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FORMATION OF m- AND p-COUMARIC ACIDS BY 
ENZYMATIC DEAMINATION OF THE CORRESPONDING 

ISOMERS OF TYROSINE* 
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~~tract-An enxyme was found which catalyxes the deamination of L-tyrosinc, giving equimolar amounts 
of trans-pcoumaric acid and ammonia as the products. Thii 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 bkley rather than the leaves, and reached 
its maximum concentration at about tht time the heads were emerging. The crude, soluble protein extracted 
from an acetor~ powder of barl9 stems was purified about forty-fold with respect to tyrase. Tyrase 
preparations from this source were also found to convert DL-fmtyrDsine to mcoumaric acid and ammonia, 
and have been shown by Koukol and Con+* to contain an enzyme (phenylalanase) which can catalyze the 
conversion of L-phenylalamne to cinnamic acid and ammonia. The data suggest that tyrase is distinct from 
the enxymes (or enzyme) catalyzing the deamiaations of phenylalanine and ntyrosine. 

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. a 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-CGOH from R-CH,-CH(NH,)-CGOH 

the following sequence has been suggested:a-s 

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,8~7 B-methyl asparta& and histidasegJO reactions, i.e. 
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R-CH,-CH-COO- - R-CH=CH-COO-+NH+ 

h + H, 

Koulcol and Con&* found an enxyme 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 Grami&ae. The reaction has been established as 
a direct deamina tion 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-tyro?ine has been named tyrase. It was found in substantial 
amount> 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 O-05 M tris(hydroxymethy1) aminomethane- 
hydrochloric acid buffer (PH 8.8) containing O-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 titrate 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. &MPARISON OF cis- AND tmm’- ISOMERS OF ~COUMARIC ACID 

Isomer of p-coumaric acid* 

CiS- 

correctqd m.p., “C 
f of salt (w)t 

g s&cot B; 
$0 / m solvent C$ 
R/in solvent D$ 

trans- 

219-220 
333 

0.35 

i!g 

with diazotized : Both iso- give the saqc colored spot 
p--?einc, i.e. orange, changmg to blue when sprayed with 

t ikasured in 0.05 N sodium hydroxide. The fluoresceace of the 
cis- isomer in this Solutkm is IesS than Onatentb that of th8 trm- 
i.wma. 

: Solvent A-2 per cent aa%ic acid in water. 
Solvent B-UT&s w acid-water (6 : 7 : 3) 

Solvent c&l-Propanol-conc. NI&Oti (7 : 3). 
Solvent D-mnc. NH,OH-water (8 : 1: 1). 

A component with the properties of mumaric acid was observed; it had the correct 
mobility and gave the same color reactions with diazotized pnitroaniline (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 phydroxyphenyl 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 pcoumaric 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 ad&d or not. 

TABLE 2. -N OF l-Y&SE IN ACETONE-DRIED PLANT MATERIALS 

source of plant material Presence of 
tyra= 

&q-~~;ar~&rgtunn) var. Honey Drip. 

4&y old, etiolated seedlii 
G12day old, nonctiolated seedlings 

lFihim vulgure WI. (wheat) var. Ramona. 
4day old, etiolated seedhgs 
4day old, non4olated seedlings 

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

Hordeum Wzgure L. (bfu-ley) var. Mariout. 
4day old, etiolated seedlii 
4day 014 norbetiolated seedbgs 

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

Or IO SUtivCa L. (rice) var. caloro. 
r O-day old, nonctiolated seedlings 

%%cclmrm &Mnzrum L (sugar cane). 
stalkfxnnplantabout15OcmtaU 

tPisi4m sativwn L. (peas) var. Alaska. 
6day 014 etiolated seedlings 

tLuppa&W~~.~te~ 

th4.E: *~~b(v$te .sweG clover). 
, 

Flfischman’s dried baked yeast I 

T 

: 
-!- 

+ 
i 

+ 

L 

-L 

- 

* 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 0.05 M tris(hydroxymethyl)- 
aminomethane-hydrochloric acid (pH 8.8), precipitated by ammonium sulfate at 70 per cent 
saturation, then dissolved and dialyzed overnight at O”, 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, espeoially members of the Gramkae, contain an enzyme that can catalyze 
the conversion of rAyrosine to p-coumaric acid. 

Quantitative Assays for l)rase 

Tyrase was estimated by measuring the rate of formation of p-coumaric acid in the 
presence of excess Gtyrosine. 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 O-1 per cent of r.-tyrosine. One unit of tyrase is defined as the 
amount of enzyme which catalyzes formation of O-1 pmole of pcoumaric acid per hour, 

o-30- (333 v 

S 
f 
z 0 
D 0 
z 0.25- . 
.u 
‘0 
0 

Wave length. rnp 

FIG. I. ULTRAVIOLET AB!iORPTION SPECTRUM OF ~UbfAluC ACID. 

The solid line is for pmilied Iranr-pcoumaric acid (3.33 c.g per ml of O-05 N sodium hydroxide); 
the circks are for an ether-extractabk acid fraction obtained following treatment of L-tyrosiae with 

barky-stem tyrase (pxparation C, Table 6). 

I 1 

25 SC 

Trans-p-Coumoric acid, pg/ml 

FIG. 2. RELATION BEWEEN CONCENTRATION AND FLUORESCENCE #IR tram-p-coummrc ACID IN 
ALKALI. 

The acid was dissolved in O-05 N sodium hydroxide, the soiution put in a round quartz cuvette and 
fluoresceace measured with an Aminco-Bowman spectropllot~~ 
setting for activation and measuring the output at 440 ~JL Fluoremme 

r using the 350111~4 
is mported in arbitrary 

units; a reading of unity on the per cent transmission scale d the O-01 sensitivity setting was defined 
as one unit of fluomcmce. (a&Curve when concentration was varkd over a wide range. 

(b)-Linear relation obtained for dilute solutions. 
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0 I00 

lime, min 
200 

FIG. 3. mn OF FORMATTOM OF pcoukuruc ACID BY TYRASE AS A FUNCTlON OF TEMPERATURE. 

The tyrase preparation was a rice seedling protein obtained between 35-70 per cent saturation on 
the tirst ammonium sulfate fractionation. Each ml of reaction mixture contained 4.3 mg of 
protein, 3.1 units of tyrasc, 1.0 mg of L-tyrosine and 100 ~moles of sodium borate at pH 89. 

PH 

FICA 4. EFFCT OF PH ON THE ENZYMATIC FORMATION OF m- AND pCoUMARlC ACIDS FROM THE 
-INQ 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 pcoumaric acid from t_-tyrosine; the broken lrne (triangles) is 
for formation of m-cournaric acid from nwn-tyrosine. The rate at any given pH is expressed as 
the percentage of the rate at pH 8.8 @l M sodium borate) as determined in a parallel experiment. 
Sodium acetate buffer (@l M sodhun borate) as determined in a parallel experiment. Sodium 
acetate buffer @l M) was used for pH 5.0 and 5.4; potassium phosphate buffer (0.1 M) was used 
for pH 64-8-O; sodim borate butTor (0.1 M) was used for pH W-9*6; ethanolamine hydrochloride 
buffer (O-2 M) was used for pH l&O and 10.6 and, methylamine hydrochloride (O-2 M) for pH 1@9. 
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FIG.% T~~C~U~OFTHE ~~2i~thtnc FOahunoNo~ ~-c.DUWC ACID FROM w(crss L-rmosme. 

Line A is for preparation C (Table 6) under the usual conditions of assay (i.e. pH 8.8, So’), using 
O-08 mg of protein per ml. Line B is for a crude protein from etiolated barley seedlings obtained 
between 40-60 par cent saturation fm the 5rst ammonium sulfate fractionation. This experiment 

was run at pH 8.8 and 31” using 2.8 mg of protein per ml. 

1000 

j4g of protein/ml 

I 

2000 

FIG. 6. RATE OF roRMAnoN OF ~COUMARIC A,QD AS A FUNCTION OF ENZYME coNcu.rnunoN. 
The rate is expressed as cg of pcoumaric acid formed in 45 min. Each ml of reacthn mixture 
contained 1-O mg of r&roshe, 100 JUIIO~% of sodium borate (PH 8.8) and enzyme as hdhted, 
The reaction was run at 40”. The enxyme used was a bahy*tem 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 ofp-coumaric acid was constant (Fig. 5) and 
directly proportional to the enzyme concentration (Fig. 6). 

Comparison of Sources of Tywe 
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 sorglmm seeds, Table 21, but the enzyme is readily formed on 
gehlldiOll_ 

TAELE 3. TYRASE CONTENT OF VARIOUS ACETONE POWDERS 

Barky 
Etiolated whole seedbgs 
Etiolated se&l@ shoots 
Non-etiolated seedling shoots 

I, ,, ., roots 

wheat 

6.9 104 

~d*~~w~ grown in the laboratory from Caloro rice, Mariout barley 
. 

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. 

~~0~~ 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 ins~bility of the 
extracts. Sometimes more than half the activity was lost during dialysis overnight at O-5”. 
A sample purified through step 3 (Table 5), lyophilixed, and stored 83 days at -2O*, lost 
about half of its activity. Tyrase prepared from barley stems was much more stable; a 



8 A. C. Nxtsri 

Tmrx 4. CliANGES IN TYRASE CONTENT DURING DEYELDPMENT OF BARLEY* 

Date 

- 

I 

I 

I .- 

Stage of development 

Yield of 
acetOlX 

units of ty_ per g of 
acetone powder from 
- 

I 

_- 

- 

Ian. 30 

Feb. 26 

March 11 

March 18 
YpTh32” 

April 16 

April 30 

Plan: ;izl* cm tall; 

Plannq&30 cm tall; 

Pl~f~tsuto 40 cm tall; 

Plants up to 45 cm tall 
Plants up to 65 cm tall 
Pkntsupto8Ocmtall; 

heackreadytoeme 
T Plan~pt$t90cmt& , 

Heads in milk stage 

11.6 

106 

9.0 

1;: 
14.7 

25.4 

32.1 

1 

.- 

- 

Whole 
shoot Leaves 

- 

11 
9.6 
7.7 

2.8 

4.2 

- 

, 

._ 

Stems 

- 

- 

3; 
35 

44 

15 

- 

- 

- 

- 
- 
- 

47 

12 

I 

._ 

- 

Units of ty_ found 

xzr IOOgt permgof 
of fresh extracted 

wt. protein1 

59 0.02 

63 0.04 

150 OG6 

E! ; E 
340 0.47 

810 i O-44 

380 - 
I 

l Hordeam v&are L. (var. Aravat) growing in fkld, University of California at Davis, 1960. 
t Cakulated for the whok shoot by multiplying the units of tyrase per g of acetone powder by the 

percentage yield of acetone powder. 
$ The fust 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 010 M sodium borate (at pH 8.8). 

Ezcr 
‘pitated by ammonium sulfate (O-70 per cent saturation) and dialyzed overnight against 0.05 M sodium 

ate (PH 8.8). 

TABLIZ 5. PtnurrcAram OF TYRASE FROM AN EXTRACT OF BARLEY-STEM ACETONE POWLER+ 

step / 
No. 1 

.___I 

Description of step 

I 

I 

Totalt specific 
Volume. p@in i TyrF activity 

(ml) (mg) , (umts) $nnt$n/n) Rzery: 
I 

1 First ammonium sulfate precipitate, 195 3100 

Sza%t%r titrating to pH 6 

1340 i 0.43 ’ - 

E2 
1690 O-80 99 

3 I Fraction precipitated between 50-60 218 3.3 54§ 

4 ! 

zfe$ saturation wrth ammonium 

I Clrzatographed on DEAEcellu- 99 33 : 376 11.4 28 

-’ 
5 ) Fraction from step 3 puritied by 33 49 388 7.9 

calcium 
6 

hosphate gel 
Fraction tom step 5 chromate- 30 F 

i 38 
14 258 ’ 18.4 : 19 

graphed on DEAEcellulose 
I 

l 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 purifkd by steps 1,2,3 and 4 and the other 
halfbysteps1,2,3,5and6. Theresultsarecakuktedbacktothetotal. 

t_ * .ratio of optical density at 280 9 to that .at -260 _ was 0.9 after the first ammonium sulfate 
r_mttatton, 1.4 after the second ammomum prectpnatmn and l-6 for the most htghly purtied sample of 

: &overim are based on the tyrase found in the 6rst ammonium sulfate precipitation. This was only 
25percentofthetotaltyraseintheacetonepowder. 

f The fraction precipitated between -50 per cent saturation with ammonium sulfate contained an 
additional 377 units of tyrase (28 per cent) with a specitic activity of 1.14. 
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sample pm&d through step 3 and stored 70 days at -20” lost only about 10 per cent of its 
activity, and when it was lyopbilized there was no detectable loss of activity during 70 days. 
The more dilute solutions obtained from DEAE-cellulose (diethylaminoethyl cellulose) 
columns (T’able 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. - OF SOME rwse PREPARATIONS 

Preparatim 

A 

B 

C 

D 

1,2,3 and4 

1,2,3,Sand6 

Composition of solution 

O-35 mg of protein per ml in 0025 M 
potassium phosphate at pH6.8 
and 02 M potassium chloride 

O-31 mg of protein per ml in O-035 M 
potassium phosphate at pH 6.8 
and 02 M po$sslum chloride 

0-z ;g of protem per ml, otherwise 

O-40? of protein per ml, otherwise 

Specific 
activity 

4-o 

8-O 

11-4 

18.4 

(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 --2o”, blended for l-14 min at full speed, filtered by suction and washed three 
times with acetone at -20”. A&r 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 Yacuo 
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 84, at room temperature. The mixture was cooled in an ice-bath and stirred manually 
from time to time during 30 min, then Altered through a double layer of cheese cloth. The 
filtrate was centrifuged at 8000 xg and 0” for 15 min. The supematant fluid contained much 
of the tyrase; the sediment was discarded. Usually only 20-40 per cent of the tyrase present 
in a sample of acetone powder was obtained in solution. All subsequent steps were carried 
out at O-4”. 

(c) First ~onium Surfate precipitation (step I, Table 5). The supematant 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 8ooo 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 volpmes of the same buffer. The precipitate nearly all 
dissolved giving a slightly turbid solution. 

In early experiments the fractions precipitating between O-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 atpH 6 (step 2, Table 5). The slightly turbid solution 
from the preceding step was titrated to pH 59-6*1 (glass electrode) using M acetic acid at 
0”. A heavy precipitate formed; it was removed by centrifugation at 11,080 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 sufate precipitation (step 3, Table 5). Solid ammonium sulfate 
was added carefully to the tyrase solution at 0”; fractions precipitated at 040,4&50,50-60 
and 60-75 per cent saturation were collected separately by centrifugation at 8OOOxg. 
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 O-100 volumes of the same 
buffer at 0”. The dialyzed solution was ready for chromatography on DEAE-cellulose. 

(f) Chromatography of tyrase on DEAEkellulose (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 sixes of columns were employed. The small size (1.1 x 10 cm) was loaded with 
about 20 mg of protein; the large size (2.2 x 17 cm) was loaded with about 100 mg. The 
small column was operated at O”, 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 9Oml/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 
enxyme solution (see above) was put on and washed in. The column was developed using 
a linear gradienP 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 O-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 atIer about one-half the contents of the 
elution apparatus had been used. The enzyme was thus obtained in about 0.035 M 
potassium phosphate at pH 6.8, O-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 DBAEcellulose 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 O-1 per cent tyrosine in 
O-15 M sodium borate @H 9-O). This mixture was incubated in a 13 x 100 mm culture 
l1 R. M. BOCK and N. LIW, Alcal. Ckm. 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 quartx cuvette for measurem ent 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) Purificrrtin 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 geP contained 378 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 6WO xg for 10 mm. The supematant solution was treated with O-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 6.0, 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-O. 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 aminonium 
sulfate (Grst precipitation). Fractional precipitation by acetone resulted in considerable 
loss of tyrase with no increase in specific activity. Protamine sulfate (O-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-O (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 puri8ed in this way formed ammonia 
and pcoumaric 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, Gphenylalanine 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 ~phenylalanine was expected since Koukol and Con&* had already 
demonstrated that barley and other plants contain an enzyme (phenylalanine deaminase) 
which forms cinnann ‘c acid and ammonia from L-phenylalanine. The deamination of 
m-tyrosine was unexpected; it was investigated further and mcoumaric acid identified as 
the product (see below). There was little, if any, deamination of the other amino-acids. 
HistidasesJo and aspartase6*’ were either absent or present in very low concentrations. 

I’ s. P. ~LOWICK, hft?thOdS itI Enzymdogy, Vol. I, pp. 97,98. Academic Press, New York (1955). 
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TABLE 7. DEAMWATION OF VARIOUS AMINO_ACILX BY A TYRASE 
PREPARATION* 

Amino-acid added 
pg of NHI found pmoles of 

at start after 3 hr f:zd 

L-Tyrosine 4.4 16.6 0.79 
~~-o-~yrosim? 
DL-PPZ-Tyrosine 

1 5.3 

:: 
;:; 

0.05 

DL-DOPAt 7.2 kE 
L-Phenylalanine 72 
L-Aspartic acid i:: 6.2 E 
~-Alan& 005 
L-Histidine ::; ;:; 0.13 
L-Tryptophan 4.5 6.5 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, 15O~moles of sodium borate (pH 9-O), and 1Ocmoks of 
~-amino acid (or 20 pmok of DL-form) in a total vohune. of 3-O ml. 
The cap of the tube contained @3 ml of N sulfuric acid. At the end 
ofthereactionthatubeswtrecooledinice,thcacidmixedinanda 
2 ml aliquot of the mixture removed for estunation of ammonia. 

t 3,4_DihydroxyphenylaIanine. 

Identljkation of pCoumaric 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 diaxotized 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 m,u) only 
after the sheet had been sprayed with alkali. The maximum settings of the spcctrophoto- 
fluorometer were the same, both for activation (350 w) and emission (440 m,~), as for 
trans-p-coumaric acid. It is 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 ciq-coumarate was not converted to the trans- isomer by an active tyrase preparation. 

The product of the tyrase reaction was rigorously indent&d as trans-pcoumaric acid 
by isolating enough crysta!line 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 ml of 0.15 M sodium borate (pH 9.0) containing 30 mg of L-tyrosine. This mixture was 
incubated at 40” for 4& 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 O-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-pcoumaric acid, 
m.p. 219-220”. Roth samples evolved gas on melting. 

Another crystalline sample was obtained using a rice seedling protein fraction puritied 
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 pcoumaric 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 4mg of a colorless crystalline solid m.p. 218-219”. The m.p. was not 
depressed by admixture with authentic trans-pcoumaric acid. 

I) 

25 

cm 

FIO. 7. bZYMATIC SYNTHESIS OF ~UMARIC ACID-C*’ FROM I_-TYROSINE-C”. 

The enzyme WBS a barky-stem protein fraction precipitated at 40-60 per cent saturation on the 
second ammo&m sulfate fractionation. Each ml of reaction mixture contained 320 /lg (I .6 /cc) 
of ~-tyro&&Y (uniformly labelkd), 70 pmolcs of sodium borate (pH S-8), 44 mg of protein and 
79 units of tyrase. Sampks were chromatographed on Whahnan No. I 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 ~1 of reaction mixture, sampled 
immediately after mixing. @Q-Tracing of scanner record of 15 ~1 of reaction mixture, sampled 
after 3 hr incubation at 40”. The broken circks show position of tyrosine as reveakd by ninhydrin. 

Experiments with Uyrosine-P (uniformly labelled) showed that P-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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Cl* had been converted to an ether-extractable form (i.e. p-coumaric acid). Another 
aliquot of the ether extract was analyzed for pcoumaric acid by ultraviolet absorptiometry 
The specific activity was calculated to be 92 per cent of that expected assuming all the Cl4 
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 Acidas 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 diaxotized 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 
or_-m-tyrosine. This mixture was incubated at 40” for 44 hr then worked up as described above 
for isolation ofp-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 mcoumaric acid (m.p. 194-196”). 

Wave length, m,u 

FIG. 8. ULTRAVIOLET ABSORPTION SPECIMJM OF m-cou~~~~c ACID. 

The solid lme IS for the synthetic material (3.3 pug per ml of 0.05 N sodium hydroxide); the circles 
arc for an ether-extractable acid fraction formed by the action of a barley-stem tyrase on 

DL-m-TYROSINR 

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 r_-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 fl0 per cent. This was also 
true for the formation of m-coumaric acid and ammonia from DL-m-tyrosine by a barley- 
;tcm preparation (Table 9). 
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TABLE 8. Sror (XXSEYRY OF TYROSlNF. DEAMINATION 

I 
I pmoles of L-tyrosine pmoles change on incubation 

Em* 
* Protein Incubation 
j added (mg) time (hr) at start at tinish tyrosine 
I 

M-79 -0.77 
nil :-0.01 

+0*61 t-054 

:s:;: 
1-O-84 
-- 0.87 

i-l.04 - 1.18 
t 1.41 -1.50 

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

Eflect of Inhibitors and Activators on Tyrase 

Table 10 summarizes the results of a series of experiments where sulfhydryl compounds 
or sulfhydryl reagents were ad&d to tyrase reactions. The reactions were run about I 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 O-05 and l-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. 

TAJXE 9. th-OKHIOMElRY OF m-TYROSINE DEAMINATIDN 

pmOkS Of DL+Z+TOShC j pmoies change on incubation 

I 
at start 

I 
incEion 1 nr-tyrosine m-coumaric ; 

acid JW 

::;: 
+O-72 +0.76 
+O-98 -to.% 

22.1 - 
I 

- + 1.97 -I. 190 

&xyme preparation C (Table 6) was used. The reaction mixture (2 ml) contained 
034 mg of protein and 150 pmoles of sodium borate (pH 9.0). The reactions were 
run for 3 hr at .W in sealed Thunberg tubes with O-2 ml of N sulfuric acid in the 
cap. The reactmn was terminated by cooling the tubes in ice and mixing in the 
acul. One aliquot was analysed for ammonia and another was fractionated by 
ether; nrcoumaric acid was measured in the ether extract and m-tyrosine in the 
aqueous residue (see text for further details). 

2 
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TABLE 10. EFFKT OF SULFHYDRYL CGMFODNDS AND INHIBITORS ON BARLEY 

TYIUSE PREPARATIONS AT DIFFERENT STAGES OF PURIFICATION* 

preparation 
Compound added I 

-.- 
0.13 Reduced glutathione 

CHISH.CHpOH 
FE_CO$a 

pC1-Hg-Benzoate 

1.8 Reduced gh&xthione 

, cy&ne ” 

i ” I. 

pmoles added Relative rate 
per ml (y’, of control) 

10.7 
_I_ 

I Reduced glutathione 10 : 120 
I Cyst&e I, 1: 1 98 

I 

Iodkcctamide ,, 

1 

I 

:2 

! / 70 7 89 99 

18-4 
I 

Cysteine I 10 

p-&Hg Benzoate 1 1 1zY 

i ” ” I 
zO* ;: 

* The preparation with the lowest specific activity is from etiolated barley 
seedlings puritied through st 
of field grown barley purlfi Js 

1 and 2, the other preparations are from stems 
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 thep-coumarate concentration was measured; 

TABLE 11. I NMBITION OF TYRASE BY CYANIDE* 

specific rmoles of ! Relative rate 
activity KCN/ml I(% of control) 

Rice +ing protein 
sbysteps 1 

30 
O-58 2 3: 

* Reactions run one hour at 40” in O-07 M sodium borate at pH 8-S. 
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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-G” was used and measurements were made of the Cl4 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). No 
formation of tyrosine could be detected although the counting method was sensitive enough 
to measure conversion of OXlOO per cent of the pcoumarate. 

Comparative Studies on Formation of pCoumaric 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 Con&*). 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. 

.TAJSLIZ 12. VAIUAllILlTy IN RELATIVE RATES OF FORMATION OF m- AND P-CDUMARIC ACIDS 

ENym 
preparation* Buffer PH 

cmowmg 
protein/hr 

p-co=yic ’ m-cozuaric 

meta para 
ratio?. 

,, ,, 0-w 4.75 8’:; 
I I I 

l Enzyme preparations described in Table 6. Each I.4 ml of reaction mixture contamed 100/tmole~ 
of but%, 12 p moles of sodium hydroxide, 19 mg of L-tyrosine (or 2-O mg of DL-m-tyrosine) and 65 !tg 
of protein. 

t In another experiment barley stem protein fractions, purified through step 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-tyrosmc 
or 2-O per cent DL-mdyW3itIe. L T metalpam ratios found were 3.4, 4-t and 6-O 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 nz-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-O. 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 
Con&* have obtained a Km (Michaelis-Menten constant) for phenylalanine deaminase 
approximately twice that reported here for tyrase. They have observed a strong inhibition 



I!? A. C. NEIW 

I/(S) 
200 400 600 A 

8 I 

12- 

I I I 
0 2000 4000 6000 l 

I/W 

FIG. 9. EFFECT OF SUBSCRAT~ CON CENTXATION ON THF. RATE OF FORMATION OF m- AND p-couMARK! 

ACIDS FROM THE CO RRESFONDING JSOb3ER.3 OF ‘IYROSINE. 

F’reparation C (Tabk 6) was incubated with the substrates 40” and pH 9.0. V = relative rate. 
(S) = substrate. concentration in mole/l. TJE upper line (filled circles) is for formation of 
pcoumaric acid from ctyrosine, the lower lii (triangles) for formation of m-coumaric acid from 
DL-m-tyrosine. Concentrations for m-tyrosine were calculated on the assumption that only one 
enantiomer was active. The MichaelJs-Menten constant (Km) for L-tyrosine was found to be 
MAX 10-’ from this data; other determinations gave values of 0*74x lO-’ and 1-0~ lO-‘. Km for 

mtyrosine was calculated to be 2.3x 1fP; another determination gave a value of l-3 Y UP. 

uf phen~Manine deaminase by L-tyrosine. Tyrosine also inhibits the formation of M- 
coumaric acid from m-tyrosine (Table 13). On the other hand, the formation ofp-coumaric 
acid from L-tyrosine was not inhibited by either L-phenylalanine or DL-m-tyrosine (Table 14) 
even when these substrates were present in a concentration high enough to give an apprec- 
ixhle inhibition, assuming they were competing with tyrosine for the same active center. 
7’111s supports the view that tyrase is distinct from the enzymes (or enzyme) acting on 
phr11ylal3~11iie or m-tyrosine. 

TABLE I?. EFFECT OF L-TYRO~~ ON THE FORMATION OF 
~ncOUMARIC ACID FROM DL-IWl-YROSINE’ 

pmoks/ml 

DL-m-tyroShe 1 L-tyTO&IC 
Relative ratet 

C (Table 6) 
D (Table 6) 

* Run at 40” and pH 8.8 on 607 M sodium borate. 
t Rate of formation of m-coumaric acid as J-=rcentag;f~ 

control containing no r&rosJne. The mcoumaric 
extracted by ether and measured at 248m,u and a correction 
q-qlkd for the absorption by p-coumaric acid. Thisoomction 
WIR dctermmml m a paralkl experiment in which L-tyrosine (but 
nr?t m-tyrosine) was added. TUB is possible since m-tyrosine does 
not inhlblt formation of pcoumaric acid (see Table 14). 
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Specific activity = 1.8 

Preparation C, Table 6 
Specitic activity - 11.4 

r-Phenylalanine I 
I 

3.2 1.2 I 98 

1, 3.2 1.4 ; m 

L-Phenylalanine 11.4 : 103 

DL-l?#=&oSh ::: 5-5 28 5.7 I 102 102 

Preparation D, Table 6 
Specific activity = 18.4 

r-Phenylalanine j 10.1 
I 

100 
DL-m-Tyro~ina 46 
DL-DOPA 4.6 8.1 I 

* Run at 40” and pH 8.8 on M7 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 Cl”-labelled acid obtained, 
in the tyrase assay for acetone powders of legumes (see footnote to Table 15), has not been 
rigorously identified as pcoumaric 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 IYRASE ACTIVITIES OF 

ACETONE WWDERS FRoM SEVERAL SPEClES 

source of 
acetonepowder+ 

Barley seed&s, shoots 

whj*;.ts 
‘root’ 

w&e w&t clover, tops 
Alfalfa stems 

pmddhrlgt 

cinnamic acid p-coumaric acid 

1:: 2.3 

9.0 ;:‘: 

3::: 

1:; 

; 1::: 
I O-14 

0.23 
I 

cinnamic ‘p-coumaric 
rat10 

3.5 

::t 
3.4 

3:: 
48.0 

* 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. 

t Cinnamic acid formation was measured by Dr. J. Koukol using a radiotracer assay 
method.‘*’ p-Cournaric acid formation was measured fluorometrically for barley, rice 
and wheat, and by a radiotraax method for sweet clover and alfalfa. The tracer assay 
was based on measurement of the total CWabelled, ether-extractable acids formed on 
incubation of L-tyrosine-t? with the acetone powder. All reactions were run at pH 8.8 
and 40”. 
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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 cinnarm ‘c acids,8 
especially when the findings of Koukol and Conr.9 are also considered. In view of these 
new results the scheme suggested previously s~s~ls 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 .14 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,-cHoHwxcH RP-CHrCHtOHl-COOH 

R-CHpCO-COOH - Shtkimic 
wd - Rp-CHTCO-COOH 

II 
R-CH~CHWHz)-COOH 

ti 
Rp-CHrCH(NH,)-COOH 

Lignin and related compa& 

FIG. 10. REVISED SCHEME FOR FORMATION OF IJCJNIN AND RELATED ccwmomm FROM SHIKIMIC 

ACID. 

R = phenyl; Rp = p-hydroxyphenyl. 

Conversion of tyrosine-C?4 to lignin occurs readily only in certain species.8JsJe 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 givenplant to convert tyrosine to lignin and its tyrase 

Ia D. R. IWCALLA and A. C. NEISH, Can. J. B&&em. andPhys&f. 37,537 (1959). 
l4 0. L. GAMEORG and A. C. NEW, Can. J. Biochem. and Physid. 37,1277 (1959). 
u S. A. BROWN and A. C. NIXWI, Can. J. Biochem. and Physiol. 34,769 (1956). 
I‘ S. A. &OWN, 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. 

Acerb0 et al.17 found that P-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: 

phydroxyphenyl pyruvic acid + L-tyrosim -+ trons-pcoumaric acid - lignin. 

The keto-acid fed would be expected to form Cl*-labelled L-tyrosine.14 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,i* 
since it is ineffective in many plants.8~sJe 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, truns-p- 
coumaric acid is a much better choice since it is a central intermediate in the formation of 
lignin and related compoundss but is not involved in protein synthesis.l’ 

It is diicult to assign a definite physiological role to the deamination of nr-tyrosine. 
Neither m-tyrosine nor m-coumaric acid are of general occurrence in plants. However, it 
has been recently shown by Winstead and S~hadohrik*~ that m-tyrosine may be formed from 
phenylalanine as a step in the biosynthesis of gliotoxin by Trichoderma viride. If this 
meta-hydroxylation occurred in higher plants, m-coumaric acid might be formed and rapidly 
metabolized to other products. For example, further hydroxylation might give caffeic acid 
and thus, eventually, @in. 

MATERIALS AND METHODS 

Chemicals 

L-Tyrosine was obtained from Nutritional Biochemicals Corp. Dr-o-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 et alP was purified by three 
rccrystallizations 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 diizotized p-nitroaniline.?“.‘J Thr 
commercial sample of m-tyrosine had an ultraviolet absorption spectrum which agreed 
closely with that of the synthetic sample. 

Some truns-m-coumaric acid was prepared from m-hydroxybenzaldehyde21 and purllicd 
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-pcoumaric acid was 
prepared by ultraviolet irradiation of a solution of the sodium salt of tram-p-coumaric 

l7 S. N. ACZRBO, W. J. SCHUBERT and F. F. NORD, J. Am. Chem. Sot. 80, 1990 (1958). 
I8 F. F. NORD and W. J. !SCHUBERT, Proc. Intern. Congr. Biochem., 4th Con&v., Vienna, 2, 189 ( 195E). 
lo K. KRATZL and G. BILLEK, Monatsh. Chem. 90,536 (1959). 
” J. A. W~STEAD and R. J. SUHADOLNK,.~ Am. Chem. .%c. 82,1644 (1960). 
nRR.S~, M. E. SFZETER and R. S. ~CHWEET, J. Am. Chem. Sot. 73.5386 (1951). 
= T. SWAIN, Bbckm. J. 53,200 (1953). 
*’ R. K. IBRAHIM and G. H. N. TOWERS, Arch. Biochem. Biophys. 87, 125 (1960). 
u R. ALUMS and T. E. BOCKSTAHLER, J. Am. Gem. Sot. 74,5346 (1952). 
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acids as follows. A sample (187 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 m,o 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-pcoumaric acid. It was a colorless solid, m.p. 128-129”. 
A portion (42 mg) of this was purified further by chromatography on a 2.2 x 29 cm column 
of Whatman cellulose powder using 2 per cent acetic acid (Solvent A, Table 1) for elution. 
pCoumaric acid was detected in the eluate by. spotting it on paper and spraying with 
diazotized p-nitroaniline88J8. 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-Cl4 (uniformly labelled) was purchased from the Volk Radiochemical Co.; 
pcoumaric acid-a-C14 was prepared by the malonic acid condensation; p-hydroxyphenyl 
pyruvic acid was prepared by the procedure of Billek and HermanrP and reduced to 
p-hydroxyphenyl lactic acid by sodium amalgam. 6 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 O-2 mM concen- 
tration. Air was bubbled through the mixture. The soaked seeds were 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 2-4 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 iMethods 

Ultraviolet absorption measurements were made with a Beckman Model DU spectro- 
photometer. Fluorescence was measured with an Am&o-Bowman spectrophotofluoro- 
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. !hxxmmt, Chm. Ber. 46,260 (1913). 
*’ G. BILLEK and E. F. HERRMANN, Monarsh. Clram. 90,89 (1959). 
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pcoumaric acid. Protein was measured, by absorption at 280 m,~,t’ on extracts that had 
been purified by dialysis. Ammonia was determined calorimetrically 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 14 ml of Nessler’s reagent** added. The optical density at 
(450 m,u) 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 rn~, for m-coumaric acid, or at 333 m,c, for p-coumaric acid (Figs. 1 
and 8). The aqueous residue from the ether extraction was neutral&d, 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 045 N and the optical density determined 
at 240 m,~ for tyrosine or at 238 nyr 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 8S9Q) 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 acid&d 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 
pcoumarate 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. 

pCoumaric acid is known to fluoresce in dilute aqueous alkali; the maximum instrument 
setting for activation is 350 m,u and the maximum emission is at 440 m,u.% A linear relation 
between fluorescence and pcoumarate concentration was found up to about 2 pg/ml 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 ,cg 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 (lOO&nl) in dilute sodium bicarbonate 
(1 mM) was stored in a refrigerator. Aliquots of this were diluted lOO-fold with 0.05 N 

*’ E. LAG Merho& in fizymology Vol. III p. 451. Academic Press, New York (1955). 
‘I J. C. Bock and S. R. BENBIICT, J.‘Biol. Chkn. 20,47 (1915). 
m D. E. DUQCWN, R. L. BOWMAN, B. B. BIWDIJX and S. UDENFRIEND, Arch. Biochem. Biophys. 68, 1 (1957). 
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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 w (Fig. 1). Usually 1.4 ml of 
reaction mixture contained 1.4 mg of L-tyrosine, 100 pmoles 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 acid&d 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 *O 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 O-05 N sodium hydroxide. p-Coumarate was measured in this solution 
fluorometrically as described in the preceding paragraph or, by its absorption at 333 rnp. 
A solution of I.00 ,ug of p-coumaric acid per ml, in 0.05 N sodium hydroxide had an 
optical density of O-137 at 333 m,u. A linear relation between optical density and concen- 
tration was found up to the highest optical density measured (i.e. 150). 

The recovery of p-coumaric acid in the 1.0 ml of ether layer taken for analysis was 
70 f3 per cent. The fraction recovered was independent of the concentration of pcoumaric 
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 fl0 per cent with a colori- 
metric method based on diazotized p-nitroaniline. So The more precise absorptiometric 
method was used with preparations puSed 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. Theassays based on measure- 
ment of p-coumaric acid were about 20 times as sensitive. 
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