L-tyrosine —— frans-p-coumaric acid — lignin.

The keto-acid fed would be expected to form C**-labelled L-tyrosine.' This is presumably
accomplished by transamination reactions such as are of general occurrence in all organisms,
not merely in lignifying tissues. There is no reason to select p-hydroxyphenyl pyruvic acid
as an especially important lignin precursor, as has been done by Nord and Schubert,’®
since it is ineffective in many plants.2-51? p-Hydroxyphenyl pyruvic acid is probably just
an intermediate in tyrosine synthesis and thus convertible to lignin only by plants which
can convert tyrosine to lignin. If one is to select an important lignin precursor, trans-p-
coumaric acid is a much better choice since it is a central intermediate in the formation of
lignin and related compounds? but is not involved in protein synthesis.!

It is difficult to assign a definite physiological role to the deamination of m-tyrosine.
Neither m-tyrosine nor m-coumaric acid are of general occurrence in plants. However, it
has been recently shown by Winstead and Suhadolnik?? that m-tyrosine may be formed from
phenylalanine as a step in the biosynthesis of gliotoxin by Trichoderma viride. 1f this
meta-hydroxylation occurred in higher plants, m-coumaric acid might be formed and rapidiy
metabolized to other products. For example, further hydroxylation might give caffeic acid
and thus, eventually, lignin.

MATERIALS AND METHODS

Chemicals

L-Tyrosine was obtained from Nutritional Biochemicals Corp. DL-0<Tyrosine and
DL~-m-tyrosine were purchased from the H. M. Chemical Co. An additional sample of
DL-m-tyrosine, synthesized by the procedure of Sealock ef al.® was purified by three
recrystallizations from dilute acetic acid-ethanol. These tyrosines all gave a single spot
after paper chromatography with n-butanol-acetic acid-water (4 : 1 : 1-8) as the irrigant.
The sheets were sprayed with ninhydrin and with diazotized p-nitroaniline.®-2* The
commercial sample of m-tyrosine had an ultraviolet absorption spectrum which agreed
closely with that of the synthetic sample.

Some trans-m-coumaric acid was prepared from m-hydroxybenzaldehyde?! and purified
by two recrystallizations (charcoal) from water; this gave a colorless crystalline sohd,
m.p. 194-196°. trans-p-Coumaric acid (Aldrich Chemical Co.) was purified by recrystal-
lization from water; the final m.p. was 219-220°. A sample of cis-p-coumaric acid was
prepared by ultraviolet irradiation of a solution of the sodium salt of trans-p-coumaric

17 8. N. AcerBo, W. J. ScHUBERT and F. F. Norp, J. Am. Chem. Soc. 80, 1990 (1958).

18 F. F. Norp and W. J. SCHUBERT, Proc. Intern. Congr. Biochem., 4th Congr., Vienna, 2, 189 (1958).
19 X, KratzL and G. BILLEK, Monatsh. Chem. 90, 536 (1959).

20 J, A. WINSTEAD and R. J. SUHADOLNIK, J. Am. Chem. Soc. 82, 1644 (1960).

3 R. R. SEALOCK, M. E. SPeeTER and R. S. SCHWEET, J. Am. Chem. Soc. 73, 5386 (1951).

2 T, SWAIN, Biochem. J. 53, 200 (1953).

22 R, K. IsrRaHIM and G. H. N. Towers, Arch. Biochem. Biophys. 81, 125 (1960).

# R. Apams and T. E. BOCKSTAHLER, J. Am. Chem. Soc. 74, 5346 (1952).
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acid® as follows. A sample (1-87 mM) of p-coumaric acid was dissolved in a slight
excess of 0-5 N sodium hydroxide and the volume adjusted to about 10 ml. This solution
(pH 9) was put in a 50 ml beaker and irradiated for 18 hr by a 100 W, 366 mu Hg source
shining directly on the surface of the solution, from a distance of about 6 in. When the
irradiation was finished an excess of hydrochloric acid was added, the product extracted by
shaking with ether, the extract evaporated and the residue recrystallized from toluene.
This gave 110 mg (36 per cent) of cis-p-coumaric acid. It wasa colorless solid, m.p. 128-129°.
A portion (42 mg) of this was purified further by chromatography on a 2-2 X29 cm column
of Whatman cellulose powder using 2 per cent acetic acid (Solvent A, Table 1) for elution.
p-Coumaric acid was detected in the eluate by spotting it on paper and spraying with
diazotized p-nitroaniline®2.23, The fractions containing the fast moving band were combined
and the ether-soluble acids recovered by extraction, and recrystallized from toluene as
described above; 20 mg of purified cis-p-coumaric acid were obtained, m.p. 131°. This
sample was found to be practically free of the trans- isomer by chromatographing with
solvent A (Table 1).

L-Tyrosine-C** (uniformly labelled) was purchased from the Volk Radiochemical Co.;
p-coumaric acid-a-C'* was prepared by the malonic acid condensation; p-hydroxyphenyl
pyruvic acid was prepared by the procedure of Billek and Hermann? and reduced to
p-hydroxyphenyl lactic acid by sodium amalgam.® The DL-p-hydroxyphenyl lactic acid
(m.p. 144-145°) was isolated by ether extraction and recrystallized, first from water, then
from toluene-acetic acid.

Other chemicals were of reagent grade, or the best grade commercially available.
Deionized distilled water was employed for preparation of solutions used in enzyme
investigations.

Culture of Plants

Seeds were soaked overnight in four volumes of tap water enriched by addition of calcium
nitrate, magnesium sulfate and potassium dihydrogen phosphate—each at 0-2 mM concen-
tration. Air was bubbled through the mixture. The soaked seeds wgre washed with tap
water by decantation, then drained and spread on cheese cloth for germination. The cheese
cloth was laid on a perforated nichrome support inside a plastic dishpan. Tap water,
enriched as above, was added until the level was just up to the seeds. The pan was covered
with a sheet of glass; this was removed after 24 days when germination was general.
Etiolated seedlings were obtained in a dark cabinet, non-etiolated seedlings by placing the
pans underneath a bank of four 40 W “‘cool-white” fluorescent light tubes. The lights were
about 17 in. from the seeds and 12 hr of illumination were given daily.

In addition to seedlings, plants collected from outdoors were used. A field of barley
near the laboratory was particularly useful as a source of tyrase.

Analyiical Methods

Ultraviolet absorption measurements were made with a Beckman Model DU spectro-
photometer. Fluorescence was measured with an Aminco-Bowman spectrophotofiuoro-
meter adapted to use round silica cuvettes (Aloe Scientific Co.). These relatively cheap
round cuvettes were as good as the square cuvettes for the fluorometric determination of

* W. A. RoTH and R. STOERMER, Chem. Ber. 46, 260 (1913).
* G. BiLek and E. F. HERRMANN, Monatsh. Chem. 90, 89 (1959).
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p-coumaric acid. Protein was measured, by absorption at 280 mu,?” on extracts that had
been purified by dialysis. Ammonia was determined colorimetrically after steam distillation
from sodium tetraborate; the ammonia was caught in dilute boric acid (0-1 m moles), the
distillate diluted to 9 ml and 1-0 ml of Nessler’s reagent?® added. The optical density at
(450 myu) was then determined using a Coleman junior spectrophotometer.

In studies on stoichiometry (Tables 8 and 9), tyrosine and coumaric acid were separated
from each other by ether extraction, then measured by ultraviolet absorption, as follows.
The acidified reaction mixture was extracted with three successive half-volume portions of
ether, the combined ether extracts were evaporated to dryness by an air stream at room
temperature, the residue was dissolved in 0-05 N sodium hydroxide and the optical density
determined at 248 mu, for m-coumaric acid, or at 333 my, for p-coumaric acid (Figs. 1
and 8). The aqueous residue from the ether extraction was neutralized, partially evaporated
by an air stream to remove dissolved ether, then adjusted to a known volume with enough
sodium hydroxide to give a final concentration of 0-05 N and the optical density determined
at 240 mu for tyrosine or at 238 mu for m-tyrosine. The molar extinction coefficients in
0-05 N sodium hydroxide at these peaks were 22,500 for p-coumaric acid, 20,300 for
m-coumaric acid, 9900 for tyrosine and 6850 for m-tyrosine.

Quantitative Assay for Tyrase

When acetone powders were assayed, p-coumaric acid was measured fluorometrically.
A sample (0-05-0-20 g) of the acetone powder was suspended in 3 ml of a 0-1 per cent
solution of L-tyrosine in 0-10 M sodium borate (pH 8:8-9-0) in an 18 X 150 mm culture tube
and incubated for 30 to 60 min at 40°. Water (7 ml) was added and the debris removed by
filtration with suction through a 7 cm disc of Whatman No. 1 paper. The residue was
washed with 2-3 ml of water, the filtrate acidified by 0-2 ml of 5 N hydrochloric acid, then
shaken with diethyl ether (10 ml) in a glass stoppered tube with a conical bottom. The
aqueous phase was removed with a pipette and discarded. The ether extract was poured
into a 20 ml beaker, evaporated to dryness by an air stream at room temperature, the
residue dissolved in a suitable volume (5-50 ml) of 0-05 N sodium hydroxide and the
p-coumarate in this solution estimated fluorometrically as described in the next paragraph.
A “zero-time” control was run in parallel; this was exactly as described except the incuba-
tion period was omitted. The difference between the fluorescent readings of this control
and the sample was proportional to the p-coumarate formed during the incubation, and
thus to the tyrase present.

p-Coumaric acid is known to fluoresce in dilute aqueous alkali; the maximum instrument
setting for activation is 350 mu and the maximum emission is at 440 mu.® A linear relation
between fluorescence and p-coumarate concentration was found up to about 2 ug/mi but at
higher concentrations there was strong quenching (see Fig. 2). For most fluorescence
readings two concentrations are possible. It was necessary to dilute the solutions until
they contained less than 2 ug of p-coumaric acid per ml. If there was any doubt, readings
were made at several concentrations to be sure this condition was met. As the instrument
was rather unstable, frequent readings of a standard were made during a set of determina-
tions. A stock solution of p-coumaric acid (100 zg/ml) in dilute sodium bicarbonate
(1 mM) was stored in a refrigerator. Aliquots of this were diluted 100-fold with 0-05 N
37 E, LAYNE, Methods in Enzymology, Vol. II1, p. 451. Academic Press, New York (1955).

18 J, C. Bock and S. R. BENEDICT, J. Biol. Chem. 20, 47 (1915).
» D, E. DUGGAN, R. L. BOWMAN, B. B. BRODIE and S. UDENFRIEND, Arch. Biochem. Biophys, 68, 1 (1957).



24 A. C. Nesn

sodium hydroxide to give the working standard; this was freshly prepared for each set of
analyses.

The p-coumaric acid formed by solutions of crude or partially purified tyrase was
measured either fluorometrically or by absorption at 333 mu (Fig. 1). Usually 1-4 ml of
reaction mixture contained 1-4 mg of L-tyrosine, 100 umoles of sodium borate at pH 8-8,
and the enzyme being tested. This mixture was incubated in a glass stoppered tube at 40°
for 30-60 min, then acidified with 2-3 ml of 0-15 M hydrochloric acid, cooled in an ice bath
and shaken manually with 2-0 ml of ice-cold ether for 1 min. The phases were allowed to
separate at 0°, 1-0 ml of the ether layer pipetted into an 18 X 150 mm culture tube and the
ether evaporated by an air stream at room temperature. The dry residue was dissolved in
a suitable volume of 0-05 N sodium hydroxide. p-Coumarate was measured in this solution
fluorometrically as described in the preceding paragraph or, by its absorption at 333 mu.
A solution of 1-00 ug of p-coumaric acid per ml, in 0-05 N sodium hydroxide had an
optical density of 0-137 at 333 mu. A linear relation between optical density and concen-
tration was found up to the highest optical density measured (i.e. 1-50).

The recovery of p-coumaric acid in the 1-0 m!l of ether layer taken for analysis was
70 -+3 per cent. The fraction recovered was independent of the concentration of p-coumaric
acid but depended on the relative volumes of ether and water. An appreciable fraction of
the ether dissolves in the aqueous phase, so the ether layer had a volume of only about
1-4 ml. In tyrase assays a correction was applied for the p-coumaric acid not recovered by
the extraction; zero-time controls were also run.

The fluorometric and absorptiometric methods gave concordant results with the
partially purified enzyme preparations listed in Table 6. The fluorometric method was
used in early work with crude preparations and found to agree 4-10 per cent with a colori-
metric method based on diazotized p-nitroaniline.3® The more precise absorptiometric
method was used with preparations purified through the second ammonium sulfate precipi-
tation (Table 6).

An assay based on measurement of the rate of ammonia formation could be used with
tyrase solutions purified by chromatography on DEAE-cellulose columns although it
failed with crude preparations because of the high blanks. The.assays based on measure-
ment of p-coumaric acid were about 20 times as sensitive.
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Abstract—The carotenoids of Rhizophlyctis rosea (de Bary and Woronin) Fisher [= Karlingia rosea (de Bary
and Woronin) Johanson] have been examined, and it has been shown that y-carotene and lycopene are
present in approximately equal quantities. Together they constitute 90 per cent of the total carotenoids.
Traces of other carotenoid hydrocarbons are present; it is probable that these are isomers of y-carotene
and lycopene. A xanthophyll is also present in trace amounts; it is possible that this is neurosporoxanthin.

AMONG the Phycomycetes, the organisms whose carotenoids have been studied most
extensively are Mucor hiemalis* and Phycomyces blakesleeanus.2-? Emerson and Fox have
examined the carotenoids of certain species of the aquatic phycomycete, Allomyces,® and
those of Blastocladiella sp. have been studied.® The pigments of the chytridiaceous
Rhizophlyctis rosea, the subject of the present study, have only previously been examined
in a preliminary manner.?'® Haskins and Weston!? reported the presence of carotenoids
without commenting on their nature, and Cantino and Hyatt,® state without providing
rigorous proof, that the only carotenoid present is y-carotene.

IDENTIFICATION OF PIGMENTS

Partition of the unsaponifiable lipid of R. rosea between 40-60° petroleum ether and
90 per cent aqueous methanol leaves all the pigment in the epiphase. It seems likely,
therefore, that if there is any xanthophyll present at all in R. rosea, it is present in only
trace amounts. The absorption spectrum of the unsaponifiable fraction in light petroleum
is very similar to that described by Cantino and Hyatt (see Table 2). When chromatographed
on a zinc carbonate—celite column, using increasing concentrations of diethyl ether in
petroleum ether (b.p. 40-60°) as the developing solvent, the unsaponifiable residue is
resolved into eight distinct coloured zones (Table 1). Spectroscopic examination of the
first petroleum ether washings of the column failed to reveal the presence of any of the
colourless polyenes, phytoene and phytofiuene. The first two fractions were rechromato-
graphed on the stronger adsorbent, alumina, prior to spectrophotometric analysis.
Fraction 1. This pink-yellow zone can be eluted from the zinc carbonate column with
petroleum ether. In this solvent it has an absorption spectrum which, with its chromato-
graphic behaviour, suggests that it is y-carotene (see Table 2). The “Fraction 1”’ carotenoid
1 R. CHopAT and W. H. SCHOPFER, Compt. Rend. Soc. Phys. et Hist. Nat. Genéve 44, 176 (1927).
* W. H. ScHOPFER and A. JUNG, Compt. Rend. Soc. Biol. Paris 120, 1093 (1935).
3 K. BerNHARD and H. ALBRECHT, Helv. Chim. Acta. 31, 2214 (1948).
4 G. A. GArTON, T. W. GooDWIN and W. LUINSKY, Biochem. J. 46, 35 (1950).
5 G. A. GAarTON, T. W. GoopwiN and W. LuiNsKY, Biochem. J. 48, 154 (1951).
¢ T. W. GOODWIN, Biochem. J. 49, 23 (1951).
7'T. W. GoopwIN, Biochem. J. 50, 550 (1952).
$ R. EMerSoN and D. L. Fox, Proc. Roy. Soc., B 128, 275 (1940).

* E. C. CANTINO and M. T. HyatT, Am. J. Botany 40, 688 (1953).
10 R, H. Haskins and W. H. WESTON, Am. J. Botany 38, 739 (1950).
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TABLE 1. CHROMATOGRAPHY OF Rhizophlyctis rosea UNSAPONIFIABLE RESIDUE ON A
ZINC CARBONATE-CELITE, 3 : 1 (W/W) COLUMN

: Eluting solvent (ether
Fraction Appearance intllilgxt petroleum) Probable nature
1 Pink-yellow 19’0% petroleum ether y-carotene
2| o
()
g Orange-yellow g:A ether Probably polycis isomers
6 IYuelkll ow 10 sAe ethmeter of lycopene and y-carotene
7 Orange 15% ether
8 Orange-red aline CH,0H ? Neurosporoxanthin

and authentic yp-carotene cannot be separated on a calcium—-hydroxide chromatoplate or on
kieselguhr-impregnated paper. It can be concluded that the first major chromatographic
fraction is y-carotene.

Fraction 2. This pink zone is more strongly adsorbed on the column than is y-carotene;
it is eluted with 1 per cent ether. It has an absorption spectrum in petroleum ether which
suggests that it is lycopene (see Table 2). When this carotenoid is rechromatographed with
authentic lycopene on a column, plate or paper, no separation occurs. The second major
carotenoid can thus be identified as lycopene.

TABLE 2. ABSORPTION SPECTRA OF CAROTENOID FRACTIONS (IN 40-60°
PETROLEUM ETHER)

. . Wavelengths of maximal
Carotenoid fraction absorption mu
Total mlsafom‘ﬁable fraction (4400) 4650 493-0 mu
“Fraction 1" carotenoid 437-0 461-5 491-:5 mu
Authentic y-carotene 4370 4620 4915 mu
“Fraction 2" carotenoid 4430 4695 500-0 my
Authentic lycopene 4435 469-5 501-5. mu

Fractions 3~7. These five minor zones are eluted from the column with concentrations
of ether between 2 and 15 per cent. They were not available in sufficient quantity to allow
spectroscopic examination. They are probably isomers of lycopene and y-carotene, but
they could be artifacts.

Fraction 8. This orange-red zone is the most strongly adsorbed zone, and cannot be
removed from the basic column with any organic solvent. It can be eluted, however, with
alkaline methanol. This suggests that “Fraction 8” is a xanthophyll possibly related to
neurosporoxanthin, which has already been identified in certain fungi.-** This pigment
was not present in sufficient quantity to allow spectroscopic confirmation of its identity.

QUANTITATIVE DISTRIBUTION
The lipid fraction of R. rosea constitutes 19 per cent of the dry weight of cellobiose-
grown cultures. This value is in good agreement with those obtained for Phycomyces
blakesleeanus by other workers.® It has been assumed that cellulose-grown cultures have

12 M. ZALOKAR, Arch. Biochem. Biophys. 70, 568 (1957).
1* W. Rau and C. ZEHENDER, Arch. Mikrobiol. 32, 423 (1959).
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the same lipid content, and calculations of the dry weight of these cultures are based on
this value. Of the dry weight of the cultures, 5-4 per cent is unsaponifiable and 1-5x10-2
per cent is carotenoid. The distribution of the individual carotenoids is shown in Table 3.

TABLE 3. DISTRIBUTION OF CAROTENOIDS IN Rhizophlyctis rosea

Carotenoid Percentage of total carotenoid
y-Carotene 46
Lycopene 42
Five unidentified isomers 1-5 (each)
? Neurosporoxanthin 1-5

Cantino and Hyatt® have reported that the pigment of R. rosea is probably almost
exclusively y-carotene, while the above results indicate that lycopene and y-carotene occur
in approximately equal proportions (see Table 3). It is possible that a strain difference could
account for this discrepancy, but it is more likely that the use of chromatographic analysis
by earlier workers would have revealed the presence of lycopene and the minor carotenoids
in their extracts from R. rosea.

Lycopene, y-carotene and neurosporoxanthin have already been shown to be the major
carotenoids in Fusarium aquaeductuum, and the minor carotenoids in this organism are
rhodoxanthin, poly-cis lycopene II and other isomers of lycopene.!* Certain other fungi
have lycopene as their major carotenoid. These include Cantharellus lutescens and C.
infudibiliformis® and Anthurus aseroiformiss. Lycopene has recently been shown to be the
major pigment in Cladochytrium replicatum®®. In Phycomyces blakesleeanus f-carotene is
the major polyene, constituting 84 per cent of the total pigment. Lycopene and y-carotene
are present, but they each constitute only 0-6 per cent of the total carotenoids?. ;-Carotene.
however, is present in high concentrations in Allomyces species,® while f-carotene and
lycopene in trace amounts are the only other carotenoids presents, The present report is
thus the first describing the co-existence of lycopene and y-carotene as major carotenoids in
a phycomycete; the acidic carotenoid of R. rosea (which may be neurosporoxanthin) also
represents the first xanthophyll to be found in a phycomycete.

EXPERIMENTAL

R. rosea was isolated from the soil of the experimental garden of the Department of
Agricultural Botany, U.C.W., Aberystwyth. It was cultured either on a liquid medium
containing, per litre, cellobiose, 1-0 g; MgSO,.7H;0, 0-65 g; KH,PO,, 1-9 g; FeSO,.7H,0,
5-0 mg; ZnSO, 0-5 mg, or on cellulose lens tissue (Green’s No. 105) plus a liquid medium
containing the same concentrations of inorganic constituents. The cultures were incubated
at 25° in the dark for about three weeks, after which time they had become an orange to
salmon-pink colour.

The dry weight of the cultures grown on cellulose lens tissue could not be determined
by direct weighing, so the value was always calculated from the weight of total lipid. The
percentage of lipid in the organism was found by analysis of cellobiose-grown cultures.

13 H, WILLSTAEDT, Svensk Kem. Tidskr. 49, 318 (1937).

4 G, TURIAN, Compt. Rend. Acad. Sci. Paris 241, 764 (1955).

1 M. S. FULLER and J. E. TAVARES, Biochim. et Biophys. Acta 44, 589 (1960).
1 G. TuriaN and F. T. Haxo, Botan. Gaz. 115, 169 (1954).
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The cultures were filtered (if grown on cellulose) or centrifuged (if grown on cellobiose),
and the cells were ground up with washed silver sand and acetone. The lipids were
transferred from the acetone extract to ether which was dried with anhydrous sodium
sulphate and evaporated in a stream of nitrogen to yield the lipid fraction, a soft, brown
residue. This was weighed and dissolved in 10 ml ethanol and saponified by boiling with
1 ml 60 per cent aqueous KOH for 5 min. The unsaponifiable residue was extracted with
ether, washed free of alkali, dried and isolated as an orange-brown oil.

Column chromatography was carried out on a mixture of zinc carbonate (B.D.H.) and
celite (Light’s Hyflo Super Cel) 3 : 1 (w/w). The carotenoid mixture (i.e. the unsaponifiable
residue) was added to the column in petroleum ether and development of the column was
by washing with increasing concentrations of ether. The bands were either eluted or cut
out of the column.

Qualitative chromatographic separations were carried out either on chromatoplates or
paper. Chromatoplates for general separations were made of silicic acid (Mallinckrodt) and
rice starch (B.D.H.) using the method of Demole.r” The chromatograms were developed
with 10 or 20 per cent ethyl acetate in petroleum ether. The less polar carotenes were
separated more efficiently by Stahl’s method,!8!? using calcium hydroxide—Kieselgel G
(Merck, Darmstadt) chromatoplates, the developing solvent being 2 per cent benzene in
80-100° petroleum ether (O. Isler and A. Winterstein, personal communication to T. W.
Goodwin).

Filter paper impregnated with kieselguhr to the extent of 20 per cent (Schleicher and
Schiill No. 287) was also used for pigment separations, using the method of Jensen and
Jensen.2® The less strongly adsorbed carotenes were separated with 80-100° petroleum
ether, and the more polar pigments with 10 per cent acetone in 80-100° petroleum ether as
the developing solvent.

The absorption spectra of the carotenoids in light petroleum were measured with a
Unicam S.P. 600 photoelectric spectrophotometer. The Ej %, of lycopene at 470 mu was
taken as 3100 and that of y-carotene at 461-5 mu as 2700.21 As these two pigments were
present in approximately equal quantities, the extinction coefficient of the total carotenoid
extract was assumed to be 2900.

Lycopene was isolated from the skin and outer flesh of commercial tomatoes (Lycopersicon
esculentum). The natural material was extracted with ethanol and saponified. The
unsaponifiable fraction was isolated and chromatographed on alumina (Light’s Grade H)
using increasing concentrations of ether in petroleum ether to develop the chromatogram.
Chromatographically pure lycopene was eluted from the column with 30 per cent ether, and
was stored in solution in light petroleum under nitrogen at —10°.

The petals of the dark orange variety of the marigold (Calendula officinalis) were chosen
as the source of authentic y-carotene, since the carotene fraction of these petals contains
14 per cent y-carotene.?® The petals were ground with anhydrous sodium sulphate and
ether, and the lipid was transferred from the ether extract to petroleum ether. Saponification
prior to chromatography was not necessary.?? The carotenoids were separated on an

17 E. DEMOLE, J. Chromatog. 1, 24 (1958).

18 E. STAHL, Chemiker Ztg. 82, 323 (1958).

1 E. StaHL, G. SCHROTER, G. KRAFT and R. RENZ, Pharmazie 11, 633 (1956).

20 A. JEnsEN and S. L. JENSEN, Acta. Chem. Scand, 13, 1863 (1959).

21 T, W. GooDWIN, In Modern Methods of Plant Analysis. Edited by K. PAECH and M. V. TRACEY. Vol. III,
p- 372. Springer, Heidelberg (1955).

22 T, W. GOODWIN, Biochem. J. 58, 90 (1954).
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alumina column using increasing concentrations of ether in petroleum ether as the
developing solvent. The y-carotene was eluted with 15 per cent ether, and was stored in
solution in petroleum ether under nitrogen at —10°.
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Abstract—Shikimic acid-G-C'* (i.e. generally labelled), anthranilic acid-G-C%, indole-2-C4¢, serine-3-C4
and indolyllactic acid-g-C* were found to be good precursors of bound tryptophan in young barley shoots.
It is likely that tryptophan is formed in barley by the same route established for Escherichia coli*-®
Tryptophan was readily converted to gramine 1n agreement with the prior observations of Marion et al.2°-13
and compounds converted readily to tryptophan were fairly good precursors of gramine. Serine-3-C4
gave gramine with about twice as much C* in the methyl groups as in the rest of the molecule, whereas
gramine formed from indole-2-C or anthranilic acid-G-C'* was not labelled in the methyl groups.
Indolylacetic acid, indolylacetonitrile, indolylacetaldehyde, indolylacrylic acid and tryptamine were not
readily converted to either tryptophan or gramine. Gramine was not converted back to tryptophan. None
of the compounds tested appeared to be intermediates in the formation of gramine from tryptophan.

INTRODUCTION

THE intermediate steps in the biosynthesis of tryptophan in Escherichia coli are known in
considerable detail due to studies with biochemical mutants by Davis et al.}? and, more
recently, by Yanofsky and co-workers.3-% A simplified scheme for tryptophan synthesis by
E. coli is: -

Carbohydrate— shikimic acid—- anthranilic acid—-
indolylglycerol phosphate %™ y_tryptophan + triose phosphate.

Indole can be substituted for indolylglycerol phosphate in this sequence,?* and indeed
this substitution is necessary for in vivo experiments since indolylglycerol phosphate does
not readily penetrate living cells.®

There is some evidence that the enzyme catalyzing the last step, trypophan synthetase,
1s present in plants. Thus, Kretovich and Polyanovskii®” have shown that unlabelled
compounds such as indole, anthranilic acid, serine and indolylpyruvic acid will cause an
increase in the level of free tryptophan when they are administered to pea or wheat seedlings.
Greenberg and Galston® have presented evidence that pea seeding extracts contain trypto-

* Present address: Department of Biology, Carleton University, Ottawa, Canada.
t Present address: Atlantic Regional Laboratory, National Research Council of Canada, Halifax,
Nova Scotia.
1 B. D. Davis, Advanc. Enzymol. 16, 247 (1955).
2 B. D. Davis, Arch. Biochem. Biophys. 18, 497 (1958).
3 C. YANOFSKY, Biochem. Biophys. et Acta 20, 438 (1956).
¢ C. YaNoOrsKy and M. RACHMELER, Biochem. et Biophys. Acta 28, 640 (1958).
5 0. H. SMrTH and C. YANOFsKY, J. Biol. Chem. 235, 2051 (1960).
¢ O. L. PoLyaNovskil and V. L. KrReTovicH, Doklady. Akad. Nauk S.S.S.R. 12, 1086 (1957); Chem. Abstr.
51, 12239 (1958).
7 V. L. KrerovicH and O. L. PoLyaNovskil, Biokhimya 24, 917 (1959) (in English translation by Con-
sultants Bureau Enterprises, Inc.).
8 J. R. GREENBERG and A. W. GALSTON, Plant Physiol. 34, 489 (1959).
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phan synthetase, and similar results have been obtained by Holmsen and Teas with maize®.
These observations support the view that tryptophan is formed in plants as shown above,
but to obtain more reliable evidence, it is desirable to use C'-labelled precursors, since a
net synthesis in such a complex system might be due to an indirect effect. The results of
feeding labelled compounds to barley shoots are reported in the present paper.

Barley shoots were chosen as the experimental material because they also form gramine,
a simple indole alkaloid that can be readily isolated. Marion et al.1%-1* have shown that
barley seedlings will convert tryptophan to gramine without rearrangement of the indole
ring or loss of the ring-attached carbon (i.e. the S-carbon of tryptophan). Thus any good
precursor of tryptophan should also be a fairly good precursor of gramine. In the present
investigation this was tested by isolating both gramine and bound tryptophan from cach
sample of barley shoots after feeding a labelled precursor. This procedure gives a check
on the conversion of various labelled compounds to tryptophan.

RESULTS AND DISCUSSION

The results shown in Table 1 support the view that tryptophan synthesis in barley
follows the same pathway as in bacteria. This can be seen from the relatively low dilutions
of C4 during incorporation of shikimic acid, anthranilic acid, indole or serine into
tryptophan. The facile conversion of 3-indolyllactic acid to tryptophan is analogous to
the conversions of phenyllactic acid to phenylalanine and of p-hydroxyphenyllactic acid
to tyrosine previously observed in wheat shoots.}* It seems likely that higher plants can
readily oxidize a number of a-hydroxy acids to the corresponding a-keto acids which, in
turn, are converted to the a-amino acids by transamination, and in this connection
Kretovich et al.7:1% have recently obtained evidence for the formation of aromatic amino
acids from corresponding a-keto acids by transamination reactions in plants.

Compounds which were good precursors of tryptophan in the present investigation were
also good precursors of gramine, but dilution values for gramine formation were larger, as
is evident from Table 1. This suggests that the labelled compounds employed were converted
via tryptophan. Tryptophan has been shown to be a good precursor of gramine by
Marion et al.'%12 and although the intermediate steps between tryptophan and gramine
are not yet known, Breccia and Marion!? have reported that 3-indolylacrylic acid is readily
converted to gramine in barley seedlings. However, in the present series of experiments
this compound was found to be the poorest gramine precursor of all the compounds tested
(Table 1). This discrepancy might be due to the different methods used for administration
of the labelled compounds. Breccia and Marion fed the precursor through the roots of
whole seedlings over long periods of time, while in the present investigation the precursor
was fed directly, and comparatively quickly, into the shoots.

The results in Table 1 do not indicate any of the labelled compounds to be possible
intermediates between tryptophan and gramine. Any such intermediate would be expected
to form gramine with less dilution of C* than shown for conversion of tryptophan to

* T. W. HoLMseEN and M. J. Teas, Plant Physiol. 34, vi (1959).

10 K, BowpkeN and L. MARION, Can. J. Chem. 29, 1037 (1951).

1 K. BowpeN and L. MARIoN, Can. J. Chem. 29, 1043 (1951).

11 E, Leete and L. MARION, Can. J. Chem. 31, 1195 (1953).

13 A, Breccia and L. MARION, Can. J. Chem. 37, 1066 (1959).

1 O, L. Gampora and A. C. NEisH, Can. J. Biochem. and Physiol. 37, 1277 (1959).

15 Y, L. KreTovicH and Z. V. USPENSKAIA, Biokhimya 23, 232 (1958) (in English translation by Consultants
Bureau, Inc.).
3
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gramine. The only compound to do this was serine-3-C', in one experiment. The relatively
high efficiency of this precursor is due to its ability to contribute C* to all three extranuclear
carbons of gramine. It is well known that carbon-3 of serine can enter the “one-carbon”
metabolic pool and serve as a source of methyl groups.l® It also forms the S-carbon atom
of tryptophan,!-2 which is the carbon of gramine that is attached to the indole nucleus.!?
Radioactive gramine samples were converted to 3-methoxymethylindole and tetramethyl-
ammonium iodide by treatment with methyl iodide in methanolic potassium hydroxide at
room temperature.l? The distribution of C in gramine formed from serine-3-C and from

TABLE 1. EFFICIENCY OF CM-LABELLED COMPOUNDS AS PRECURSORS OF TRYPTOPHAN AND GRAMINE

|
Plant ‘ c i fed Amount fedt % of C*4 found in 3 | Dilution of C* in §
'ompoun
group* ‘ umoles | pc | Tryptophan | Gramine ! Tryptophan ! Gramine
A | Shikimic acid-G-C* 97 8-87 0-67 029 - 7 ‘ 440
A | Anthranilic acid-G-C* | 99 496 176 1-70 33 9%
A | Indole-2-CH 130 | 111 278 0-67 15| 169
A | L-Serine-3-C1¢ 23 | 155 o7 281 K] el
B v 103 127 16 1
A pL-Tryptophan-3-C'* 97 9:2 2:89 2:67 18 | 53
B . . 98 | 147 8-00 0-52 83 | 192
C - - 9 | 167 4-80 074 10 | 27
A | eine o LG oM e D e
A | 3Tndolylacetomsitrile | 78 | 11-5 0-05 0-43 1540 | 400
g pr-3-Indolyllacticacid -+ 92 | 109 3'-513 (l)'ﬂ 5 g | ‘1&5’
) 59 56 6:64 ‘ :
A | 3-Indolylacrylic acid | 105 00 gg% ‘ }05:8 ggosg
B E -y 11' 5
A | 3-Indolylactetaldehyde | 85 | 108 0-02 005 | 4300 3900
A | 3-Indolylacetic acid % | 103 0-04 048 1180 345
B L-Phenylalanine-p-C4 }% g-sg gg% nil ] 28(2)8 =
2 »” -7 ni . —_—
C | pLPhenylalanine3-C¢ | 102 | 7-00 0-04 nl 1160 —
1 ' \

* Plants of group A were grown in December, group B in April and group’ C in July.

t Per 50 g fresh wt. Tryptophan recovered was 40-65 umoles; gramine recovered was 80-105 umoles
for group B plants and 130-160 umoles for groups A and C.

1 9% of Cl4 fed found in tryptophan or gramine.

§ Specific activity of compound fed (uc per umole) divided by specific activity of compound isolated.

other precursors is shown in Table 2. Serine was the only precursor that gave appreciable
labelling of the N-methyl groups of gramine. The labelling pattern of the other gramine
samples is as expected if they originated via tryptophan. The overall recovery of C!4 in the
serine experiment (Table 2) was about 20 per cent low. This is probably due to poor
recovery of C* in the tetramethyl ammonium iodide, since the method gave good recoveries
with gramine samples labelled only in the carbon adjacent to the ring (i.e. in the
methoxymethylindole).

In conclusion it may be said that aromatic amino acids in plants probably originate by
the shikimic acid pathway, as in bacteria.l:® The evidence rests mainly on tracer investiga-
tions. Previous investigations in this laboratory have shown that it is likely that phenyl-
alanine and tyrosine are formed by the shikimic acid pathway in plants.!®* The present

1t . M. HUENNEKENS and M. J. OSBORN, Advanc. Enzymol. 21, 369 (1959).
17 J. MADINAVEITIA, J. Chem. Soc. 1927 (1937).
18 A, C, NeisH, Ann. Rev. Plant. Physiol. 11, 55 (1960).
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results show this is probably true also for tryptophan. However, a considerable amount
of work with isolated enzyme systems is now required before more definite conclusions
can be drawn.

TABLE 2. DISTRIBUTION OF C!% IN GRAMINE ISOLATED FROM BARLEY FED WITH
VARIOUS PRECURSORS

% of gramine-C* found in
Labelled precursor 3-methoxymethyl tetramethylammonium
indole iodide
Anthranilic acid-G-C*4 96 —
Indole-2-C*¢ 95 | —
L-Serine-3-C4 28 49
pL-Tryptophan-3-Ci* 101 03
Gramine-C4 95 —
3-Indolylacetic acid 95 —
pL-3-Indolyllactic acid 103 —
EXPERIMENTAL

Preparation of C'4-labelled Compounds

Sodium formate-C'4, formaldehyde-C'*, L-serine-3-C', bDL-tryptophan-3-C** and
generally labelled samples of L-phenylalanine and toluene were purchased from Atomic
Energy of Canada Ltd. Shikimic acid (generally labelled),'® pL-phenylalanine-3-C* and
L-phenylalanine-f-C'* were prepared as described previously.20

Indole-2-C* was synthesized from sodium formate-C* as described by Leete and
Marion.!® Gramine, labelled in the carbon attached to the ring, was synthesized from
formaldehyde-C'* by the procedure of Kiihn and Stein.2! Portions of this gramine were
used for the preparation of DL-3-indolyllactic acid by the procedure of Gortatowski and
Armstrong,? for the preparation of 3-indolealdehyde by Thesing’s procedure,?? and for the
preparation of 3-indolylacetonitrile by the procedure of Thesing and Schulde.2*! The
indolylacetonitrile was used for preparation of tryptamine by lithium aluminum hydride
reduction® and for preparation of 3-indolylacetic acid by alkaline hydrolysis followed by
acid hydrolysis.® Hypochlorite oxidation of DL-tryptophan-3-C'* gave labelled 3-indolyl-
acetaldehyde.?” These procedures all give the 3-indolyl derivatives labelled in the carbon
attached to the ring. The procedures were scaled down to 0-5 to 1-0 m mole. The yields
were approximately as reported for the larger scale described in the literature. The purity
was tested by chromatography on paper with an appropriate solvent. Radioautographs of
these chromatograms showed one radioactive spot with the correct R, in each case.

A sample of 3-indolylacrylic acid was prepared from 3-indolealdehyde (100 mg) by the
procedure of Bauguess and Berg.2® The crude acid (96 mg, m.p. 172-175°) was purified by
1 D, R. McCaLLA and A. C. NEuisH, Can. J. Biochem. and Physiol. 37, 531 (1959).

20 . WRIGHT, S. A. BRowN and A. C. NEisH, Can. J. Biochem. and Physiol. 36, 1037 (1958).

11 H. KUnN and O. STEIN, Chem. Ber. 70, 567 (1937).

1 M. J. GorTaTOWSKI and M. D. ARMSTRONG, J. Org. Chem. 22, 1217 (1957).

23 3, THESING, Chem. Ber. 87, 507 (1954).

% J. THESING and F. SCHULDE, Chem. Ber. 85, 325 (1952).

% S UDENFREEND, C. R. CREVELING, H. POSNER, B. G. REDFIELD, J. DALY and B. WiTkoP, Arch. Biochem.
Biophys. 83, 501 (1959).

% I R. SNYDER and F. J. PILGRiM, J. Am. Chem. Soc. 70, 3770 (1948).

37 R. A. GRaY, Arch. Biochem. Biophys. 81, 480 (1959).
38 1. C. Bauguess and C. P. BErG, J. Biol. Chem. 104, 675 (1934).
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chromatography on a 2-5x21 cm column of cellulose powder using isopropanol: conc.
ammonium hydroxide: water (20 : 1 : 3) as the eluting agent. Fractions containing the
indolylacrylic acid were pooled, evaporated under reduced pressure, the solid residue dis-
solved in a small volume of 0-2 N sodium hydroxide and the purified product precipitated by
hydrochloric acid. This gave 71 mg (55 per cent); m.p. 175-178°. (Found: C,70-47; H,4-89.
C1HgNO; requires: C,70-58; H,4-85 per cent). The melting point is about 20° lower than
reported previouslyl1.28 but it agrees with that of a sample of 3-indolylacrylic acid purchased
from the Sigma Chemical Company. This melting point could not be raised by recrystal-
lization. A sample (m.p. 175-178°) was reduced in ethanol by hydrogen in a simple glass
apparatus?®® using palladium (5 per cent)-charcoal as catalyst. The hydrogen uptake was
97 per cent of theory and 3-indolylpropionic acid, m.p. 133-134° was isolated in good yield.
This agrees with the m.p. of 3-indolylpropionic acid obtained by Bauguess and Berg.2®
Paper chromatography of the C'4-labelled indolylacrylic acid, followed by radioautography,
showed only one radioactive spot with the same mobility as unlabelled indolylacrylic acid.

Anthranilic acid-G-C!* was made from toluene-G-C* by a procedure involving mono-
nitration of the toluene,3® oxidation of the mixed ortho and para nitrotoluenes to the
corresponding benzoic acids,®! reduction of the mixed nitrobenzoic acids to the amino-
benzoic acids and chromatographic separation of the aminobenzoic acids. The following
procedure gave the best yields of several modifications tried.

Generally labelled toluene (167 mg, 300 uxc) in a 1-8 X 11 cm glass-stoppered tube, was
treated with a well-cooled mixture of sulphuric acid (259 mg) and nitric acid (s.g. 1-42,
173 mg). The tube was stoppered and the reaction mixture stirred with a Teflon-covered
magnetic stirrer bar, for 18 hr at room temperature. The reaction mixture was diluted
with 20 ml of water and extracted with 3 x20 ml portions of ethyl ether. The combined
ether extract was washed with 25 ml of 0-1 M sodium carbonate, then with water, dried
over sodium sulfate, filtered and the ether evaporated, to yield a mixture of ortho and para
nitrotoluene (224 mg). To this mixture in a 50 ml round-bottomed flask, fitted with a reflux
condenser, was added 1-6 ml of 5 N sodium hydroxide, 20 ml of water and 210 mg of
potassium permanganate. The mixture was refluxed until the pink color disappeared
(20 min); three further additions of potassium permanganate (210 mg) were made. After
the last addition of potassium permanganate, the color remained after 30 min of refluxing
so the oxidation was considered to be finished. The reflux condenser was changed to
distillation and 10 ml of distillate, containing the unoxidized nitrotoluene, was collected.
The hot residue in the round-bottom flask was filtered and the cake was washed with
2x 15 ml portions of boiling water. The filtrate was cooled, acidified with concentrated
hydrochloric acid and extracted with 3 x30 ml portions of ethyl ether. The combined
ether cxtract was washed with water, dried over sodium sulfate, filtered and the ether
evaporated. The remaining residue (ortho and para nitrobenzoic acids) weighed 160 mg
and had a m.p. 132-155°.

The mixture of ortho and para nitrobenzoic acids was dissolved in 25 ml of ethanol and
placed in a low pressure hydrogenation apparatus,® 15 mg of Adams platinum oxide
catalyst was added, and the mixture was hydrogenated at 151b pressure. The reaction
stopped in 6 min. The catalyst was removed by filtration and the filtrate evaporated to
dryness. The resulting residue, a mixture of p-aminobenzoic acid and o-aminobenzoic

2 A. C. Nesss, Can. J. Biochem. and Physiol. 37, 1431 (1959).
30 W. J. HICKINBOTTOM, Reactions of Organic Compounds, p. 37. Longmans Green, London (1936).
3t L. BIGELOW, J. Am. Chem. Soc. 41, 1599 (1919).



Biosynthesis of tryptophan and gramine in young barley shoots 35

acid (anthranilic acid), weighed 129 mg. The aminobenzoic acid isomers were separated
on 2:5 x25 cm cellulose column by elution with #-butanol saturated with 1-5 N ammonium
hydroxide. The anthranilic acid came off the column first and was widely separated from
the p-aminobenzoic acid. The fractions containing the anthranilic acid were combined, the
solvent was removed by evaporation, and the residue sublimed at 95° and 2 mm pressure.
The yield of anthranilic acid was 51 mg (20 per cent) m.p. 142-143°. The p-aminobenzoic
acid was also recovered and crystallized from water. Paper chromatography showed the
anthranilic acid to be pure.

Cultivation of Plants

Young plants of barley (Hordeum vulgare, L. var. Atlas 1-35-3) were grown in a green-
house with controlled temperature. The subirrigation gravel culture method was used with
a modified Hoagland solution.’ Additional illumination was supplied by an overhead
bank of “‘cool white” fluorescent tubes to give a daylength of 18 hr and a minimum light
intensity of 7000 lux. The temperature was 18-20° during the day and 14-16° at night.
The plants were used when 10 days old.

Administration of C\-labelled Compounds

The labelled compound was dissolved in about 20-30 ml of water, the pH adjusted 1o
6-5-7-0 and the solution divided equally between two 250 ml beakers. The shoots of the
seedlings were separated from the roots by cutting under water with a razor blade. These
shoots (50 g fresh weight) were distributed equally between the two beakers with the cut
ends submerged in the solution of labelled compound. The beakers were put-in a growth
chamber illuminated by light (12,000 lux) from “‘cool white” fluorescent tubes. The solutions
were nearly all absorbed in 6 hr. Distilled water (10 mi) was then added to each beaker and
after it was nearly all absorbed another 10 ml was added. When this “washing-in”
procedure was completed an excess of distilled water was added and the shoots allowed to
metabolize. The total time allowed, including that for absorption, was 72 hr. During this
period a daylength of 18 hr was used and the temperature kept at 23° in the day and 18°
at night.

Extraction of Plant Material and Recovery of Gramine

At the end of the metabolic period (72 hr) the plant material (50 g) was extracted with
cold methanol (600 ml) in a Waring blender. The homogenate was allowed to stand 24 hr
at —5° and was then filtered on a Buchner funnel. The fibrous residue was washed with
cold methanol, followed by absolute ethanol, air-dried and saved for recovery of bound
tryptophan.

The filtrate was evaporated at 40° and 15 mm pressure, to a volume of about 200 ml,
extracted three times with 200 ml portions of petroleum ether (30-60°) and the petrol
extracts discarded. The remaining aqueous solution was evaporated to dryness under an
air stream at room temperature. The dry residue thus obtained was taken up in 40 ml of
N sulphuric acid and extracted four times with 60 ml portions of diethyl ether and the
ether extracts discarded. The 1emaining aqueous solution was cooled in ice and 10 mi
of 10 M sodium hydroxide was added. The resulting alkaline mixture was re-extracted

31 1., JAcOBSON, Plant Physiol. 26, 411 (1951).
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with four 100 ml portions of diethyl ether. These ether extracts contained the gramine.
They were pooled, washed with water, dried over anhydrous sodium sulphate, filtered and
the ether evaporated. The residue was rinsed into a sublimation apparatus and the gramine
sublimed at 90° and 1.0 mm pressure. The product had a m.p. 122-128°. After recrystal-
lization from benzene the m.p. was 133° and was not depressed when the compound was
mixed with an authentic sample of gramine.

Hpydrolysis of Protein and Recovery of Tryptophan

The fibrous residue from the above extraction procedure (about 2 g) was mixed with
5 N sodium hydroxide (30 ml) in a 25X 100 mm test tube. The tube was sealed and the
contents digested for 24 hr at 100°. After cooling to room temperature the tube was opened
and the contents filtered through Analytical Celite filter aid, the cake being washed four
times with 30 ml of cold water. The filtrate was evaporated under an air stream to about
30 ml. The pH was adjusted to 6-0 with 10 N sulphuric acid. On addition of 50 ml of
ethanol a precipitate formed which was removed by filtration after standing 2 hr at room
temperature. The filter cake was washed with 80 per cent ethanol, then with absolute
ethanol and discarded.

The filtrate was evaporated to dryness, taken up in 20 ml of water and passed through
a 1-2% 16 cm column of Amberlite 1R-120-H ion exchange resin. The column was washed
with water and the washings discarded. The amino acids were eluted from the column
with 100 ml of 1-5 M ammonium hydroxide and the eluate evaporated to dryness. The
residue was taken up in 0-5 N acetic acid (3 ml) and passed through a 2 X 60 cm column of
Dowex-l-acetate using 0-5 N acetic acid as the eluting agent.3® The tryptophan fractions
were combined and checked for purity by paper chromatography with two solvents:
n-butanol : acetic acid : water (4 : 1 : 1-8) and isopropanol: conc. ammonium hydroxide:
water (20 : 1 : 3). Only one ninhydrin-positive spot could be detected, and it had the
same mobility as tryptophan. The tryptophan was measured quantitatively by the method
of Moore and Stein.3 The remainder of the sample (10 mg) was evaporated to dryness
and dissolved in 2 ml of hot water, half the water was evaporated under an air stream at
room temperature and 0-2 ml of ethanol was added. After standing 18-20 hr at 3° the
crystals were filtered off, washed with 10 per cent ethanol, with absolute ethanol and
finally with ether, and then dried to constant weight (6 mg) in a vacuum desiccator. Three
parts of carrier (DL-tryptophan) was added and the whole dissolved in hot water, evaporated
by an air stream at room temperature and dried to constant weight in a desiccator.

Degradation of Gramine

Radioactive gramine samples were converted to 3-methoxymethylindole and tetra-
methylammonium iodide by treatment with methyl iodide in methanolic potassium
hydroxide at room temperature.!?” Both products were recovered and analysed for C4,
This procedure was tested on gramine synthesized as described above. The methoxy-
methylindole contained 995 per cent of the C4, whereas the tetramethylammonium iodide
was inactive. This procedure scems to be reliable for measuring the C'4 in the indole ring
and the attached carbon, but it was not tested on synthetic gramine labelled in the N-methyl
groups, since such a sample was not available.

83 C. W. H. Hirs, S. Moore and W. H. STEIN, J. Am. Chem. Soc. 76, 6063 (1954).
3 S. Moore and W. H. STEIN, J. Biol. Chem. 211, 907 (1954).
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Measurement of C\

The samples were converted to carbon dioxide by combustion with the Van Slyke
reagent®® and the activity of the resulting carbon dioxide was measured by a dynamic
condenser electrometer (a Nuclear-Chicago Dynacon).

Acknowledgement—The authors are grateful to Mr. J. Dyck for numerous C!4 analyses.

3 D. D. VaN SLYKE, J. FoLcH and J. PLazIN, J. Biol. Chem. 136, 509 (1940).



Phytochemistry, 1961, Vol. 1, pp. 38 to 46. Pergamon Press Ltd. Printed in England

THE ALKALOIDS OF HEMLOCK (CONIUM
MACULATUM L.).—I11

EVIDENCE FOR A RAPID TURNOVER OF THE MAJOR ALKALOIDS

J. W. FARRBAIRN and P. N. SuwaL
School of Pharmacy, Brunswick Square, London, W.C.1

(Received 14 February 1961)

Abstract—Previous work, based on analyses of samples of developing fruits collected at weekly intervals,
has been confirmed. Samples were also collected at 4-hourly and 2-hourly intervals and analyses showed
that remarkably rapid changes in the alkaloidal picture took place at short intervals during 24 hr. Further-
more, as the coniine (I) content increased, the y-coniceine (II) content decreased and vice versa. This
interrelationship was particularly marked during the critical stages of pericarp development, but was not
obvious during the development of the vegetative parts, where y-coniceine and conhydrine (III) were the
only known alkaloids detected. Since coniine and y-coniceine differ only by two hydrogen atoms, it is
suggested that these two alkaloids are involved in oxidation-reduction processes in the developing pericarp.
The occurrence of the minor alkaloids conhydrine and N-methyl coniine (1V) and the presence of some
unknown alkaloids are also reported and commented on.

INTRODUCTION
IN A previous communication® it was shown that the total alkaloidal content and the
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proportions of individual alkaloids in hemlock fruit varied with the development of the
fruit and with the season. It was suggested that y-coniceine (II) was the precursor of the
saturated alkaloids, such as coniine (I), and that this change, which appeared to be rever~
sible, is associated with active growth. These conclusions were based mainly on the
examination of samples collected at weekly intervals; we have repeated the work over a
further two seasons and have also examined samples collected at daily, 4-hourly and
2-hourly intervals. Much of the earlier work has been confirmed but interesting new facts,
based on the samples taken at short intervals, have come to light. Sampling and analytical
methods are referred to at the end of this paper.

1 J. W. FAIRBAIRN and S. B. CHALLEN, Biochem. J., 72, 556 (1959).
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RESULTS

Weekly samples. Samples were collected at noon on the same day each week and
Fig. 1 shows the analytical results for the two major alkaloids in 1958 (a wet season) and
1959 (a dry season). In both seasons a peak of y-coniceine content preceded a peak of
coniine content, and during the first few weeks the increase in coniine content kept pace
with the increase in dry weight. The year 1959 was particularly dry; the fruits matured
prematurely and dehisced at week 5, in contrast to the three previous seasons when they
remained on the plants until week 8.

Daily samples. Samples were collected at noon on each of the 14 days between week 2
and week 4 in 1958. Comparative paper chromatograms of the samples showed no marked
changes in the alkaloidal picture, but rather a gradual increase consistent with that shown
by the weekly samples in Fig. 1. Quantitative analyses of these samples were not therefore
carried out at this stage.

Four-hourly samples. In 1958 samples were collected at 4-hourly intervals between
8 a.m. and 8 p.m., a few days after the week 3 samples had been collected. Chromatograms,
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prepared from equal numbers of fruits, indicated that considerable variations in the
alkaloidal content occurred at short intervals. Consequently 4-hourly samples were
collected over a period of 24 hr a few days after the week 4 samples had been collected and
a few days after the week 5 samples had been collected. Comparative paper chromatograms
(an example of which is given in Fig. 4) again indicated marked changes in the amounts of
alkaloid in each sample. Spectrophotometric analyses of all the samples were therefore
carried out and the results are shown in Table 1. It will be noted that the amounts of
coniine (I) and y-coniceine (I) vary considerably during the day and that increase in one
corresponds to decrease in the other.

TABLE 1. ANALYSES OF FOUR-HOURLY SAMPLES TAKEN DURING A PERIOD
OF 24 HR IN WEEK 4 AND IN WEEK 5, 1958

T Week 4 (ug/fruit) Week 5 (ug/fruit)
ime
Coniine »-Coniceine Coniine } y-Coniceine

4am. " 90 1T . 26 | 0

8 a.m. 2 ' 6 . 130 ' 2
12, midday 4 15 : 174 | 9

4 p.m. 120 1 8 I 21

8 p.m. 38 ' 10 200 0

12, midnight | 132 0 \ 213 0

Two-hourly samples. In 1959 2-hourly samples over a period of 24 hr were collected on
thc samc day as the week 3 and week 4 samples were collected and the results of spectro-
photometric analyses are shown graphically in Figs. 2 and 3. In these figures the variations

Daly z.ercze

T agifra

N

. Oty gverage
2 Tagefrant

Alkoloigor contert expressed as % variotion from daily average

'\/‘\.
L ]
) . . ) .
2 6 8 0 1z 14 6 18 20 22 24 2
Time, hr(GMT)

FIG. 2. ALKALOIDAL CHANGES DURING 24 HR; WEEK 3, 1959,

Coniine —O—O—. Average content for 24 hr period = 110 ug/fruit.
y-Coniceine —@—@—. Average content for 24 hr period = 7 ug/fruit.




The alkaloids of hemlock (conium maculatum L.) 41

in the two major alkaloids are emphasized by representing the variations as percentages of
the average content for that particular day, based on analyses of all the samples. Placing
both curves on the same diagram makes it clear how they are interrelated, although the
average absolute amount of coniine present was generally about 10-20 times that of
p-coniceine.* Four-hourly and 2-hourly samples over a period of 24 hr were also attempted
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y-Coniceine —@-—@—. Average content for 24 hr period = 5 ug/fruit.

in weeks 1, 2 and 5. In week 1, (flowering stage), the amounts of alkaloid present were too
small for quantitative analyses; inspection of chromatograms however showed that
y-coniceine was the predominant alkaloid and indicated close interrelationship between
the changes in y-coniceine and coniine contents. In week 2, more alkaloids were present
and quantitative examination was possible for three-quarters of the samples; the results
once more indicated close interrelationship between the changes in y-coniceine and coniine
content; the average amount of coniine (23 ug/fruit) however exceeded the average amount
of y-coniceine (4-5 ug/fruit). In neither weeks were the changes so marked as in weeks 3
and 4. In week 5 many of the fruits had dehisced, but seven 2-hourly samples (from
* The values for alkaloidal content given in Fig. 1 are based on midday samples only and do not neces-

sarily eonupond to those based on daxf)" averages given in Figs. 2 and 3. Resuits so far, however, confirm

the trend shown in Fig. 1, and in previous years, would also be shown if figures based on daily averages

wne used, except that in 1959 maximum coniine content occurs in week 3. This is not surprising in view of
the short time required for fruit development in 1959.
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8 a.m.-8 p.m.) were collected. The results of quantitative analyses are shown in Table 2
and indicate that little change took place in the alkaloidal picture except for the sample
collected at midday.

TABLE 2. ANALYSES OF TWO-HOURLY SAMPLES
TAKEN DURING A PERIOD OF 14 HR IN WEEK 5, 1959

| .
- Coniine ! y-Coniceine
Time (ugffruit) | (ug/fruit)
8 a.m. 52 ] traces
10 a.m. 42 . traces
12 midday 0 | 14
2pm. 43 I traces
4 p.m. 55 | 0
6 p.m. 60 0
8 p.m. 49 0

Alkaloids other than Coniine and y-Coniceine

Fig. 4 represents comparative chfomatograms prepared from the 2-hourly samples
collected in week 3, 1959. This chromatogram shows the same changes presented graphically
in Fig. 2. Additional information on some of the minor alkaloids, however, is also given,
and has been confirmed by examining similar chromatograms prepared from samples
taken on other occasions. When y-coniceine content is at a maximum small quantities of
conhydrine (IIT) occur; when coniine is at a maximum conhydrine is absent. N-methyl
coniine (IV) does occur occasionally in this “Chelsea variety” of hemlock, but only in
small quantities and mainly when coniine is at a maximum.

Unknown Alkaloids

An alkaloid of high R, value (0-73) occurred in four of the samples shown in Fig. 4,
but it was not identified nor was it discovered in any other samples examined. In contrast;
an alkaloidal spot of low R, value (0-08) occurred in all samples of fruit, leaf and root
examined. Preliminary examination showed that the spot contained several amino-acids
and two alkaloid-like substances. These last two gave a red colour with Dragendorff’s
reagent, a brown colour with iodine in light petroleum, but no red colour with alkaline
sodium nitroprusside (distinction from piperideines). They differed from most alkaloids
in that they cannot be extracted from alkaline solution with chloroform, and from the
normal hemlock alkaloids in that they are sparingly volatile in steam.

Four-hourly Samples of Seedlings

Young seedlings were grown in the open in 1959 and two weeks after the first foliage
leaves opened, when they were about 7 cm high, samples of five seedlings were collected
at four-hourly intervals during a period of 24 hr, washed rapidly and extracts prepared
as for the fruits. Paper chromatographic examination of the extracts showed the presence
of y-coniceine and traces of conhydrine in all samples, but there was no indication of any
change in the quantities. Coniine and N-methyl coniine were not detected. Similar
experiments were performed on samples from the same crop of seedlings a week later, when
they were about 12 cm high. Separate analyses were made on the roots and the aerial
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parts. No alkaloids were found in the roots; in the aerial parts y-coniceine alone was
detected and the quantities did not appear to vary markedly during the 24-hr period. As
already stated the compound of low R, value always occurred in all parts of the plant.

Q

o 6 6 o @ @

55 1] 735 355 73 3
Time, hr {G.M.T)
F16. 4. PAPER CHROMATOGRAMS OF 2-HOURLY SAMPLES EACH REPRESENTING THE SAME NUMBER OF
FRUITS; WEEK 3, 1959,
(2) Unknown alkaloid of Ry == 073, (b) Coniine. (c) N-methyl coniine. (d) Conhydrine.
(e) y-Coniceine. (f) Unknown alkaloid Ry = 0-08. Depth of shading and area of the spots
roughly proportional to amount of alkaloid present,

Second Year Plants

A well-developed plant was removed in March 1958 before signs of spring growth were
showing; analysis showed that y-coniceine alone occurred, both in the aerial parts and in
the roots. A similar experiment was carried out in June 1958 when growth was vigorous;
y-coniceine was the only alkaloid detectable in the aerial parts, but no alkaloids were
detected in the roots, apart from the low R, value substance.
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DISCUSSION

The results based on weekly and daily samples collected during 1958 and 1959 have
confirmed some of the conclusions reached by earlier workers.:* Thus, y-coniceine is the
predominant alkaloid in the vegetative parts and in the very early stages of development
from flower to fruit. The overall change from y-coniceine to coniine is associated with
rapid development of the fruits. At the later stages of fruit maturation the coniine content
falls and there is a slight increase in the y-coniceine content, indicating a possible
re-conversion of coniine into y-coniceine (see Fig. 1).

The results of all the work on hemlock alkaloids up to this point would be consistent
with a slow accumulation of alkaloids as minor end products of metabolism together with
gradual changes in their composition. Our work on 4-hourly and 2-hourly samples has
however shown that remarkably rapid changes in the composition and amounts of alkaloid
occurred over short periods of time. As far as we know such dynamic changes in the
alkaloidal picture have not been demonstrated so clearly before. James®* points out that
only in certain seedlings and senescent leaves is there evidence of the return of alkaloidal
materials to metabolic circulation and the quantities involved are always extremely small.
In a discussion on the physiology of alkaloids, Mctiies® states: “If, therefore, the alkaloid
content, during the course of a year, fluctuates with the changing growth pattern, we may
raise the question whether this phenomenon obtains during the course of a day.” He then
refers to the difficulties involved in answering this question. Hemberg and Fliick® determined
the total alkaloids in samples of Datura leaf and root collected at 4-hourly intervals during
24 hr. There was a gradual increase in the amount of total alkaloids during the day and
a fall at night, but no information is given on the relative proportions of individual alkaloids.
Somewhat similar results were obtained with Datura and Atropa by Kozlova’ although
the quantities of alkaloids were determined by histochemical means. Miram and Pfeifer®
determined individual alkaloids in poppy plants at 6-hr intervals, but since the results
were expressed as mg per cent dry weight it is not clear whether the absolute amounts of
alkaloid present varied. Our results indicate that the change from y-coniceine to coniine
is geared to some active metabolic process; and since only the addition of two hydrogen
atoms to y-coniceine is involved it is possible that the latter acts as a hydrogen acceptor in
some oxidation-reduction process. These changes however appear to be restricted to the
developing fruit only and are most marked during the weeks when pericarp development is
at a maximum.

Quantitative Aspects

Apart from the rapid changes in the two major alkaloids, the following related facts
should be noted.

Careful examination of the results given in Figs. 2 and 3 shows that the interchange
between y-coniceine and coniine is not a simple reversible change quantitatively. For
example, from Fig. 2 it will be seen that between 10 a.m. and 12 noon the coniine content

* B. T. CROMWELL, Biochem. J., 64, 259 (1956).

* W. O. James, The Alkaloids. Edited by R. H. F. Manske and H. L. HoLmes. Vol. I, p. 82. Academic
Press, New York (1950). ’

4 W. O. Jauzes, Endeavour, 12, 76 (1953).

¢ K. MOTHES, Amn. Rev. Plant. Physiol., 6, 412 (1955).

¢ T. HemeerG and H. FLUCK, Pharm. Acta Helv. 28, 74 (1953).

" N. A. KozLOVA, Izvest. Akad. Nauk. Latv. SSR., 6, (70), 65 (1953).

* R. MmAM and S. PFEIFER, Sci. Pharm. 27, 34 (1959).
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fell from 175 per cent to 28 per cent of the daily average (110 ug/fruit); this represents a loss
of 162 ug/fruit. During the same period the y-coniceine content increased from almost
zero to 280 per cent of the daily average (7 ug/fruit); this represents an increase of only
19 ug/fruit. This means that during a period of 2 hr 143 ug of coniine have disappeared
and have not been accounted for by the formation of y-coniceine or any other alkaloid.
This loss corresponds to about 21 mg/umbel. As the samples were collected on a dry day
this relatively large loss cannot be accounted for by rain washing. Neither is it likely to be
due entirely to volatilization as there must have been at least 1000 active umbels in the row
of plants being visited every 2 hr and such a large loss by volatilization (over 20 g alkaloid)
would produce a very marked odour. No very strong odour was noticed on any occasion.
Furthermore, it is well known that much of the coniine is stored in the inner layers of the
pericarp, in the endocarp or “coniine layer”. The question as to what happens to the
excess coniine naturally arises; the use of isotopically labelled alkaloids will obviously
greatly assist in solving this problem.

Relation to the Development of the Pericarp

During the first few weeks of fruit development there is a rapid increase in the average
alkaloidal content. During this period the pericarp, to which the alkaloids are restricted,
develops rapidly and marked anatomical changes take place.! The increasing ‘“‘demands”
of the developing pericarp for alkaloids may therefore be closely related to the increasing
number of living cells. This would be consistent with the view already expressed, that the
alkaloids play a significant part in the intracellular metabolism of the pericarp.

Source of the Alkaloids

The fruit does not develop in isolation so that at least three possible sources for its
alkaloids exist. (a) y-Coniceine is the precursor of all the alkaloids and enters the fruit by
the vascular bundles and schizogenous ducts as suggested previously.! If this is so the
incoming y-coniceine must be rapidly converted to coniine, since only small quantities of
y-coniceine occur; at times this conversion is so rapid that the y-coniceine content falls to
zero. This continuous supply of y-coniceine must result in a considerable daily production
of coniine which, in turn, is converted into a non-alkaloidal substance. (b) Coniine is
formed from incoming y-coniceine and at certain times combines reversibly with another
molecule to form a non-alkaloidal substance; at later stages coniine is released from this
loose compound. A small proportion of the coniine may also be re-converted to y-coniceine.
In these circumstances the daily production of coniine may not be large, but would show
a gradual increase with increase in size of the pericarp. (c¢) The alkaloids are mainly
synthesized in the fruit itself and the incoming y-coniceine may play only a minor part in
the total coniine production.

Minor Alkaloids

The appearance and disappearance of the minor alkaloid conhydrine runs parallel with
the increase and decrease of y-coniceine. This is consistent with the fact that both alkaloids
are oxidation products of coniine and, conversely, could be formed into coniine by reduction.
On the other hand, the occasional appearance of N-methylconiine and the unknown
alkaloid of R, = 0-73 is associated with a maximum of coniine and it is not so clear how
N-methylation would be connected with a reduction process.
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The universal occurrence of the compounds of low R, value (0-08) and some of their
properties might at first sight indicate that they are the precursors of the normal alkaloids,
but we found no evidence of the marked changes in quantity shown by the main alkaloids.
Cromwell? does not mention this compound, but some of his chromatograms show a very
small spot of R, value 0-1. As he used steam distillates for his assay work it is unlikely
that much of this compound would be present, as we found it was only sparingly volatile
in steam.

EXPERIMENTAL

The *““Chelsea variety” of Conium maculatum described by Fairbairn and Challen® was
used throughout. The plants were grown at Myddelton House, Enfield, Middlesex, and
the same sampling techniques were used as described previously,! week 1 collection being
made when the flowers were fully expanded. In view of the large number of samples
required, only four compound umbels were collected at a time. These yielded about 250
fruits for chemical analyses and about 250 fruits for dry weight determination. The
chromatographic and analytical techniques of these authors were also used except for the
following modifications. .

Paper chromatograms. An improved method of determining the quantities of alkaloids
based on measuring the areas of spots on paper chromatograms was devised.® Whatman
No. 20 paper, which had been washed with N HC1 in a chromatographic tank (descending
technique) for 18 hr, followed by a similar washing with distilled water, was used. The
solvent system was tert-pentanol/zert-butanol/N HC1 (9 : 3 : 2), development time 15 hr
at 20° (ascending technique). After drying, the alkaloidal spots were revealed by spraying
with bismuth iodide reagent.1®

Spectrophotometric methods. The yellow colour referred to previously,! which was
produced by the interaction of bromethymol blue and the conium alkaloids, was measured
in 1 cm cuvettes in a Hilger Uvispek spectrophotometer. The peak of the absorption
curve was 402 u; log ,,, for coniine was 4-313 and for y-coniceine, 4-327. For convenience
the alkaloidal contents are expressed as hydrochlorides throughout.
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3’-NUCLEOTIDASE ACTIVITY OF RYE GRASS SEEDS
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Abstract—There is no significant change in 3’-nucleotidase activity in rye grass seeds (Lolium multiflorum)
germinated in the dark over a period of 6 days. In developing seeds, on the other hand, the activity per seed
increases during maturation and then falls off as the seed ripens. The significance of these changes is briefly
discussed.

INTRODUCTION

AN ENzYME which specifically dephosphorylates 3’-nucleotides, for example adenosine
3’-phosphate, guanylic acid, cytidylic acid, uridylic acid and Coenzyme A, has been purified
from germinating barley (Hordeum vulgare) and rye grass (Lolium multiflorum)'. It is
present in the seeds of many other cereals but rye grass is undoubtedly the best source. The
specificity of this enzyme and its optimum pH (7-4) clearly distinguish it from other non-
specific acid phosphatases which have been obtained from seeds.2:3 It was considered that
this enzyme might be a good subject for investigation as part of a general research pro-
gramme planned to provide information on the biochemistry of seed germination, and that
rye grass would be the best source of the enzyme. In a somewhat similar investigation
Young and Varner* reported on an enzyme in pea cotyledons which specifically dephos-
phorylates adenosine triphosphate and adenosine diphosphate. They noted an increase in
phosphatase activity during germination and concluded that the increased activity repre-
sented a net synthesis of enzyme protein.

RESULTS
Enzyme Activity during Seed Germination

The first series of experiments was designed to follow the enzyme activity during the
germination of rye grass (L. multifolium, v. Westernwoldicum). Experiments were carried
out on seeds germinated in the dark for a short period (0-24 hr) and for a longer period
0-6 days at room temperature. A typical series of results recorded in Fig. 1 shows that the
specific activity of the crude extracts does not alter appreciably during 6 days germination.
This bebaviour is in marked contrast to the ATP/ADP-specific phosphatase from pea
cotyledons, which increased many fold during germination.* In one experiment, enzyme
activity was followed over a germination period of 16 days, but again no consistent increase
in activity was observed during growth. It might be argued that the total amount of protein
in the active extract of a given number of seeds would increase during germination and that
by measuring the enzyme activity in relation to the protein content of the fraction, any
increase in the amount of enzyme would be masked by the simultaneous synthesis of inert
1 L. SHusTER and N. O. KAPLAN, J. Biol. Chem. 201, 535 (1953).

2 B. K. Jovce and S. GRISOLIA, J. Biol. Chem. 238, 2278 (1960).

3 M. Z. NEwMARK and B. S. WENGER, Arch. Biochem. Biophys. 89, 110 (1960).
¢J. L. YOUNG and J. E. VARNER, Arch. Biochem. Biophys. 84, 71 (1959).
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portein. However, if the protein levels in the extracts are plotted against germination time,
no obvious changes are observed (Fig. 1). Therefore, as expected, the enzyme activity per
seed also shows no significant change during germination.
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FiG. 1.
—O—O— Specific activity of 3’-nucleotidase in extracts of germinating L. multifolium
seeds,

*—0—0 Prote.in content of extracts of germinating L. multifolium seeds.
[In both curves each point represents the mean of four determinations.]

zyme Activity during Seed Development

Seeds were collected from ripening heads and separated into a number of groups
according to their degree of maturity, A description of these groups is given in Table 1.
The 3'-nucleotidase activity in extracts of seeds at the different stages is given in Fig. 2.

TABLE 1. A DESCRIPTION OF THE STAGES OF DEVELOPMENT AT
WHICH SEEDS OF L. multifolium WERE EXAMINED, TOGETHER WITH
THE PERCENTAGE OF DRY WEIGHT IN THE SEEDS

Stage Description % Dry weight
A Seeds not exceeding 2 mm 39
B Green seeds, 3-5 mm 43
C Seeds turning yellow or red 52
D Red seeds, not fully hardened 56
E Hard ripe seeds 92
F Ripe seeds stored 19 weeks 93

It will be seen that during the early stages of maturation the specific activity drops sharply
and then recovers slightly; this recovery is then followed by a slow fall as the seeds ripen
completely. The activity per seed shows a sharp increase in activity to stages C and D this
is followed by an equally sharp decline. The pattern is similar to that reported for protease
activity in germinating wheat.® It would appear from the fact that the specific activity of

% A. BAcH, A. OpPARIN and R. WAHNER, Biochem. Z, 180, 363 (1927).
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leaves (we find a value of ca. 12 for seedling leaves and Shuster and Kaplan report a value
of 26) is less than that of immature seeds (ca. 60), that in the very early stages of seed
formation there is either a stimulated synthesis of this enzyme in the developing seed or a
preferential translocation and accumulation in the ovaries. The initial sharp drop in
specific activity (Fig. 2) in the transition to stage B, where the amount of enzyme per seed
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Stages during .ripening of seeds
FIG. 2.
—A—A— Specific activity of 3’-nucleotidase in extracts of devcloping sceds of L.
multifolium.
—0-—0—0 Changes in 3-nucleotidase activity per seed in developing sceds of L.
multifolium.
—@—0—®— The 3'-nucleotidase activity of developing L. multifolium secds expressed
per unit dry matter.

[The stages of development are described in Table 1: each point represents
the mean of two experiments—four determinations in each experiment.]

has increased, shows that other proteins are being synthesized faster than the cnzyme itself.
Conversely the increase in specific activity observed during the transition to stage C and D,
where the amount of enzyme per seed vastly increased, shows that the net synthesis of the
enzyme is slightly greater than that of other proteins. The synthesis of all proteins pre-
sumably falls off as the maturing seed speeds up its accumulation of starch. The gradual
decrease in activity after stage D, whether measured in specific activity or activity per seed,
is very typical of changes in other enzyme activities during the later stages of seed matura-
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tion. There is no experimentally upheld explanation for this, but it may be due to a gradual
denaturation of proteins as the seeds become more dehydrated. ;

When the graph is considered in which activity per unit dry weight is plotted against
degree of maturation (Fig. 2), then it is seen, not unexpectedly, that the general shape of
the curve is very similar to the specific activity. The failure ever to observe a rise in activity
during the stages C-D is, as already suggested, probably due to the rapid accumulation of
starch during this period.

Enzyme Activity of Bracts

It was found that the bracts associated with the developing seeds also contained con-
siderable ¢nzyme activity. For example a sample of bracts from seeds of class D had a
total activity of some 40 per cent of that of the corresponding seeds.

Enzyme Activity of Seedling Leaves

Seedling leaves produced by germinating seeds on filter paper in Petri dishes in the light
for 14 days had a specific activity of 11-5-12, which is considerably lower than that of the
sceds from which they were germinated. This confirms the observations of Shuster and
Kaplan! and indicates, not unexpectedly, that the gush of protein synthesis association with
the onset of photosynthesis is concerned more specifically with other enzymic and structural
requirements of the plant.

COMMENT
The precise function, if any, of the specific 3’-nucleotidase in cereal seeds is not clear.
This investigation does indicate, however, that it appears not to be concerned in germina-
tion, in the sense that germination is not accompanied by any increase in enzymic activity.
On the other hand, as indicated ecarlier, the enzyme appears to be specifically accumulated
or synthesized in the developing embryos, so there is an a priori case for considering that it is
concerned more intimately with seed development than with seed germination.

EXPERIMENTAL

Materials. The sceds of L. multiflorum v. Westernwoldicum were used throughout.
Ripe sceds were germinated on filter paper in the dark at room temperature (approx 15°)
for the appropriate time. When seceds were germinated for long periods they were first
sterilized by soaking for 1-4 hr in distilled water and then for 10 min in a solution (0-01
per cent) of mercuric chloride containing a few drops of Teepol. After rinsing in distilled
watcr the sceds were allowed to germinate in the usual way. Seeds at various stages of
development were obtained from plants grown in boxes in a heated greenhouse.

Preparation of enzyme extract. The method employed was that of Shuster and Kaplant
slightly modified. Ripe seeds (0-5 g) were crushed with a pestle and mortar, and transferred
to 5 ml 0-1 M Tris buffer pH 7-5, and disintegrated in a M.S.E. Homogenizer fitted with
a 10 ml “Vortex™ beaker. The extract was then centrifuged at 0—4°C at 8000 X g for 15 min
in a Christy centrifuge. If the assay could not be carried out immediately the supernatant
was stored at —20° until it could be used. Immediately prior to assay the enzyme extract
was diluted 1 : 3 with 0-1 M Tris buffer pH 7-5.

Phosphatase assay®. The diluted enzyme extract (0-05 ml) was added to the substrate
{0-45 ml of 2-:0 mM adenosine-3’-phosphate in 0-1 M Tris buffer, pH 7-5) at 37° and the
¢ E. J. KING, Biochem. J. 26, 292 (1932).
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mixture was incubated for 30 min. The reaction was stopped by adding 2 m! of 10 per
cent trichloroacetic acid and then 0-35 ml 60 per cent perchloric acid, 0-35 ml 5 per cent
ammonium molybdate and 0-25 ml aminonaphtholsulphonic acid reagent (0-2 g, 1,2,4-
aminonaphtholsulphonic acid, 12 g sodium metabisulphite, 2'4 g sodium sulphite in
100 ml H,0) were added and the volume made up to 5 ml with distilled water. The blue
colour was allowed to develop for 10 min and its intensity was read at 750 mu ina 1 cm
cell with a Unicam SP600 photoelectric spectrophotometer. The amount of inorganic
orthophosphate present was calculated from a standard curve.

Protein determinations. The protein concentrations in the enzyme extracts were measured
following the method of Lowry et al.”

Specific activity. The specific activity of the preparations was expressed as ymoles of
inorganic orthophosphate liberated per hr per mg protein under the conditions just
described. This is also the unit used by Shuster and Kaplan.!

7 0. H. Lowry, N. J. ROSEBROUGH, A. L. FARR and R. J. RANDALL, J. Biol. Chem. 193, 265 (1951).
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Abstract—b-Glucose-1-C4, -2-CM, and -6-C'* were fed to cuttings of buckwheat (Fagopyrum tataricum
Gaertn.) and 24-48 hr later the rutin was isolated and hydrolysed. This gave p-glucose, L-thamnose and
quercetin all with the same specific activity and suggests that all components of rutin came from the same
carbohydrate metabolic pool. Both rhamnose and glucose were degraded by methods which allowed
estimation of C* in each of the six carbon atoms. The rhamnose was apparently derived from glucose
without rearrangement of the carbon skeleton. L-Rhamnose-1-C* and L-fucose-1-C*, fed to buckwheat,
were not incorporated into rutin.

INTRODUCTION

EIGHT methyl pentoses (6-deoxyaldohexoses) are known to occur in plants.! These are
found in glycosides or polysaccharides rather than as free monosaccharides. The most
common ones are L-rhamnose (6-deoxy-L-mannose) and L-fucose (6-deoxy-L-galactose).
The other 6-deoxyhexoses are rare and found in the cardiac glycosides.

Three of the 6-deoxyhexoses, namely p-quinovose and p- and L-fucose, can be formally
derived from the natural aldohexoses, D-glucose and D- and L-galactose respectively, by
loss of the hydroxyl on carbon 6. The parent sugars of the other five 6-deoxyhexoses are
not known to occur naturally. Thus on structural grounds it would seem unlikely that the
biosynthetic route to these 6-deoxysugars is by formation of the appropriate hexose followed
by reduction on carbon 6. We are unaware of any studies on the biosynthesis of rhamnose
in higher plants.2 The present paper reports the biosynthesis of rhamnose found in rutin
(quercetin-3-g-rhamnoglucoside) of buckwheat. An improved method of degrading
rhamnose gives the C content of each carbon. Apparently thamnose is formed from
glucose in buckwheat without rearrangement of the carbon chain.

RESULTS

The results of feeding various labelled sugars to buckwheat cuttings (stem plus leaves)
on the incorporation of C' into rutin and its hydrolysis products, quercetin, rhamnose
and glucose, are shown in Table 1. All the products were isolated and purified chromato-
graphically. The plants used in each experiment were from the same batch. Large plants
grown outdoors were used for the first experiment so large amounts of glucose and
rhamnose (from rutin) could be obtained for degradation. The amount of labelled glucose
fed was roughly equal to the natural pool in the plant.

Previous experience?® has shown that the per cent incorporation of glucose-C* into rutin
! H. Baumann and W. PIGMAN, The Carbohydrates, Chemistry, Biochemistry, Physiology. (Edited by

W. PIGMAN), p. 552. Academic Press, New York (1957).
# M. GisBs, Ann. Rev. Plant. Physiol. (Edited by L. MAcHLIS), Vol. X, p. 355, Annual Reviews Inc., Cali-

fornia (1959).
3J. E. Watki~x and A. C. NessH, Can. J. Biochem. and Physiol. (in press),
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is roughly equivalent to the percentage of rutin in the plant. This was found in experiment 2.
The amount incorporated in experiment 1 was only about one quarter that anticipated,
probably because the plants were more mature and the percentage of rutin was beginning
to fall.4 The specific activities of all rutin components (quercetin, glucose and rhamnose)
were about the same no matter which labelled glucose was fed (experiment 1).

. Free rhamnose was not appreciably incorporated into rutin by buckwheat (experiments
2 and 3). The small amount of C'* incorporated from rhamnose in experiment 2 was

TABLE 1. RELATIVE ACTIVITIES OF RUTIN COMPONENTS FROM BUCKWHEAT PLANTS FED C!-LABELLED GLUCOSE,
RHAMNOSE OR FUCOSE

i
Expt. 1 Expt. 2 Expt. 3
Compound Fed* G G G G Fu Rh G Rh
Position of C14 1 2 6 4 | 1 1 I 1
Metabolic period (hr) 48 48 48 24 24 24 24 24
Wt. of compound fed (mg) 50 50 100 7-6 3-5 3-8 45 6-3
Dry weight of plant} (g) 18-1 213 191 ¢ 1-68 2:09 236 2:7 4-16
Dosel (umole/g) 15 13 29 I 25 10 9 9 8
Total C4 fed (uc) 514 50 37 121 9-0 68 7-2 11-3
Rutin isolated (| " 390 468 427 67 75 85 93 102
Specific acuv:ty of quercetin | 144 97 75 1 03 1-5 12-0 0-68
(uc/mole carbon)
pa‘mﬁc agmty of )glucosc i 17:2 102 80 | 150§ o1 54 359 1-9
carbon,
S) agmty of rhamnose ’ 139 10-8 77 150§ 04 33 346 1-8
%drywelght glant (%) 22 22 22 4-0 36 36 36 2:5
‘7 of C“ fed recovered in rutin 0-50 041 0-39 34 0-01 015 13 0-05
\ .
* G = p-Glucose, Rh = L-Rhamnose, Fu = L-Fucose.

t Calculated from the dry weight of the alcohol extracted marc, the percent solubles being determined
on a control plant.
1 Amount of cottrllgound fed expressed in umoles/g of dry weight of plant.
§ Samples lost, ai ific activity assumed to be that of the quercetin on the evidence of experiment 1
and s activity of the isolated rutin.

only 005 per cent of that fed (2 ug) and this might be due to labelling of the general carbo-
hydrate pool by metabolic products of rhamnose, as the glucose and quercetin were
labelled to roughly the same extent. The free sugars of a buckwheat plant were isolated
and partitioned on a cellulose column but no free rhamnose was found. It is unlikely that
free rhamnose occurs naturally in buckwheat.

The isolated sugars were degraded; glucose by fermentation®:¢ and further degradation
of the products,” rhamnose by an adaptation of the procedure of Boothroyd et al.® outlined
in Fig. 1. The labelling patterns of glucose and rhamnose from experiment 1 arc shown in
Table 2. The percentages are based on the sum of the activities of the 6 carbons. This total
varied, depending on the degradation, from 84 to 98 per cent of the activity of the original
sample as measured by combustion of an aliquot before degradation. Generally speaking
the rhamnose has the same labelling pattern as the glucose from the same sample, in spite
of the fact that appreciable redistribution of the label has occurred in glucose.

¢J. F. CouchH, J. NaGnski and C. F. KREwsON, Science, 103, 197 (1946).

8 J. HURWITZ, Biochim. et Biophys. Acta, 28, 599 (1958).

¢ H. A. ALTERMATT, A. C. BLackwoop and A. C. NEeisH, Can. J. Biochem. and Physiol. 33, 622 (1955).

7 A. C. NusH and A. C. BLACKwWoOD, Can. J. Biochem. and Physiol. 33, 323 (1955).

8 B. BOOTHROYD, S. A. BROWN, J. A. THORN and A. C. NEsH, Can. J. Biochem. and Physiol. 33, 62 (1955).
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DISCUSSION

The main findings of this work are (a) all three components of rutin have the same
specific activity, () free rhamnose is not incorporated into rutin although the rhamnose in
rutin is formed readily from glucose and (c) no appreciable redistribution of the labelling
pattern occurs during conversion of glucose to rhamnose.

There have been seven other studies on the conversion of C'* labelled glucose to
deoxyhexoses in intact organisms—six studies used micro-organisms®1* and one the milk
of lactating women.’® In five of these studies bound glucose was isolated as well as
deoxyhexose. In each case the labelling pattern of the glucose fed had been redistributed to
some extent in the bound glucose but the label in the deoxyhexose in all cases paralleled
the bound glucose. An extreme example of redistribution of C* is in the work of Taylor

TaBLE 2. 9, DISTRIBUTION OF C'* IN EACH CARBON OF GLUCOSE AND RHAMNOSE
OBTAINED FROM RUTIN BY HYDROLYSIS AFTER FEEDING LABELLED GLUCOSE

Fed | G-1-C | G-2-Ct | G-6-C4

Isolated | G Rh | G Rh ' G Rh
Ci ’ 70-4 728 | 06 16 | 170 2711
2 | 23 i 45 85 . 649 | 31 40
C3 44 45 87 | 15 . 22 34
Ct | 39 41 | 52 66 30 | 43
Cs | 14 13 1 14 72 | 156 1-9
Ce | 16 | 128 : 16 22 1 591 ‘ 59-4

| i

% G Hacser and M. L. KARNOVSKY, J. Biol. Chem. 233, 287 (1958).
1 H TayLor and E. Juni, Bacteriol. Proc. (Soc. Am. Bacteriologists) p. 34, 112 (1959).
W, H. SOUTHARD, J. A. HayasHI and S. S. BARKULIS, J. Bact. 78, 79 (1959).
32 E. C. HeaTH and S. RoSemaN, J. Biol. Chem. 230, 511 (1958).
14 J. F. WILKINSON, Nature, Lond. 180, 995 (1957).
1*S. SeGaL and Y. J. TorPer, Biochim. et Biophys. Acta, 25, 419 (1957).
13 S. SeGaL and Y. J. TorPer, Biochim. et Biophys. Acta, 42, 147 (1960).
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and Juni'® with an aerobic soil bacterium. When glucose-1-C* or glucose-2-C'* were the
substrates both glucose and rhamnose in the capsular polysaccharide were unlabelled.
However when glucose-6-C'¢ was the substrate both glucose and rhamnose were labelled
equally in positions one and six. Another example of the labelling pattern in the rhamnose
varying greatly from that of the glucose administered was found in Pseudomonas aeruginosa.
Hauser and Karnovsky? added glucose-6-C*¢ to the medium and isolated rhamnose,
labelled in positions one and six, from a rhamnolipid found in the medium. As there was
no glucose in the rhamnolipid, bound glucose could not be isolated to check the labelling
pattern. Using this same organism Kornfeld and Glaser!® have recently obtained a cell-free
enzyme system that will convert thymidine diphosphate-p-glucose to thymidine
diphosphate-L-rhamnose. A similar enzyme system that changes guanosine diphosphate-
D-mannose to guanosine diphosphate-L-fucose has been isolated from Aerobacter aerogenes
by Ginsberg.}?

Glucose == Phosphate ester pool == Glycoside pool

i

Phenylalonine Acetate  Glucose—»Rhamnose
Nucleotide Nucleotide
Quercetin J
—
Rutin
FiG. 2.

In our view our investigation and those mentioned above show a common pattern for
deoxyhexose biosynthesis. The first stage is the formation of a hexose nucleotide. During
the formation of the nucleotide from glucose extensive redistribution of the CY labelling
pattern may occur in the phosphate ester pool depending on the peculiar carbohydrate
metabolism of the organism. Buckwheat and some microorganisms!34 show a C6-Cl
interchange of C! consistent with the EMP type of metabolism. Taylor and Juni’s
bacterium!® has a modified Entner-Doudoroff type of metabolism whereby the glucose
carbon chain is first split and then the hexose molecule is rebuilt from carbons 4, 5 and 6
before a hexose nucleotide can be formed. In all organisms once the hexose nucleotide is
formed it is converted directly without rearrangement of the carbon chain to a deoxyhexosc
nucleotide. These nucleotides are then used for polysaccharide or glycoside synthesis.

Application of the above facts and ideas leads to a scheme for the biosynthesis of rutin
in buckwheat outlined in Fig. 2.

When glucose enters the plant it probably enters the phosphate ester pool.'%.1% This
pool contains intermediates of glycolysis and of the pentosc phosphate pathway. From this
pool may be drawn erythrose-4-phosphate and phosphoenol pyruvate required for synthesis
of phenylalanine®® as well as pyruvate which is used as a source of acetate units. Quercetin
is readily formed from phenylalanine and acetate.2
1¢ S, KorNFELD and L. GLASER, Biochim. et Biophys. Acta, 42, .548 (1960).

17 V. GINSBURG, J. Biol. Chem. 235, 2196 (1960).
18 A, C. NeisH, Proc. Intern. congr. Biochem, 4th Congr. 1958. Vol. 11, p. 82. Pergamon Press, London.
1 W. Z. Hazzip, E. W. PuTMAN and V. GINSBURG, Biochim. et Biophys. Acta, 20, 17 (1956).

2% B. D. Davs, Arch. Biochem. Biophys. 18, 497 (1958).
1 J E. WATKIN, E. W, UNDERHILL and A. C. NEeisH, Can. J. Biochem. and Physiol. 35, 229 (1957).



56 J. E. WATKIN and A. C. NesH

The glycoside pool is postulated to contain glucose-1-phosphate and other glycosidic
compounds such as uridine diphosphate glucose. Sugars can be interconverted as nucleo-
tides e.g. uridine diphosphate glucose<>uridine diphosphate galactose, and a rhamnose
nucleotide is probably formed here. Nucleotides act as donors for transglycosylation such
as occurs in the synthesis of sucrose, oligosaccharides, glucuronides etc. Rutin could be
formed by transglycosylation of quercetin from glucose and rhamnose nucleotides. Details
of these reactions have not been investigated in rutin formation and it is not known whether
a disaccharide is formed before reaction with the flavonol or whether monosaccharides are
put on one at a time.

If indeed rhamnose is metabolized in plants as a nucleotide, the absence of a reversible
enzyme which would make or break the nucleotide from the free sugar would explain both
the absence of free rhamnose and its failure to be used for rutin synthesis. An analogous
situation was found in wheat where D-xylose was not converted to xylan except after prior
conversion to D-glucose®? whereas both D-glucose and L-arabinose could give rise to an
xylan precursor in the glucoside pool.

The observation that all components of rutin have the same specific activity is now
understandable since they all come from the same intermediates in the phosphate ester pool.

Direct formation of L-rhamnose from D-glucose requires three epimerizations and a
reduction of —CH,OH at carbon 6 to —CHj. This reduction has been unknown until now,
in the biochemistry of hexoses but an analogy in the triose sugars would be the formation of
pyruvate from 2-phosphoglyceric acid. In the hexose series the intermediate would be a
5-6 hexoscen but as the order of the epimerization and dehydration is unknown it is not
possible to suggest which hexoseen. However, stereospecific reduction of the hexoseen in
the stable pyranose form (carbon 1 being linked to the nucleotide) would enable the forma-
tion of the 6 methyl group and the epimerization on carbon 5 to form the L-sugar to take
place simultaneously. The epimerization of carbons 3 and 4 may take other enzymes and
3- and 4-epimerases are known, such as galactowaldenase, and L-ribulose-5 phosphate
3-cpimerase which occurs in Aerobacter aerogenes.®®

EXPERIMENTAL
General

Measurements of C*0O, were carried out in a gas phase proportional counter using the
technique of Buchanan and Nakao.® The radioactive sugars were purchased from Atomic
Energy of Canada Ltd. Unless stated otherwise, all solutions were evaporated by a stream
of dry filtered air at room temperature. This was usually done in a tared beaker.

Administration of Labelled Sugars

Buckwheat (Fagopyrum tataricum Gaertn. V. CD 4251) was grown outdoors for the
first experiment (Table 1) and in a growth chamber for the second and third experiments.
The administration of labelled compounds by absorption of a solution through the cut end
of the stem has been described.?®* The cuttings were kept in an incubator at 22°C with
400 ft c. (4000 Ix) of fluorescent light for the time indicated in Table 1.

** H. A. ALTERMATT and A. C. NesH, Can. J. Biochem. and Physiol. 34, 405 (1956).

“* R, L. ANDersON and W. A. Woop, Biochim. et Biophys. Acta, 42, 374 (1960).

# D. L. BucHaNAN and A. Nakao, J. Am. Chem. Soc. 74, 2389 (1952).

# E. W, UNDERHILL, J. E. WATKIN and A. C. NeisH, Can. J. Biochem. and Physiol. 35, 219 (1957).
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Isolation of Products

‘When the metabolic period was over, rutin was isolated,?® and hydrolysed by refluxing
in 3 per cent sulfuric acid for one hour. The hydrolysate was cooled, filtered to remove
quercetin, and the filtrate clarified by passage through a small column (2-5x4 cm) of a
mixture of equal volumes of Darco-G-60 and Celite 535. The sulfuric acid was neutralized
by barium carbonate, the insolubles filtered, and the solution evaporated to a hard syrup.

This syrup contained both rhamnose and glucose. These sugars were separated by
chromatography on a cellulose column (2-:6x20 cm). n-Butanol one-quarter saturated
with water eluted the rhamnose first. The glucose was then eluted by n-butanol saturated
with water. The sugars were detected by spotting on paper and spraying with p-anisidine.
The appropriate fractions were pooled, evaporated, taken up in water, extracted twicc by
ether and evaporated again. The ether-soluble impurities were discarded.

Measurement of C'*—distribution in Glucose and Rhamnose

The samples of glucose and rhamnose obtained above were degraded on a one-mmole
scale. This required addition of 2-3 parts of carrier. Glucose was degraded by fermentation
with resting cells of Leuconostoc mesenteroides®® and the products (carbon dioxide, cthanol,
lactic acid) isolated and degraded as described by Neish and Blackwood.?

Rhamnose was degraded by an adaptation of the procedure of Boothroyd et al.® for the
chemical degradation of glucose. The modified procedure (Fig. 1) incorporates several
short cuts; i.e. the a- and S-methyl glycosides were not separated prior to periodic acid
oxidation and no attempt was made to isolate a crystalline strontium salt after oxidation.
The solution obtained after bromine oxidation was aerated to remove bromine, acidified to
PH 1 by hydrochloric acid, concentrated to 2 ml, and then more hydrochloric acid added to
make the solution 2N. Hydrolysis and isolation of glyoxylic acid as the 2,4-dinitrophenyl-
hydrazone was carried out as before.® The filtrate from the hydrazone was passed through a
small column of carbon (Darco-G-60), mixed with Celite 535, then concentrated to 30 ml
and the lactic acid isolated by continuous extraction with ether for 3 hr. The cther was
evaporated in the presence of a few ml of water and the lactic acid titrated to the phenol
red end point with 0-05 N sodium hydroxide. The lactic acid was then purified on a silicic
acid column?®’ and degraded by oxidation to carbon dioxide and acetic acid as described
previously.” The acetic acid was degraded further by the Schmidt reaction as described by
Phares?®8. Thus the concentrations of C**in carbons 2 to 6 are determined separately whereas
the C'* of carbon 1 is determined by difference.

Acknowledgements—The authors are indebted to Mr. J. Dyck for radioactivity measurements and to Mr.
G. H. Krenz for skilful technical assistance.

8 J. E. WATKIN, Chem. and Ind, (Rev.) 378 (1960).
27 A. C. NgisH, Can. J. Botany 31, 265 (1953).
23 E, F. PHARES, Arch. Biochem. Biophys. 33, 173 (1951).
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KINETIN-INDUCED DIRECTED TRANSPORT OF
SUBSTANCES IN EXCISED LEAVES IN THE DARK
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German Academy of Sciences, Institute for Plant Biochemistry, Halle/Saale, Germany
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Abstract—Kinetin-induced accumulation of amino acids in leaf tissue®-2 can take place in the dark. Leaves,
however, kept in the dark for a long period, or starved, or the white parts of variegated leaves often do not
show this effect. It is presumed therefore that ATP is also necessary for the process.

IF KINETIN (6-aminofurfurylpurine) is sprayed on a limited area of an excised mature leaf,
numerous substances in the untreated parts will migrate to this “kinetin-locus™. This
phenomenon can be impressively demonstrated with radioactively labelled amino acids
which are applied through the petiole or to the surface of the leaf.l3

This directed migration is caused by an accumulation of substances in the kinetin
treated tissue. This accumulation corresponds, at least in its last phase, to an active trans-
port and consequently is an energy-requiring process. Kinetin can also inhibit the outward
migration of substances,* and the treated area, therefore, also represents a locus of
predominant synthesis. Accumulation, however, is not the consequence of synthesis, but
mass-synthesis of protein, for example, is the consequence of an accumulation of amino
acids. This has been proved by the finding that those amino acids which cannot be incor-
porated into protein, such as a-aminoisobutyric acid, are subjected to the kinetin-directed
transport and accumulation.?

Kinetin-treated tissue behaves physiologically like young tissue: it accumulates certain
substances and arrests others.3® Thus kinetin has been found to be a model-substance of
the regulative principle which is of decisive importance for the distribution and exchange of
substances within the plant. This finding gives us the possibility to induce and influence
certain regulations ourselves.® Unpublished experiments (with K. Conrad) have shown
that indoleacetic acid is also subjected to this directed transport under the influence of
kinetin. The frequently observed polarity of substance transport thus can be augmented,
eliminated, or reversed by kinetin.

Our previously published experiments were carried out almost exclusively with green
leaves in a weak light. Leaves that have been kept in the dark for a considerable time, or
are chlorophyll-deficient show the above mentioned effects either only indistinctly or not at
all. This may be due to various causes. One might consider that accumulation preferen-
tially takes place in tissue containing functioning chloroplasts exposed to light. But it may
also be possible that a good source of ATP is necessary for the energy-requiring processes
of accumulation. Such a source might be represented by photophosphorylation. The
! K. MotHEs and L. ENGELBRECHT, Monatsber. Dtsch. Akad. Wiss. 1, 367 (1959).

? K. MoTHEs, L. ENGELBRECHT and O. KULAJIEWA, Flora, Jena 147, 445 (1959).
? K. MotHES, Naturwissenschaften 47, 337 (1960).

¢ L. ENGELBRECHT and K. MOTHES, Plant Cell Physiol. (1961).
* K. Mortues, L. ENGELBRECHT and H. R. SCHUTTE, Physiol. Plant. 14, 72 (1961).
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following experiments demonstrate that directed transport and accumulation are also
possible in leaves kept in the dark.

Excised leaves of Nicotiana rustica were first treated with kinetin, and four days later
with glycine-1-4C as shown in Fig. 1. After uptake of the amino acid was complete,

Kinetin

. —-——-—L—"C-glycme

FiG. 1. SCHEME SHOWING THE LOCAL APPLICATION OF KINETIN AND GLYCINE—(1-HC) TO ISOLATED
LEAVES OF NICOTIANA RUSTICA.

half the leaves were kept in the dark and the other half exposed to continuous light, and
sampled after varying time periods (Table 1). Radioautographs were taken of onc leaf
from each group (Fig. 2), and samples of kinetin-treated area from corresponding leaves
taken for analysis. The samples were extracted with 80 per cent ethanol, and the extracts
examined for radioactivity (Table 3) and chromatographed (Fig. 3 and 4). The insolublc
residue was hydrolysed and the activity of the hydrolysate determined.

TABLE 1. DISTRIBUTION OF RADIOACTIVITY AT THE KINETIN-LOCUS AFTER APPLICATION OF GLYCINE~(1!4-C)

TO ANOTHER SITE
| } Counts/min Rati
Experimen - | Duration auo .
No. Condition | (br) ’ frsa.gt Insol. fract. Total ,:2:;{?,.;2}_
1(a) light 8} ' 1443 459 1902 32
()] dark I 1426 437 1863 33
2(a) light 93 1 5824 2050 7874 2.9
b i dark ' 3068 784 3852 3-9
3(a) light 55 L 2523 1714 4237 1-5
®) dark | L2273 816 3088 2.8
| |

RESULTS

Before discussing the results in detail some observations must bc made on the mctabolic
fate of glycine in leaves. Various publications from our laboratory have demonstrated the
rapid transformation of glycine in plants.®-® This process gives rise to CO, and an active

¢ L. ENGELBRECHT, Flora, Jena 150, 73 (1961).

? H. REINBOTHE, Flora, Jena 150, 128 (1961).
8 H. REINBOTHE and K. MOTHES, Tetrahedron Letters No. 25, 32 (1960).
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1-C-fragment which by means of folic acid can be used directly, or via methionine or
betaine, for methylation and elongation of carbon chains. For example this is the way that
the second molecule of glycine is used for the synthesis of serine.

CH,NH,COOH — (I-C) + CO,

glycine
(1-C) + CH,NH,COOH —— CH,OHCHNH,COOH
serine

Thus we find large amounts of serine in plant tissues treated with glycine and since glycine
can also readily be formed from serine, we find glycine if the tissue is treated with serine.
The CO, split off from glycine can be used for carboxylation, and photosynthetic assimila-
tion. and thus rapidly appears in certain organic acids and carbohydrates. It can also be
eliminated in the normal manner.

Radioautographs of whole leaves (Fig. 2) show that both in the light and in the dark
there is a predominant translocation of radioactivity from the site of application to the
kinetin-locus. The activity also spreads through the veins to a certain degree. In the leaves
exposed to the light considerable radioactivity also appears in the intervenal regions of the
left blade. This latter effect seems to be the consequence of CO,-assimilation by photo-
synthesis, since the radioactive CO, can readily reach the whole leaf.

The distribution of radioactivity in the soluble and insoluble fractions of the kinetin-
treated tissues is shown in Table 1. These results confirm the radioautographs. Activity
very rapidly migrates into the Kinetin-tissue. After 84 hr there is not much difference in
total radioactivity between the leaf exposed to the light and the one in the dark. Also the
ratio of the distribution of activity in the soluble, and hydrolysed insoluble fractions is
almost the same in the two leaves. In both cases there is much more activity in the soluble
fraction than in the insoluble.

After 23 hr the migration of activity into the kinetin tissue has much increased. The
leaf exposed to the light now has a much higher activity due to an increase of both soluble
and insoluble radioactive compounds, the latter increasing more rapidly. In this leaf the
ratio of radioactivity of the soluble to insoluble fraction has decreased (from 3-2 to 29),
indicating that incorporation of soluble substances into insoluble ones, has increased. In
the leaf kept in the dark, on the other hand, the quotient has increased (from 3-3 to 3-9); in
this case therefore the inflow of soluble substances exceeds their further assimilation.

After 55 hr the total activity has decreased. Presumably most activity is lost by disap-
pearance of CO,, even in the light where the CO, can easily be reincorporated.

The radioautographs (Fig. 4) of the paper chromatograms (Fig. 3) of the soluble fraction
show that in the darkened leaf (1b, 2b, 3b) most of the radioactivity is fixed as glycine and
scrine. There is, however, always a little activity in monosaccharides and in sucrose;
obviously some of the free radioactive COj is transformed by dark assimilation to carbo-
hydrates. Because of the high specific activity of the two amino acids glycine and serine
(spot 6, Fig. 4) it is probable that the activity in the dark leaf migrates primarily in the form
in which it was applied, that is as glycine and its rapidly appearing metabolic product serine.

The radioautographs of the leaves exposed to light (1a, 2a, 3a of Fig. 4) show remarkably
less activity in the glycine-serine spot, but very high activity in the products of decarboxyla-
tion and CO, assimilation, sucrose, glucose and fructose, as well as in several amino acids.

The remarkable difference between leaves in the light and leaves in the dark might
indicate that metabolism of the glycine and serine is increased by light. But this problem
needs further investigation. It is possible, for example, that in the light glycine is partly
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transformed at the site of application and that the transformation products, such as carbo-
hydrates, migrate to the kinetin-locus.

The chemical nature of the insoluble compounds formed from glycine will be reported
in another publication (Parthier and Wollgiehn).

DISCUSSION

It has been shown that protein-forming amino acids can be accumulated by kinetin-
treated tissue in the dark. This might be of great importance for a closer understanding of
the way in which concentrations increase in those organs deficient in chloroplasts, or which
are growing in the dark: e.g. the phloem, storage organs, fructified ovula, root tips and in
young organs etc.

It is not clear, whether the great difference in the total activity of the kinetin tissue
between leaves in the light and in the dark (Table 1, experiments 2a and 2b) is due to an
extraordinarily high loss of activity in the form of CO, in the darkened leaf, whereas in the
light the bulk of this CO, can immediately be reassimilated. It is, however, more probable
that kinetin-induced directed transport is greatly promoted by light. In leaves which have
starved for a longer time than those used in these experiments the directed transport to
the kinetin-locus takes place either poorly or not at all. Apparently there is a factor, other
than kinetin, necessary to make migration possible. We are inclined to suggest that ATP is
this factor.

Since kinetin has a promoting effect on the accumulation of substances with very different
chemical constitutions, it seems unlikely to function as a carrier itself; it may, however,
contribute to the formation of or regeneration of a natural carrier system. Without having
concrete proof as yet in favour of any definite concept, most authors®1° incline to a
hypothesis which may be expressed in the following scheme:

medium boundary protoplasm boundary site of
layer layer accumulation
y | T »(A-carrier)
active carrier. < inactive carrier

i e

At the boundary layer an amino acid A4 is transformed to a compound **A-carrier” with
the help of a specific substance which has been activated in some way by ATP. This
“A-carrier” dissociates at the boundary of the accumulating system (vacuole membrane,
mitochondrial membrane, or plastid membrane) releasing the amino acid and regenerating,
not the carrier substance itself, but an energy-poor form of it which is therefore inactive.
This form is transformed back to the active carrier by the participation of ATP. The ADP
resulting must be regenerated by respiration or photophosphorylation to form ATP. In
chlorophyll-deficient or starving leaves it is presumed that the ATP regenerating system
is not sufficiently active to carry out the cycle.

Besides the unspecific factors, ATP and kinetin, accumulation would also need specific
ones, the carriers. Experiments with animal cells, however, make it improbable that
every substance has a specific carrier; rather there exists something like enzyme-group-
specificity.?1° Perhaps the peculiar differences of translocation direction described by Nelson

* E. HEINZ, J. Biol. Chem. 211, 781 (1954).
1¢ E. HeiNz and P. M. WatsH, J. Biol. Chem. 233, 1488 (1958).
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and Garham?! are due to such group-specific carriers. We also are inclined to interpret the
accelerated efflux of protein degradation products in the presence of asparagine as deter-
mined by the more rapid yellowing of the leaves!? with a blocking of group-specific carriers
which are thus rendered incapable of binding other amino acids that are required for
protein synthesis.

EXPERIMENTAL

Plants of Nicotiana rustica were cultivated in the greenhouse in daylight supplemented
with fluorescent light. At the start of the experiment (4 March) the second full-grown leaf
(counted from the tip) was excised from a number of plants. The leaves were kept in the
laboratory in a humid chamber with moderate diffuse daylight (2 m from a south window)
and their right upper quarter was sprayed twice with kinetin (30 mg/l.) (Fig. 1). Four days
later, when the untreated parts of the leaves were already distinctly lighter than the kinetin
area, 7 ul. of a 0-01 M glycine-1-4C solution (0-7 #C) were applied to a small area about
1 cm below the kinetin-treated quarter, avoiding the larger veins. Since weak light increases
the rate of uptake, all the leaves were exposed to a moderate light during this period.
After the complete uptake of the solution (1 to 2 hr) half of the leaves were put into total
darkness, and the other half into continuous light of fluorescent lamps of about 1000 Ix.
The leaves were sampled after 84 hr (1a and b), 23 hr (2a and b) and 55 hr (3a and b).
One leaf of each group was oven-dried and radioautographed (Fig. 2), and 450 mg of fresh
material from the kinetin-treated area of another leaf was extracted with 80 per cent ethanol.
The residue was hydrolysed with 6 N HCI for 14 hr at 100°. The total hydrolysis mixture
was evaporated to dryness on a steam bath, and made up to 1 ml with H;O. The radio-
activity of both the soluble fraction and of the hydrolysed ethanol insoluble fraction was
determined under comparable conditions with a Geiger-Miiller tube in an infinitely thin
layer (Table 1). 50 ul. of each of the fractions were chromatographed two dimensionally
on Schleicher and Schiill paper 2043b. The chromatograms of the soluble fractions are
shown in Fig. 3. The same chromatograms were radioautographed with Diavidox X-ray-
film (Fig. 4).

11 C. D. NeLsoN and P. R. GArRHAM, Can. J. Bot. 37, 431 (1959).
12 G, MICHAEL, Z. Bot. 29, 385 (1935).



Phytochemistry, 1962, Vol. 1, pp. 63 to 65, Pergamon Press Ltd. Printed in England

ON GUANIDINE METABOLISM IN GALEGA OFFICINALIS

G. REUTER
Germany Academy of Sciences, Institute for Plant Biochemistry Halle/Saale, Germany, D.D.R.
(Received 19 December 1961)

Abstract—Galegine has been shown to be synthesized in the seedlings (with or without roots), leaves, flowers,
and fruits of Galega officinalis. Much of the galegine which accumulates in the seeds is apparently synthesized
in the fruit pod and there is no storage of galegine in the roots. Several  enzymes of the ornithine-cycle were
found to be present in extracts of the seedlings. It was found that arginine can transfer its amidine group
to a precursor of galegine by a transamidination reaction.

IN Galega officinalis, a leguminous plant, the main soluble nitrogen compound is galegine!™3,
3-methyl-but-2-enyl-guanidine-(1) (Fig. 1). However, we have also found small amounts
of arginine and other galegine-like compounds, one of which has recently been identified
as 4-hydroxy-3-methyl-but-2-enyl-guanidine-(1)*. We have elaborated new methods to
separate such compounds by both ion exchange and paper chromatography, and for their
quantitative determination.

We have found that galegine increases during the rapid growth phase of the plant and
also during the development of flowers and fruits, and that there is no storage of galegine in
the roots during the resting period during the winter. However, since many basic nitrogen
compounds are known to be synthesized preferentially in the roots®, it was of interest to
examine where galegine biosynthesis took place. Galega seedlings were therefore exposed
to air containing C10O,, the roots having been cut off from the one half of the seedlings
immediately before the beginning of the experiment. After a few hours galegine was found
to be labelled in both sets of plants (Table 1).

TABLE 1. PER CENT ACTIVITY IN THE BASIC COMPOUNDS OF

Galega SEEDLINGS SEPARATED BY PAPER CHROMATOGRAPHY OF
THE BASIC FRACTION OBTAINED BY IONOPHORETIC SEPARATION

Activity expressed as a 9 of that in
the basic fraction

Fraction Complete seedlings Without roots
1. Argin 21-6 11-1
2. Hydroxygalegme 56 2:8
3. Alkalo: 15-4 2.3
4. Galegme 559 80-8
5. Rest 1-5 30

As can be seen the galegine obtained from seedlings without roots has more radioactivity
than that of intact seedlings, and therefore the main site of galegine synthesis is in the
shoots and not in the roots.

The galegine content of the plant increases especially during the ripening of seeds and
we may suppose that the seeds are the place of intensive synthesis. This was confirmed by
exposing attached fruits to C'*0,. Some of the fruits were divided into seed, pod and stalk
L G. TANRET, Compt. rend. 158, 1182 (1914).

2 G. BARGER, F. D. WHrTE, Biochem. J. 17, 827 (1923).
3 E. SPATH, S. PROKOPP, Ber. deut. chem. Ges. 57, 474 (1924).

s+ K. PUFAHL, K. SCHREIBER, Experientia 17, 302 (196
8 K. MoTHES, J. Pharm. and Pharmcol. 11, 193 (1959), and Symp. Soc. exp. Biol, 13, 258 (1959).
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before exposure, the others being separated after the treatment and immediately before
extraction (Table 2).

TABLE 2. ACTIVITY IN VARIOUS FRACTIONS OF THF
FRUITS OF Galega officinalis AFTLR C'*0,-ASSIMILATION

a. Fruits divided before exposuic:
CcOuNIs;MIN 107

Fraction Seed Pod Stalk
1 125 1167 929
2 81 246 60
3 66 19-1 2
4 12 4 0-07
Total 224 1436 991
Hydrol. 160 1020 990
b. Whole fruits:
Fraction
1 384 466 514
2 119 66 75
3 4-2 27 1-4
4 4-4 0-7 0-05
Total 511 535 590
Hydrol. 130 440 450

The plant extracts were separated by ion exchange
chromatography (Dowex 50). Fraction 1 = neutral
and acid compounds (carbohydrates. fatty acids,
etc.); fraction 2 = neutral and acid amino acids;
fraction 3 = basic amino acids (mainly arginine);
fraction4 = galegine (and galegine-like compounds).
Hydrol. = residues of the samples extracted with
ethanol (80°/ vol./vol.) hydrolysed with 6 N HCI
(cf. fractions 1-4)

In the fruits divided before the treatment the activity extracted from the seeds was
relatively low, and that of the pod high. But there are no differences in activity of the
various parts of the fruits divided after the treatment, presumably because the transport of
the assimilates from stalks and pods into the seeds takes place readily.

Most of the galegine appears in the seeds, only a third or less being present built up in
the pods. Nevertheless in ripe fruits where the galegine content of the pods is extremely
low, a proportion of the galegine accumulated in the ripe seeds will have originated from
the pods. There is only little biosynthesis of galegine in the stalks. Arginine appears to
be synthesized preferably in the pods, and transported into the seeds, although there is no
accumulation of free arginine. The arginine content is only increased when the seeds
germinate.

It was found that the synthesis of guanidine compounds can also take place in the dark,
albeit in a much reduced manner (Table 3). In all experiments the arginine- and galegine-
fractions showed similar behaviour; (arginine being present at a lower concentration has
a higher specific activity than galegine).

To get a better understanding of the mode of guanidine biosynthesis we studied the
participation of some enzyme systems. We presumed that arginine synthesis in Galega
would be catalysed by similar enzymes, to those which catalyse urea synthesis via the
ornithine-cycle®?. In the supernatant of centrifuged extracts of Galega seedlings we

¢ K. KLEczxkowsKl, J. REIFeR, Bull. acad. polon, sci., Classe 11, 7, 53 (1959).
7 G. REUTER, Nature 190, 447 (1961).
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have found orninthine-carbamyl transferase, which catalyses the transfer of the carbamyl
residue from carbamylphosphate to ornithine, yielding citrulline. The “splitting enzyme”
which catalyses the reversible formation of argininosuccinate from arginine and fumaric acid
has also been found in extracts of Galega seedlings. The presence of arginase in such
extracts is somewhat uncertain, but we have found high urease activity. None of these

TABLE 3. SPECIFIC ACTIVITY OF ARGININE AND GALE-
GINE EXTRACTED FROM SEEDLINGS OF Galega officinalis
EXPOSED TO 1*CO; IN LIGHT AND DARK

Counts'min/mmol X 10-%

Light Dark*
Arginine 675 52
Galegine 13-4 02

* Plants put into the dark 2 hr before exposure to C14Q,,

enzymes appeared to be involved in galegine metabolism. Experiments were therefore
carried out to determine the relation between arginine and galegine using DL-arginine.
HCl-[amidine-14C]. When this was fed to Galega seedlings most of it was metabolized
within the first hours. Table 4 shows the results of one of these feeding experiments.

TABLE 4. THE METABOLISM OF ARGININE-[AMIDINE-~
C'] IN Galega SEEDLINGS

Fraction* Counts/minX 10* % of total activity

1 2-6 12

2 51 23

3 202-8 92-2

4 97 ? 4-3
Total 22025

* Fractions 1-4 as in Table 2.

Application of #C labelled arginine to inflorescences and leaves gave similar results.
Since galegine (fraction 4) has more radioactivity than the carbohydrates, fatty acids
(fraction 1), and neutral amino acids (fraction 2) it may be supposed that some of the
arginine must have transferred its amidine group to a precursor of galegine in a direct
manner. It is possible that a transamidination reaction occurs between arginine and
isopentenylamine Fig. 1) and further work is now in progress to elucidate this.

Arginine Isopentenylamine

H
Hooc-cl:H-(cnz)a-NH-ﬁ'-' NH NH,-CH-CH=C__ H:
NH, NH
HOOC-CH-(CH)s -NH, NH- C- NH -cnz-cn=c<CH3
I!IHZ “H CHs
Ornithine Galegine

FiG. 1. TRANSAMIDINATION REACTION

Acknowledgement—I wish to express my sincere gratitude to Prof. Dr. K. Mothes for his interest during
the course of this investigation and to Dr. Schiitte and Mr. Hindorf in our laboratory for the synthesis of

DL-arginine-[amidine-C*].
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THE EFFECT OF RED AND FAR-RED
LIGHT ON CAROTENOID SYNTHESIS BY
ETIOLATED MAIZE SEEDLINGS

ReNEE Z. COHEN and T. W. GOODWIN
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Abstract—Maize (Zea mays var. South African Horse Tooth) seedlings were germinated in darkness for
4-7 days; they were then exposed either to red light (10 min), far-red light (10 min), or to red light (10 min)
followed by far-red light (10 min), and returned to darkness for a further period of either 24 or 48 hr. Red
light stimulated carotenoid synthesis and growth during this period; far-red light had little effect on either;
whilst illumination with far-red light following red light nullified the effect of the latter. The stimulation is
most marked in young seedlings. It is concluded that the effects observed are mediated by a phytochrome
system, but that the stimulation of carotenoid synthesis is not a primary site of action of the phytochrome
system,

HenpRicks and his colleagues (see e.g. Hendricks!) have examined in detail the photic
control of flowering, etiolation, germination of light-sensitive seeds, induction of antho-
cyanin formation and many other growth responses. They all appear to be mediated by
phytochrome, which is a soluble chromoprotein. A characteristic of all phytochrome-
sensitive reactions is that illumination with a small dose of red light (660 mz) stimulates the
response, whilst illumination with far-red light (730 mu) reverses the effect. Withrow et al.2
and Virgin®* have observed a phytochrome-controlled effect on chlorophyll synthesis.
When normal etiolated seedlings are brought into the light there is a lag period of some
hours before chlorophyll synthesis begins; however, if the seedlings are exposed briefly to
red light 4 to 6 hr prior to illumination, then the lag period is abolished. Mitrakos® and
Price and Klein® have confirmed these observations and demonstrated that far-red light
counteracts this effect.

We decided to see whether carotenoid synthesis was similarly affected, and during this
investigation found that carotenoid synthesis in the dark was stimulated by a short exposure
to red light.

RESULTS
A. Reproducibility of Results
A number of experiments were carried out to determine the variability in different
samples of ten seedlings grown in the same box. The results of one experiment with 4-day
seedlings and of another with 5-day seedlings are given in Table 1. These results indicate
the extent of scatter usually encountered and indicate how clear-cut are the results presented.

! S. B. HENDRICKS, Comparative Biochemistry of Photoreactive Systems. (Ed. by M. B. ALLEN), p. 303
Academic Press, New York (1956).

* R. B. WITHROW, J. B. WOLFF and L. PRrICE, Plant Physiol. 31, (Suppl.) (1956).

! H. VIRGIN, Physiol. Plant, 10, 445 (1957).

‘H. Vmam Physiol. Plant, 11, 347 (1958)

s K. MlTRAKOS Physiol. Plant. 14, 497 (196

¢ W. H. KLeN and L. Pricg, Plant. Physzol 36, 733 (1961).
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TABLE 1. VARIATION IN CAROTENE AND DRY WEIGHT LEVELS IN BATCHIS Ol [IN SIfDLINGS GROWN UNDER
IDENTICAL CONDITIONS

4-day seedlings ! S-day scedhings
Carotenoids . Carotenoids

Batch Fresh wt.  Dry wt. Total Concn. | Fresh wt.  Dry wt. Total Concn.
No. (mg) (mg) (ug) (ug/mg I[ (mg) (reg) tug) (ug/mg
dry wt) | dry wt.)

1 170 30 80 027 290 44 208 047

2 175 29 112 039 300 45 2038 046

3 150 28 92 0-33 290 43 202 0-47

4 200 37 9-8 027 370 55 240 0-44

Mean 175 315 9-55 0-315 312 47 21-4 0-46

B. Effect of Red Light

Seedlings were germinated in the dark for between 4 and 7 days, exposed to red light
for 10 min and returned to darkness. They were then examined, along with appropriate
controls, 24 and 48 hr later. The results of a series of typical experiments are recorded in
Table 2. The main conclusions which can be drawn from these observations are (a) red
light stimulates both growth (dry wt.) and carotenoid synthesis in young (4-5 day) seed-
lings: (b) the effect is much less marked in older (6-7 day) seedlings; (c) that within 24 hr

TABLE 2. THE EFFECT OF RED LIGHT ON CAROTENOID CONTENT OF LEAVES OF MAIZE
COLEOPTILES
Seedlings germinated in darkness for time indicated, then exposed to red light for 10 min
and returned to darkness for times indieaé:d; batches of 10 seedlings examined in each
termination

Carotenoids % Increase in
Dry wt. Total Concn. Carotenoids
(mgfleaf)  (ug/leaf) ( g/m8 Amount  Concn.
Iy W

4-Day seedlings
Time (hr) in darkness
light
0 2-6 09 035
24 Red light 61 2:6 0-43 53 40
Control 56 17 0-30
48 Red light 87 54 0-62 39 18
Control 74 39 053
5-Day seedlings
. 65 29 045
24 Red light 139 77 0-59 88 20
Control 83 41 0-49
48 Red light 18-3 112 0-61 38 9
trol 145 81 0-56
6-Day seedlings
0 _ 10-5 50 048
24 Red light 219 85 0-39 29 2
Contr_ol 173 66 0-38
48 Red light 302 103 0-34 -5 -3
Control 308 109 035
7-Day seedlings
] ] 102 57 0-56
24 Red light 30-6 136 044 15 —4
Control 254 11-7 0-46
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FiG. 1. EFFECT OF RED LIGHT ON GROWTH OF ETIOLATED MAIZE SEEDLINGS.

. 5-day seedlings grown entirely in the dark.

S-day seedlings grown in the dark except for 10 min exposure to red light after 4 days.

. 5-day seedlings grown in the dark except for 10 min exposure to red light followed by 10 min

exposure to far-red light after 4 days.

. 5-day seedlings grown in the dark except for 10 min exposure to far-red light after 4 days.

[ facing page 68]
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of red light treatment of young seedlings carotenoid synthesis is stimulated to a greater
extent than growth (concentration increases of 40 per cent and 20 per cent in 4- and S-day
seedlings, respectively); (d) within 48 hr of red light treatment growth stimulation has
caught up with carotenoid stimulation. The reality of the growth-stimulating effect of red
light can be seen in Fig. 1.

C. Effect of Far-Red and Red Light

As indicated in the introduction, a characteristic of reactions mediated by phytochrome
is that the effect of red light illumination can be nullified by a subsequent exposure to far-red
light. The results of a typical experiment involving 4-day seedlings are given in Fig. 2.
From this figure it can be seen (a) that far-red light has no effect on growth (dry wt.) or

BF //J o8
7
Ty
. 1
€ Ry /

Dry weight /leaf,
Carotenoids / leaf,

449 carotenoids/ g dry weight

[¢] 24 48 o] 24 48 0 24 48
Hours in darkness after hght treatment

FI1G. 2. THE EFFECT OF RED AND FAR-RED LIGHT ON GROWTH AND CAROTENOID PRODUCTION BY
4-DAY ETIOLATED MAIZE SEEDLINGS.

O—————0 Control—no red or far-red light.

0———0 _Seegilintsexposedtoredﬁghtfmmnﬁnandremmedmdarknessforﬁm
o———0 'Swdlings.exposedtofar-redlightfor 10 min and returned to darkness for times
O-vcmeen- (o] Seedhngsexposedtoredhghtforlonunandthentofar-redhghtformmmbefore

being returned to darkness for time indicated.

carotenoid synthesis, and () that exposure to far-red light following red light illumination
nullifies the effect of the red light. It will also be noted that the red light effect observed in
these experiments confirms the results already given in Table 2 and Fig. 1.

D. The Nature of the Carotenoids

It has already been shown that the carotenoid pigments present in maize seedlings are
almost entirely composed of xanthophylls,” with little if any p-carotene present. The
absorption spectrum of the total pigments extracted from seedlings which had received

* T, W. GoopwIN, Biochem. J. 70, 612 (1958).
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red light treatment is essentially the same as that for seedlings kept entirely in the dark
(Fig. 3). The two extracts were separated into their components by thin layer chromato-
graphy using Kieselgel G/rice starch as adsorbent and hexane/ethyl acetate (4 : 1) as solvent.
The chromatograms showed that the extracts were qualitatively identical, with xanthophylls
as the major components.

0-350
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4 \ e
oy
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c (/‘9' g’
© 0-200 |- y
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&
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Wavelength, mu
F1G. 3. THE ABSORPTION SPECTRA OF THE CAROTENOID EXTRACTS.
o @ 5-day seedlings grown entirely in the dark.
O —-——0 5-day seedlings grown entirely 1n the dark except for 10 min exposure to red light

after 4 days.
(The extinctions of the peaks at 443 mu have been made to coincide for easy comparison.)

DISCUSSION

These results clearly indicate that a brief exposure to red light stimulates carotenoid
synthesis in etiolated maize seedlings, and the reversal of this effect by far-red light (Fig. 2)
shows that it is a phytochrome-mediated reaction. However, growth is also stimulated
by red light and although with young (4-5 day) seedlings there is a preferential stimulation
of carotenoid synthesis for 24 hr after illumination, the effect is not maintained. It must
therefore be concluded that the effect on carotenoids is not a primary locus of action of the
red-far-red phenomenon.

It is interesting that in one experiment in a report concerned with phototropism
Asomaning and Galston® recently recorded that a 10-20 min exposure to red light of etio-
lated oat seedlings increased the amount of carotenoids present per coleoptile; however,
the concentration of pigment on a fresh weight was reduced.

When this manuscript was completed a report by Mego and Jagendorf® reached us in
which the authors quote, in passing, from their own unpublished work that in Phaseolus
vulgaris L. var. Black Valentine carotenoids also increase in the leaf during expansion in

SE.J. A. AsoMANING and A. W. GALSTON, Plant Physiol. 36, 453 (1961).
* J.1 MEeco and A. T. JAGENDORF, Biochim. et Biophys. Acta, 53, 237 (1961).
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the dark. This observation agrees qualitatively with ours, but quantitatively it appears
that the effect in beans is much greater. Mego and Jagendorf quote a six-fold increase in
amount per leaf; we have never encountered more than a doubling in amount. Mego and
Jagendorf have also clearly demonstrated that plastids of etiolated Black Valentine bean
leaves can be induced to grow in the dark by a brief treatment with red (or white) light
and that this can be counteracted by subsequent irradiation with far-red light. The growth
of plastids is accompanied by a synthesis of protein and lipid; the plastid nitrogen reaches
the levels observed in mature chloroplasts, but the final lipid levels are only about two-
thirds of those in the mature chloroplast. Although a stimulated synthesis of chlorophyll
was observed, this only represented the conversion of the protochlorophyll already
present, and it was not reversed by far-red irradiation. The synthesis of carotenoids
which we have observed is, similarly, comparatively small and the levels attained are very
much less than those in green tissues.1®

Mego and Jagendorf® show by electron microscopy that the stimulation of plastid growth
by red light does not involve formation of grana; presumably the massive synthesis of
chloroplast pigments, both chlorophylls and carotenoids, occurs along with the formation
of lamellar systems and grana.

It is clear from Fig. 3 that the spectrum of the carotenoids which are synthesized in
response to red light is the same as that of carotenoids formed in seedlings kept in complete
darkness. Chromatography showed that the two extracts are qualitatively the same and
consist mainly of xanthophylls. They are not the typical mixture of f-carotene and
xanthophylls in the ratio of about 1 : 4 which is found in chloroplasts.

EXPERIMENTAL

Materials

Maize seedlings (South African Horse Tooth) were germinated in Vermiculite (vermi-
culite : water, 3 : 1 vol./vol.) in darkness in a warm room (25°). When required, they were
withdrawn in complete darkness, illuminated for 10 min, with a source of red light; this
was followed in some experiments by exposure to far-red light for 10 min. The seedlings
were then returned to the growth chamber. Control samples were taken for analysis at this
point and further samples were collected after appropriate time intervals. Each sample
consisted of ten seedlings, in order to reduce as far as possible errors due to individual
variations between seedlings.

The coleoptiles plus sheaths were cut off at the first internode and separated. The
coleoptiles were weighed and taken for analysis. The excisions were carried out in the
dark, and the weighings in dim green light.

Carotenoid Determinations

The leaves were cut into small pieces in a mortar containing a small quantity of acid-
washed silver sand, and extracted by grinding with acetone.”1® The acetone extracts were
transferred to ethyl ether by adding an equal volume of ether and then water dropwise
until two layers formed. The ethereal solution was made up to a known volume and E
(442 mu) measured in 1 cm cells in a photoelectric spectrophotometer (Unicam SP 500).
The total carotenoids, which are mainly xanthophylls,® were calculated on the assumption
that E}% was 2500; that is the same as that of p-carotene.!® For separation by thin

10 {ew( Ggooowm, Handbook of Plant Analysis (Ed. by K. PAECH and M. V. TRACEY), 3, Springer, Heidel-
rg (1954).
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layer chromatography, the ethereal extract was spotted on to plates holding Kieselgel
Gy/rice starch (20 : 1) as adsorbent. The chromatogram was developed with a 1:4
(vol./vol.) mixture of ethyl acetate and hexane.

Dry Weight Determinations
Dry weights were obtained by drying to constant weight at 100°.

Filters

The sources of illumination were (@) a red fluorescent tube (Ekco, double life red, 80 W)
with no transmission in the far-red, used in conjunction with a red perspex filter as a source
of red light, and (b) a 75 W tungsten filament lamp used in conjunction with an Ilford
Far-red Filter No. 207 as a source of far-red light. The transmission curves of the two
filters are recorded in Fig. 4. The seedlings were placed 20 cm away from the red light
source and 8-10 cm away from the far-red source.

100
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80 I—
o

60 —
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FIG. 4. THE TRANSMISSION CURVES OF THE FILTERS USED,
A. Red filter (red perspex).
B. Far-red filter (Ilford No. 207).
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Abstract—At least five hydroxycinnamoy! esters are present in the root of Polygala senega (snake root).
Structural studies are incomplete, but these esters have been shown to be derivatives of either p-coumaric,
p-methoxycinnamic, ferulic, sinapic, or 3,4, 5-tr|methoxycmnamlc acid. In these esters one or two types of
hydroxycinnamoyl residue are present in association with several p-glucose units. The occurrence in plants
of a new derivative of 3,4,5-trimethoxycinnamic acid is noteworthy.

INTRODUCTION
RECENTLY an increasing interest has been developing in the derivatives of various cinnamic
acids which occur naturally. This is in part due to their wide occurrence in plants,! the
diversity of structure among the natural products with which they are associated,>® and
the recognition that the cinnamic acids are of considerable importance as biosynthetic
intermediates in the formation of many types of natural product.4

CH:CH-COOH CH:CH-COOH CH:iCH-COOH
g
N R CH;0 CH3
OH OH OH
1 I m

The cinnamic acids which occur most widely are p-coumaric acid (I), ferulic acid
(II, R = CH,), caffeic acid (II, R == H), and sinapic acid (IIT)’ The existence of O-glycosides
derived from these acids is known,® but their occurrence in an ester form is much more
frequent® and includes acyl derivatives of certain flavonoid glycosides, p-coumaroyl-quinic
acid, and the caffeoyl-quinic acids such as chlorogenic acid.® However, it is only recently
that simple mono-esters, derived from these four cinnamic acids and either p-glucose,
rutinose, or gentiobiose, have been recognized as natural products.>*® We now wish to
describe a preliminary investigation of a group of structurally related esters isolated from
the root of Polygala senega. Although these substances could not be isolated in a pure state

* Part VI, J. B. HARBORNE, Biochem. J., in press.

1 E. C. BaTe-SMITH, Chem. and Ind. (London), 1457 (1954); Sci. Proc. Roy. Dublin Soc., 27, 165 (1956).

3 gt)sléAmR’ Konstitution una Vorkommen der Organischen Pflanzenstoffe, pp. 379-384 Birkhiuser Verlag
)

3 J. B. HARBORNE and J. J. CORNER, Biochem. J., 81, 242 (1961).

4+ H. GriseeacH and W. D. OLLis, Experientia, 17, 4 (1961).
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in sufficient quantity to permit their complete structural elucidation, it has been shown that
they are derived from either p-coumaric, ferulic, 3,4,5-trimethoxycinnamic, or sinapic acid
and D-glucose and that they are not simple mono-esters. They apparently have a structure
in which pairs of hydroxycinnamoyl residues are associated with glucose units in molecules
of undetermined size.

The study of the esters of sinapic acid in Polygala senega was made because although it
was known that sinapic acid occurred quite widely in plants,! the form in which it was
present had not been established except for the choline esters sinapin® and sinalbin.* The
earlier chemical investigations'? of this plant had been restricted to its constituent triter-
penoid sapogenins and it is of interest that the root is still used as a stimulant expectorant
in the treatment of chronic bronchitis.

RESULTS

Four compounds, A1, 42, A3, and E1, were isolated in a chromatographically homo-
geneous form by chromatographic fractionation of the methanol extract of Polygala senega
root. Their chromatographic behaviour, ultraviolet spectra, and colour reactions (see
Table 1) indicated that 41, 42, 43, and E1 were hydroxycinnamoyl esters. Mild alkaline
hydrolysis (see Table 2) of A1 gave sinapic and 3,4,5-trimethoxycinnamic acids, 42 gave
sinapic acid, 43 gave ferulic acid, and E1 gave ferulic and p-coumaric acids. A1 and 42 also
yielded D-glucose on mild alkaline hydrolysis, but the acylated groups in 43 and E1 were
not identified though chromatographic comparison showed that they were not D-glucose or
quinic acid. The search for the latter compound was suggested by a possibility that 43 and
E1 had structures analogous to p-coumaroyl-quinic or the chlorogenic acids, but as 43 and
E1 were isolated only in minute amounts, their further structural examination was not
possible.

TAaBLE 1. Ry VALUES AND U.V. SPECTRA OF CINNAMIC ACID ESTERS

Es Ry values in 1a) Colours ™ Spectral maxima (my) in
ter
BAW BN BEW A B 95% EtOH 95°; EtOH (3ml) +
2N NaOH (0-1 ml)
Al 0-56 024 0-62 db gr 234, 318 257, 305, 395
A2 045 012 0-50 mb gr 242, 332 259, —, 392
A3 0-34 0-04 0-35 P gr 233, 327 255, 305, 387
El 0-55 021 035 mb gr 235, 326 262, —, 380
X1 0-51 035 0-14 p p 230, 307 230, 305
1-(3,4,5-Tri-
methoxycinnamoyl)-
glucosete 0-62 0-45 0-83 p p 230, 307 230, 307
X2 0-38 0-03 0-04 mb gr 245, 334 260, 395
I-Sinapoylglucose) 0-50 015 023 mb gr 238, 330 255, 397
Sinapin 0-59 0-09 — mb gr 2453 270, 230, 265, 305,
330 3%

ta) See Experimental for composition of solvents.

) Key: A, in w.v. light, B, in u.v. light with NH, vapour; p = purple: gr = green: db = dark blue;
mb = medium blue.

) Data taken from Harborne and Corner.?

10 J. GADAMER, Arch. Pharm., 92, 235 (1897); Ber., 30, 2328 (1897).
11 M. G. ETTLINGER and A. J. LUNDEEN, J. Am. Chem. Soc., 78, 4173 (1956).
13 E, WeDexIND and R. KRECKE, Ber., 57B, 1118 (1924).

W. A. Jacoss and O. IsLER, J. Biol. Chem., 119, 155 (1937).

M. SHAMMA and L. P. REirF, Chem. and Ind. (London), 1272 (1960).
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TABLE 2. ALKALINE AND ESTERASE HYDROLYSIS PRODUCTS OF CINNAMIC
ACID ESTERS

Al  Sinapic acid (1-0), 3,4,5-trimethoxycinnamic acid (0-97),
glucose (0-17).

A2  Sinapic acid (2-0), glucose (3-45). (Average of five separate
determinations.)

A3 Ferulic acid (+), glucose (absent). (Qualitative experiment.)

El Ferulic acid (<), p-coumaric acid (+), glucose (absent)
(Qualitative experiment).

X1 3,4,5-Trimethoxycinnamic acid (1-0), glucose (0-93).

X2  Sinapic acid (1-0), glucose (1-30).

A more detailed study of A1 and 42 has been made. A1 had an ultraviolet spectral

i (1 — KR 1 rmodi i
maximum (4., = 318 my) almost exactly intermediate between that of methyl sinapate

(Amax = 327 my) and methyl 3,4,5-trimethoxycinnamate (A,,, = 307 mu). Mild alkaline
hydrolysis of Al yielded approximately equivalent amounts of sinapic acid and 3,4,5-
trimethoxycinnamic acid and a relatively smaller amount of glucose. Apparently D-glucose
was the only carbohydrate present in the alkaline hydrolysis product from 41 and no di-
or tri-saccharides were detectable. With a trace of alkali in 959 ethanol solution, A1
showed a large bathochromic shift indicating that the hydroxyl groups of the sinapoyl
residues were free and were not involved in ester or glycosidic bond formation. Enzymatic
hydrolysis of A1 with an esterase preparation yielded an intermediate ester X1 (see Table 1)
which was identified as a monoesier derived from one 3,4,5-irimethoxy-cinnamic acid unit
and a D-glucose unit. The substance X1 was different from the known?® 1-(3,4,5-trimethoxy-
cinnamoyl)-D-glucose and was not hydrolysed by f-glucosidase. Thus Al contains a
p-glucose residue linked via ester bonds to several sinapoyl and 3,4,5-trimethoxycinnamoyl
residues which are probably present in equal numbers.

A2 differs from Al in that mild alkaline hydrolysis yielded only sinapic acid and a
relatively higher proportion of glucose. Enzymatic hydrolysis of 42 similarly gave a mono-
ester, X2, containing one sinapoyl and one D-glucosyl residue; X2 was different from the
known 1-sinapoyl-D-glucose.® 42 is a complex ester derived from glucose and sinapic acid.

Thus there are at least four esters present which are derived from sinapic, 3,4,5-trimethoxy-
cinnamic, ferulic, and p-coumaric acids and by the direct hydrolysis of the extract of
Polygala senega it was also possible to isolate p-methoxycinnamic acid. It is probable that
this acid is also present as an ester, though this was not established.

DISCUSSION

The number of different cinnamic acids present as esters in Polygala senega root is
unusually large, and although experimental difficulties have prevented the elucidation of the
structure of these esters, it is clear that A1 and A2 are polycinnamoyl! derivatives of
p-glucose, containing sinapoyl and 3,4,5-trimethoxycinnamoyl residues. In this respect
they resemble some of the hydrolysable tannins*® which are similarly derived from gallic
acid and p-glucose.

The esters from Polygala senega differ from the other carbohydrate derivatives of
hydroxycinnamic acid which occur naturally in two respects. The latter compounds have

13 R, D. HAWORTH, Proc. Chem. Soc., 401 (1961).
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so far only been recognised as mono-esters in which the hydroxycinnamoyl group is located
glycosidically, that is in position 1, on either the p-glucose, rutinose, or gentiobiose residue.?

The structures of the five cinnamic acids present shows that there is a biosynthetic
predisposition towards phenolic O-methylation in Polygala senega. In this connection the
isolation of p-methoxycinnamic and 3,4,5-trimethoxycinnamic acid is of interest, particularly
as caffeic acid, which is of common occurrence in other plants, was not detected. The
isolation of 3,4,5-trimethoxycinnamic acid is quite unusual: it has only been detected
previously in two natural products as an esterifying group in the Rauwolfia alkaloids,
rescinnamine* and rescidine.16

EXPERIMENTAL
Chemicals and Materials

Sinapin was isolated from the seeds of Sinapis alba,'® and l-sinapoyl-p-glucose from the
leaves of Brassica oleracea var. rubra and the flowers of Marthiola incana® 1-(3,4,5-
Trimethoxycinnamoyl)-D-glucose was prepared by feeding 3,4,5-trimethoxycinnamic acid
to the leaves of Solanum chacoense.®

A sample of anthocyanase, prepared from a strain of Aspergillus niger, was supplied by
Rohm and Haas Company, Philadelphia, U.S.A. The Polygala senega root was obtained
from Brome and Schimmer Limited, London.

Paper Chromatography and Spectroscopy

Whatman No. 1 paper was used and the R, values in Table 1 were determined using the
following solvent systems: BAW (n-butanol, acetic acid, water—4 :1: 5, top layer),
BEW (n-butanol, ethanol, water—4 : 1 : 2:2), BN (#-butanol, 2N ammonium hydroxide—
1: 1, top layer). In measuring the ultraviolet spectra of substances eluted from paper
chromatograms, allowance was made for impurities eluted from the paper by a blank
correction using the eluates from similar paper. Chromatograms were examined in ultra-
violet light in the presence and absence of ammonia (see Table 1).

Extraction of Polygala senega Root

Powdered root (11-8 kg) was continuously extracted with hot ether to remove fats and
then with hot methanol. The methanol extract was concentrated, cooled to 0°, ethanol
added, and the precipitated crude triterpenoid glycoside collected. The filirate was con-
centrated and after keeping at 0° crystalline sucrose separated. This was removed and
evaporated giving a syrupy residue to which saturated aqueous lead acetate solution was
added. The precipitated lead salt was collected (giving filtrate 4, see below), washed with
water and with ethanol, suspended in 60 per cent aqueous ethanol, and then treated with
hydrogen sulphide. The precipitated lead sulphide was removed and the filtrate was
lyophilized giving a residue (fraction 4) (165 g).

Saturated basic led acetate solution was added to filtrate A, giving a precipitate which
when treated as above with hydrogen sulphide yielded a residue (fraction E).

Isolation of the Esters A1, A2, A3 and E1

Fraction 4 was dissolved in 70 per cent aqueous ethanol and applied as streak to
Whatman No. 3 (chromatography grade) paper. Elution with BAW gave three main bands

14 M. W. KLoHS, M. D. DraPER and F. KELLER, J. Am. Chem. Soc., 76, 2843 (1954).
18 A. PoPELAK, E. HAACK, G. LETTENBAUER and H. SPRINGLER, Naturwissenschaften, 48, 74 (1961).
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(R, 0-66, 0-53, and 0-44) which were fluorescent in ultraviolet light. These bands were cut
out and separately eluted with 70 per cent aqueous ethanol. Further chromatography of
these three fractions using water, BN, and then BEW gave the fractions, 41, 42, and A3,
which were homogeneous by chromatographic examination.

Fraction E was similarly separated using BEW as the eluting solvent and this gave two
main bands (R, 0-38 and 0-26). The slower-moving material was not investigated as it was
strongly absorbed on the paper, but further paper chromatography of the band (R, 0-38)
gave E1 which was homogeneous by chromatographic examination.

Hydrolysis of Hydroxycinnamoyl Esters

During hydrolyses using the following methods, paper chromatographic examination of
trace samples of the reaction mixtures indicated the extent to which starting materials had
been hydrolysed. The following products of these hydrolyses were identified using the
methods described below.

(1) Alkaline hydrolysis. Two drops of 2N aqueous sodium hydroxide were added to a
concentrated aqueous solution of the ester (~ 1 mg) and the solution was kept at 15° for
3 hr in a nitrogen atmosphere. After neutralization with the ion exchange resin Amberlite
IR-120(H), the solution was examined® both qualitatively and quantitatively (see Table 2)
for hydroxycinnamic acids, sugars, and other possible products.

(ii) Esterase hydrolysis. The esterase solution (Rohm and Haas anthocyanase at a
concentration of 100 mg/ml) was added to a solution of the ester in a phosphate—citric acid
buffer (pH 3-9) and the mixture kept at 37° for 24 hr.

(iii) Attempted hydrolysis with B-glucosidase. B-Glucosidase (1 mg in 0-1 ml water) was
added to a solution of the ester in sodium acetate buffer (pH 5) and the mixture was Kept
at 37°. Samples of the reaction mixture and a control solution, free of enzyme, were taken
at 30 min intervals during 5 hr and chromatographed on Whatman No. 1 paper using
BAW and water as solvents.

Examination of Hydrolysis Products

The various hydroxycinnamic acids (see Table 2) were identified'® by ultraviolet,
spectroscopic, and paper chromatographic comparison with authentic samples. 3,4,5-
Trimethoxycinnamic acid isolated from an alkaline hydrolysis of a sample of fraction A
yielded colourless crystals, m.p. 125-126°, which were identified by mixed m.p., infra-red
spectral comparison (Nujol mull), and analysis (Found: C, 60-7; H, 5-9; OMe, 38-2. Calc.
for C;uH,,0;: C, 60-5; H, 5-9; OMe, 39-1%).

Glucose was identified and estimated by published methods® and the possible presence of
other sugars, quinic acid, and other organic acids was investigated using appropriate sprays.?

The Formation of the Esters X1 and X2

Esterase solution (5 ml, Rohm and Haas anthocyanase, concentration 100 mg/ml)
was added to a solution of fraction 4 (1 g) in phosphate—citric acid buffer (10 ml, pH 3-9)
and the mixture kept at 37° for 6 hr. Chromatography (BAW solvent, No. 3 paper) gave
two bands (R, 0-51 and 0-38) which by further paper chromatographic purification yielded
the mono-esters X1 and X2.

Similar hydrolyses of A1 gave X1 only, and A2 gave X2 only.

16 T, A, GEissMAN and J. B. HARBORNE, Arch. Biochem. Biophys., 55, 447 (1955).
2
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ETUDE DES DIOLS DES CIRES DE POMME ET DE CARNAUBA

P. MAzLIAK
Laboratoire de Biologie Végétale, Station du Froid, Bellevue, France

(Regii 4 Décembre 1961)

Résumé—Les diols des deux cires, obtenus par chromatographie sur alumine de I'insaponifiable, 4 50°C,

sont transformés en diacétates de diols par acétylation pyridinée. Ces diacétates sont alors étudiés par

chromatographie en phase gazeuse, dans le systéme hélium-silicone rubber 2 300 et 350°. Tous les diols

pairs de CyaC,, sont ainsi mis en évidence dans la cire de Carnauba; la cire de pomme contient tous les

giols g:irs de C,,aC,;; L’existence dans les cires, de diols a nombre impair d’atomes de carbone, est
iscutée,

Abstract—The diols of Carnauba and apple wax, obtained by chromatography on alumina of the un-
saponifiable portion of the wax at 50°C, were acetylated and the diol diacetates studied by gas-chromato-
graphy, using a helium-silicone rubber system, at 300 and 350°. All even diols from C.,~C;, were shown
to be present in Carnauba wax; apple wax was found to contain all even diols, from C,,—C;s. The existence
of odd carbon-number diols in waxes is discussed.

LEs cires végétales sont essentiellement composées de monoesters (cérides) d’acides gras
et d’alcools aliphatiques 3 longue chaine; les paraffines de haut poids moléculaire forment
une catégorie de constituants supplémentaires particuli¢rement importante pour les cires
végétales des pays tempérés (cire de pomme par exemple), tandis que ce sont au contraire
les chaines moléculaires oxygénées (alcools, diols, hydroxyacides, estolides . . .) qui forment
en grande partie les cires d’origine tropicale comme la cire de Carnauba.

Dans un article précédent?, nous avons décrit une microméthode permettant I’étude des
acides, alcools et paraffines des cires végétales. Les produits fortement oxygénés (diols et
hydroxyacides) avaient alors été laissés de cdté. Nous présentons ci-dessous une technique
permettant d’étendre la méthode d’analyse proposée aux dialcools aliphatiques (n-a-w-diols)
entrant dans la composition des cires. Ces composés de formule générale HOH,C—(CH,),
—CH,;0OH ont été fort peu étudiés jusqu’a présent. La présence de cette catégorie de
corps dans les cires a été signalée pour la premiére fois par Sturcke? en 1884, qui isola un
diol de 1a cire de Carnauba. Il lui attribua la formule HOH,C—(CH,),,—CH,OH et put
obtenir le diacide correspondant HOOC—(CH,),s—COOH, qu’il appela acide carnau-
bandioique. En 1951, Murray et Schoenfeld montrérent que la cire de Carnauba renferme
3 pour cent de diols et ils réussirent & en isoler trois par distillation fractionnée des dérivés
diacétylés: ils identifiérent ainsi les diols en Cgy, Cyq €t Cye.2

En 1952, Musgrave, Stark et Spring? signalent 1’existence de deux diols (le n-octadécane-
1,18 diol et le n-hexacosane 1,26 diol) dans ’insaponifiable d’un extrait de genét d’Espagne
(Spartium junceum L). La méme année Murray et Schoenfeld signalent que la cire de laine
(Woolwax) contient une fraction de diols (de C,i~C,,) représentant (1,5 pour cent du
poids totals. Ces diols sont d’ailleurs différents des diols précédemment découverts car il
s’agit de 1-2-alkanediol (CHy—(CH,),—CHOH-—CH,OH) comme Horn et Hougen®

1 P, MAZLIAK, J. Botan. Appl. et agri tropicale. (1961), 8, 180-190 (1961).

2 H. STURCKE, Ann. Chem. Liebigs, 223, 283-314 (1884).

3 K. E. MURRAY et R. SCHOENFELD, J. Am. Oil Chemists’ Soc., 28, 461-466 (1951).
¢ 0. C. MUSGRAVE, J. STARK et F. S. SPRING, J. Chem. Soc., 4, 4393-4397 (1952).
5 K. E. MURRAY et R. SCHOENFELD, J. Am. Oil Chemists’ Soc., 29, 416-420 (1952).
s D. H. S. HorN et F. W. HOUGEN, Chem. & Ind. 670 (1951).
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I’avaient déja signalé en 1951. En 1955 enfin, Murray et Schoenfeld complétent leur étude
des diols de la cire de Carnauba en isolant de cette cire un diol supplémentaire en C,q.”
Les auteurs signalent en outre que 39 pour cent des diols n’ont pu étre distillés et ont par
conséquent plus de 28 atomes de carbone dans la molécule.

Nous avons étudié les diols de la cire de Carnauba par chromatographie en phase gazeuse
et nous avons ainsi retrouvé les diols déja isolés précédemment, plus quelques autres
nouveaux. Nous avons également mis en évidence des diols dans la cire de pomme ol ces
corps n’avaient jamais été trouvés auparavant.

Les diols des deux cires ont été obtenus par chromatographie sur alumine. a2 50°C, de
la fraction insaponifiable. La transformation préalable des diols en dérivés diacétylés est
nécessaire pour Panalyse par chromatographie en phase gazeuse.

Caz
Cog

Cos

Coa

Cos
350°C

Fi1G. 1. DEUX CHROMATOGRAMMES DES n-a-w-ngo:s DE LA CIRE DE CARNAUBA, OBTENUS A 300° ET
50°.
(I: injection, S: solvant.)

Les Diols de la Cire de Carnauba

La Fig. 1 représente deux chromatogrammes en phase gazeuse de diols acétylés de la
cire de Carnauba, obtenus a 300° et 350°C. Quatre pics principaux peuvent &tre observés
sur ces chromatogrammes. Les volumes de rétention (Tableau 1) de ces corps les font
correspondre aux diols suivants: 1,32-dotriacontanediol, 1,30-triacontanediol, 1,28-octa-

T K. E. MURRAY et R, SCHOENFELD, Australian J. Chem., 8, 432-436 (1955).
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cosanediol, 1,26-hexacosanediol. Six pics supplémentaires apparaissent sur les chromato-
grammes; ces corps nouveaux, en beaucoup plus faible quantité que les quatre diols
précédents, ont méme volume de rétention que le 1,20-eicosanediol, le 1,21-heneicosanediol,
le 1,22-docosanediol, le 1,23-tricosanediol, le 1,24-tetracosanediol et le 1,25-pentacosanediol.
L’existence, dans la cire de Carnauba, des diols pairs en C,q. Cag et C,, est trés probable. 4
coté des diols principaux en C,g, Caq, Cjp et Cyp. Par contre la présence, dans cette cire
de diols & nombre impair d’atomes de carbone en C,;, C,; et Cy5 peut étre acceptée avec
réserve, puisqu’il semble bien que les diols des cires soicnt généralement pairs. Les pics

TaBLEAU | «--DIOLS DE LA CIRE DE POMME F1 DI 1A CIRt DE CARNAUBA

Log Vr Cire de Carnauba Cire de Pomme
Nom systématique du témoin log des 1'r mesurés log des Vr mesurés
sur le chromatogtamme sur le chromatogramme

1,20-eicosanediol —0,17 —0,15 —0,17
1,21-heneicosanediol —0.10 —0.,08 - -0,10
1,22-docosanediol 0 0 0
1,23-tricosanediol 0.08 0,08 —_
1,24-tetracosanediol 0,15 0,16 0.15
1,25-pentacosanediol 0,25 0,24 —
1,26-hexacosanediol 0,32 0,35 0,29
1,28-octacosanediol 0,50 0,51 0,48
1,30-triacontanediol 0,68 0,67 —
1,32-dotriacontanediol 0,83 0,80 —

Température 300°; phase stationnaire; silicone rubber (20%) sur chromosorb W:
longueur de la colonne; 2 m: gaz vecteur; hélium. Débit 7 I/hr (surpression i I’entrée de
la colonne: 1160 g/cm®—Pression A la sortie: pression atmosphérique).

représentant ces “diols impairs” pourraient aussi correspondre & des impuretés passant
en chromatographie sur colonne d’alumine en méme temps que la fraction “diols™ (il
pourrait s’agir, par exemple d’alcools 3 trés longue chaine ou de diols isoméres).

D’un autre c6té, il faut bien dire que la loi de Chibnall et Piper® fixant un nombre pair
ou impair d’atomes de carbone pour chaque catégorie de constituants des cires, n’a jamais
été étendue aux diols dont on ignore totalement le métabolisme intermédiaire. En outre,
les travaux les plus récents sur la composition chimique des cires (Mazliak!.®, Waldron et
al1®), ne confirment pas entiérement la validité de la loi de Chibnall et Piper. Ainsi ont
été trouvés, comme constituants mineurs des cires, des paraffines paires et des alcools
impairs, alors que Chibnall et Piper assignaient, en 1934, & ces deux catégories de con-
stituants, un nombre respectivement impair et pair d’atomes de carbone. II n’est donc pas
totalement impossible que des diols renfermant un nombre impair d’atomes de carbone
dans leur molécule soient présents dans la cire de Carnauba, 4 coté des diols pairs (de
C,42Cy,) beaucoup plus abondants.

Les Diols de la Cire de Pomme

La Fig. 2 représente un chromatogramme en phase gazeuse des diacétates de diols de la
cire de pomme. Les volumes de rétention des 6 pics observés (Tableau 1) permettent
d’identifier les diols suivants comme constituants de cette cire: 1,20-eicosanediol, 1,21-
heneicosanediol, 1,22-docosanediol, 1,24-tetracosanediol, 1,26-hexacosanediol et 1,28-
8 A. C. CHIBNALL et J. H. PipeR, Biochem. J., 28, 2189-2208 (1934).

% P. MazLIAK, Compt. rend. 252, 1507-1509 (1961).
10 ), D. WALDRON, D. S. GoONWERS, A. C. CHIBNALL et S. H. PIPER, Biochem. J., T8, 435-442 (1961).
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octacosanediol. La présence de ces corps n’avaient jamais été signalée jusqu’d présent
dans la cire de pommes. L’existence du diol impair 1,21-heneicosanediol appelle les
mémes remarques que pour les diols impairs de la cire de Carnauba.

On peut remarquer que la chaine moléculaire des diols entrant dans la composition de
la cire de pomme, d’origine tempérée, est plus courte que celle des diols de la cire de Car-
nauba, d’origine tropicale. Cette remarque est valable pour toutes les autres catégories de
constituants lorsqu’on compare ces deux cires.!

(a)

Témoins

I

VI

FiG. 2.
(a) CHROMATOGRAMME DES DIOLS DE LA CIRE DE POMME.

(b) CHROMATOGRAMME DU MELANGE TEMOIN 1,22-DOCOSANEDIOL ET 1,24-TETRACOSANEDIOL,
OBTENU DANS LES MEMES CONDITIONS.

(I: injection, S': solvant.)

CONCLUSION

La chromatographie en phase gazeuse représente certainement une technique de choix
pour I'analyse des cires végétales, méme si I'on désire étudier des constituants oxygénés
lourds, aussi peu volatils que les diols. Cette nouvelle catégorie de constituants des cires
peut trés bien avoir une répartition trés générale puisqu’on trouve des diols dans deux
cires aussi différentes que la cire de pomme et la cire de Carnauba. Tout récemment
d’ailleurs, Downing et al.* ont aussi étudié une fraction “diols” dans la cire d’abeille,
également par chromatographie en phase gazeuse, mais ces auteurs ont employé un procédé
différent: les dialcools étaient transformés en hydrocarbures avant d’étre chromatographiés.

1 89611‘) Downng, Z. H. Kranz, K. E. MURRAY et A. H. REDCLIFFE, Australian J. Chem., 14, 253-263
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PARTIE EXPERIMENTALE
Obtention des Diols

L’insaponifiable des cires est chromatographié sur une colonne d’alumine, comme nous
I’avons décrit précédemment!. Deux élutions successives 4 la température ordinaire
(15°) permettent de recueillir: (1) les paraffines en employant Péther de pétrole seul comme
g'luant et (2) les alcools en employant le mélange éther de pétrole-méthanol (dans les
proportions 100 : 3 en volumes). Les diols sont élués de la colonne par le mélange benzéne—
éthanol (dans les proportions 20 : 1 en volumes) 2 la température de 50°. Les conditions
expérimentales employées pour I’élution des diols sont les mémes que celles employées
précédemment par Murray et Schoenfeld.

Pour réaliser la chromatographie & 50°, nous avons fait construire le dispositif expéri-
mental de la maniére suivante. La colonne & chromatographie est entourée d’'un manchon
d’eau contenu dans une gaine de verre concentrique 2 la colonne. L’eau est portée 2 50° &
Paide d’un cordon électrique chauffant enroulé en hélice autour de la gaine de verre et la
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F1G. 3. COURBE D’ELUTION DES DIOLS DE LA CIRE DE POMME STAYMAN WINESAP CHROMATOGRAPHIES
SUR ALUMINE A 50°.

température est maintenue constante (3 4 0,5°) 3 I’aide d’un thermostat, compris dans le
circuit électrique et dont la sonde plonge dans le manchon d’eau. Le liquide sortant de la
colonne A chromatographie est reccueilli par fractions de 50 ml. Le solvant de chaque
fraction est ensuite évaporé et les diols présents dans la fraction considérée sont pesés, ce
qui permet de tracer approximativement la courbe d’élution des diols hors de la colonne
d’alumine. La Fig. 3 représente la courbe d’élution des diols d’un lot de cire de pommes
(variété Stayman Winesap).

Preparation des Diols pour la Chromatographie en Phase Gazeuse

Le point d’ébullition des diols purs est beaucoup trop élevé pour que I’on puisse en
réaliser directement des chromatographies, méme 3 trés haute température. Paquot,
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Lefort et Pourchez'? ont réussi pour les alcools gras, 4 surmonter la méme difficulté en
transformant d’abord ces corps en dérivés acétylés. Leur méthode s’applique également
aux diols'® et nous Pavons employée pour tranformer les diols des cires en diacétates de
diols CH,COO—CH —(CH,),—CH,—QO0CCH,.

Cette acétylation se fait en présence de pyridine, de la maniére suivante, A un poids
connu de diol, on ajoute deux fois Ia quantité théorique d’anhydride acétique nécessaire,
soigneusement distillé, et cing fois le volume correspondant de pyridine déshydratée sur
baryte et distillée, Aprés deux heures de chauffage & 100°, le mélange est refroidi, mis en
solution dans I'éther sulfurique et lavé successivement dans une ampoule 3 décantation par
de Peau distillée, de 'acide chlorhydrigue (5N), une solution de carbonate de sodium 3
5% et enfin de P'eau distillée. La solution éthérée est ensuite séchée sur du sulfate de
sodium anhydre, puis le solvant est évaporé, Le résidu de diacétate de diol est repris par le
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F16. 4. SPECTRES INFRAROUGES DES DIACETATES DE DIOLS.
EN HAUT: spectre des diacétates de diols de la cire de pomme Stayman Winesap.
EN Bas: spectre de mélange témoin des diacétatos dep deux diols synthétiques: docosane-diol et

12 C. Paquor, D. LerFort et A, Pourcaez, Rev. frang. Corps gras, 7, 1-5 (1960),
12 B, LeporT, C. PAQUOT et A. POURCHEZ, Oléagineux, 16, 253259 (1960).
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minimum de benzéne; cette solution peut &tre utilisée directement pour P’analyse chroma-
tographique.

La Fig. 4 présente le spectre infrarouge'* des diacétates des diols de la cire de pomme.
Nous avons figuré au-dessous de ce spectre, le spectre infrarouge d’un mélange témoin des
diacétates de docosane-diol et de tetracosane-diol'>. On constatc sur cette figure que les
deux spectres sont tout & fait semblables. ce qui confirme bien I'identité de la fraction
éluée par le mélange benzéne-éthanol.

Technique Chromatographique

L’analyse chromatographique a été effectuée sur un appareil Jobin et Yvon, muni d’une
colonne séparatrice, en acier inoxydable, de 2m de long et 4 mm de diamétre intérieur. La
phase stationnaire utilisée était la graisse 4 vide silicone rubber imprégnant des grains de
Chromosorb W (nous avons employé 20 g de phase stationnaire pour 100 g de support).
La température du four était maintenue & 300°. Le gaz vecteur était I'hélium circulant
travers la colonne avec un débit de 7 1. par heure: ce débit était obtenu grice & une sur-
pression de 1160 g par cm? & I’entreé de 1a colonne, la sortie du gaz se faisant i la pression
atmosphérique. La détection des corps purs 2 la sortie de la colonne était réalisée par un
catharométre 4 filaments de tungsténe, relié & un dispositif d’enregistrement électronique.

Les corps séparés par chromatographie ont été identifiés en comparant leur volume de
rétention respectif aux volumes de rétention de corps purs témoins, chromatographiés dans
les mémes conditions. Nous possédions, comme témoins. un mélange de deux diacétates de
diols, en Cg;, et C,,, obligemment fournis par M. Lefort. du Laboratoire de Lipochimie du
C.N.R.S. Les volumes de rétention des autres diols témoins ont ét€ calculés en appliquant
la formule de James et Martin'® (valable pour une série de corps homologues): log
Vg = k. n. (Vg étant le volume de rétention d’un diol, », le nombre d’atomes de carbone
contenus dans la molécule de ce corps, et k, unc constante de proportionnalité.)

14 1les épectres infrarouges ont été obtenus par Mme Cazes au Laboratoire de Chimie Macromoléculaire
du C.N.R.S.

15 Le mélange de ces deux diols synthétiques nous a été obligeamment fourni par Mr LerorT, du Laboratoire
de Lipochimie du C.N.R.S.

16 A. T. JAMES et A. J. P. MARTIN, Biochem. J., 50, 679-690 (1952).
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N-ACETYLDIAMINOBUTTERSAURE, EINE NEUE
AMINOSAURE AUS DEM LATEX VON
EUPHORBIA PULCHERRIMA WILLD EX KLOTZSCH

1. Liss

Deutsche Akademie der Wissenschaften zu Berlin, Institut fir Biochemie der Pflanzen,
Halle Saale, Deutschland

(Eingegangen 1 Dezember 1961)

Zusammenfassung—Latex verschiedener Arten der Gattung Euphorbia ist durch das Vorkommen seltener
und zum Teil noch unbekannter Aminosduren in ungewdhnlich hoher Konzentration charakterisiert.
Aus dem Latex von Euphorbia pulcherrima isolierten wir eine neue Aminosaure und identifizierten sie als
N-Acetyldiaminobuttersaure,

Abstract—Latex from different species of the genus Euphorbia is characterized by the presence of interesting
known and as yet unknown amno acids in unusually high concentration. From the latex of Euphorbia
pulcherrima a new amino acid has been isolated and identified as N-acetyldiaminobutyric acid.

WIE wir kiirzlich schon berichteten!-?, enthilt die 15sliche Stickstofffraktion des Latex
verschiedener Arten der Gattung Euphorbia seltene und auch noch unbekannte Amino-
sduren in auffillig hoher Konzentration.

Aus dem Latex von Euphorbia pulcherrima isolierten wir die Hauptaminosiure (Abb. 1)
und charakterisierten sie als Monoacetyldiaminobuttersiure. Die Aminos#ure ist offenbar
auf den Latex beschriinkt und in den Parenchymen von Blatt, Stengel und Wurzel héchstens
in Spuren nachweisbar. Sie ist in Varietiten mit roten, weissen und rosa Hochbldttern
dieser Art wihrend der ganzen Vegetationsperiode vorhanden.

Die Verbindung wurde mit 80%igem Athanol aus dem Latex extrahiert, stdrende
Begleitsubstanzen an einer Dowex-50- X 4-Siule (H*-Form) entfernt, und an einer Zellu-
losesiule mit Phenol-Wasser (4 : 1), anschliessend an einer gleichgrossen Zelluloseséule
mit Propanol-Wasser (3 : 1) abgetrennt. Die Substanz kristallisierte beim Einengen der
entsprechenden Propanol-Fraktionen im Vakuum in Nadeln aus. Aus 200 ml Milchsaft
wurden 82 mg Aminoséure isoliert; sie¢ wurde 2 mal aus heissem Propanol-Wasser (3 : 1)
umkristallisiert. Der Schmelzpunkt liegt bei 208-211°C (Heiztisch “Boétius™). Die
Substanz schmilzt unter allmshlicher Zersetzung.

In papierelektrophoretischen Untersuchungen reagiert die Aminosiure neutral; sie hat
in eindimensionaler aufsteigender Papierchromatographie in Propanol-Wasser (3 : 1),
Phenol-Wasser (4 : 1), Pyridin-Isoamylalkohol-Wasser (I :1 :2), Methyldthylketon—
Pyridin—-Wasser (5 : 1 : 1), Methanol-Ammoniak-Wasser (9 : 0-2 : 0-8), n-Butanol- Amei-
sensdure-Wasser (7°5:1:5:1-0) und n-Butanol-Eisessig~Wasser (4 :1:7) die gleichen
R,-Werte wie d-Acetylornithin. Das Infrarotspektrum der isolierten Substanz beweist
ihre Verwandtschaft mit 8-Acetylornithin, ohne mit ihm identisch zu sein.

Nach Hydrolyse in 6 N HCI entsteht eineel ektrophoretisch stark basisch reagierende
Aminosiure; diese wurde in absteigender Papierchromatographie mit dem Losungsmittel
Phenol-Citronensiure-Phosphatpuffer pH 4 und papierelektrophoretisch bei pH 10
1 1. Liss, Naturwissenschafien 48, 304 (1961).
® 1. Liss, Flora, Jena. 151, 351 (1961).
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(005 M Na,CO,) eindeutig von den basischen Aminosiuren Diaminopropionsiure,
Ornithin, Arginin, Lysin und Histidin abgetrennt und als a, y-Diaminobutterséure charak-
terisiert. Die DNP-Verbindung des Hydrolyseproduktes verhiilt sich wie DNP-Diamino-
buttersdure. Mit Ninhydrin gibt die hydrolysierte Verbindung eine braunviolette Firbung,
wie sie ebenfalls fiir Diaminobuttersiure charakteristisch ist.

Acetat wurde nach Hydrolyse der Verbindung in wasserfreiem HCl-Methanol als
Methylacetat iiberdestilliert und quantitativ als Hydroxam-Eisen-Komplex kolorimetrisch
bestimmt2, In 8-75 umol (1-40 mg) Substanz wurden 857 umol (0-51 mg) Essigsiure nachge-
wiesen, was einer Ausbeute von 98 Prozent entspricht, wenn man eine Monoacetyl-
Verbindung zugrunde legt.

Die Analyse C, 44-98; H, 7:62; N, 17-12 Prozent entspricht der Formel CgH,,0;N,
und der theoretischen Zusammensetzung C, 44-99; H, 7-55; N, 17-49 Prozent von Mono-
acetyldiaminobuttersdure. Ob Acetat in a-oder p-Stellung substituiert ist, kann erst durch
die Synthese entschieden werden.

Diaminobuttersiure ist ausser in Mikroorganismen in Tieren und Pflanzen erst jeweils
einmal nachgewiesen worden%5, Die Frage, ob die acetylierte Aminosdure in Euphorbia
pulcherrima eine Entgiftungsform der stark basischen Diaminobuttersdure darstellt und
die Anreicherung der Verbindung im Latex als eine Exkretion aufzufassen ist, bedarf
weiterer Untersuchungen.

Beziehungen, wie sie zwischen Glutaminsiure, d-Acetylornithin und Prolin nach-
gewiesen wurden, diirften auch zwischen Asparaginsiure, Acetyldiaminobuttersiure und
der von Fowden® in vielen Liliaceen nachgewiesenen Azetidin-2-carbonsiure bestehen.
Azetidin-2-Carbonsidure konnte mit den von uns angewandten papierchromatographischen
Methoden im Latex von Euphorbia pulcherrima nicht aufgefunden werden.

Anerkennung—Herrn Prof. Dr. K. Mothes danke ich fiir die stete Férderung dieser Untersuchungen herzlich.

2 J. Lubowreg and A. DORFMAN, Biochim. Biophys. Acta 38, 212 (1960).

4 L. Fownen and M. BryaNnt, Biochem. J. 70, 626 (1958).

5 P. AcKERMANN and H. G. MensseN, Z. physiol. Chem. Hoppe-Seyler’s 318, 212 (1960).
¢ L. FOwDEN, Biochem. J. 64, 323 (1956).
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HYDROCARBON CONSTITUENTS OF THE WAX COATINGS
OF PLANT LEAVES: A TAXONOMIC SURVEY
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* The University of Glasgow (Scotland).
¥ Universidad de La Laguna, Tenerife, Canaries (Span).
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Abstract—A gas-chromatographic study has been made of the hydrocarbon content of the leaf waxes of the
sub-family Sempervivoideae (Crassulaceae), through the study of a compact grouping of closely related
genera endemic to the Canary Islands, Within the limits of the investigation, it has been shown that a single
species possesses a fairly constant hydrocarbon distribution pattern, thereby justifying the use of this
criterion for taxonomic gurposes The variations from one species to another reveal a rough parallelism
with the botanical classification of the sections within a genus. /Isoalkanes are sometimes present to the
extent of more than 50 per cent of the total alkane content.

INTRODUCTION

THE occurrence of a waxy coating on plant leaves is an almost universal phenomenon. but
the detailed chemical investigation of the constituents of this protective covering has
attracted less attention than might be expected. This is due in large part to the formidable
problems of separation involved in the study of such a complex mixture of clo