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                       CHAPTER r

                      INTRODUCTION

     Lignin is widely distributed in nature as a cell wall con-

stituent of terrestrial vascular plants, It is a macromolecular

substance occurring in the largest amount next to cellulose.

The fact that lignin is absent frorn aquatic plants but present

in the terrestrial ones, particularly plentiful in forest trees,

indicates that lignin might have played an important biological
role in' historical processes of plant evolution, Because it can

be considered that the presence of lignified supporting tissues

such as xylem has enabled the vascular plants to develop such

large upright forms as found in forest trees. Furthermore, the

fact that arnong woody plants, broad-leaved trees (angiosperm)

differ from coniferous trees (gymnosperm) in the presence of

syringyeunits in lignin molecules, seems to have an intimate re-

lationship with their biochemical evolution,

     As to the question, "What is lignin. ?", a great deal of in-.

vestigations have been perforrned and its physico-chemical pro-

perties are mostly establi'shed at present. GatheTing from the

historical background of research works on lignin, there seem te

have been two academic trends in this field. One is concerned

with elucidation of the chemical structure of lignink as repre-

sented by the school of Freudenberg. The other is shown by the

works of Neish's group who have been 'trying to elucidate the .

biochemical process of lignin fornation occurring in' various
                                                -higher plants,
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The former contributed to demonstration of the old Klason's

hypothesis that lignin is a dehydrogenation polymer (DHP) of

coniferyl alcohol or its related alcohols, yielding free radicals

on peroxidase-catalyzed dehydrogenation. The "free radical

theory" is being established as an essential principle of lignin

formation in higher plants.

The latter, a group of plant biochemists not only contri-

b d h elucidation f h b" h" hId"ute to teo t e 10synt etlc pat ways ea lng to

lignin but also provided a biosynthetic idea which is helpful

to understand the chemical structure of lignins. However, the

biosynthetic pathways proposed at present are schematized on

the basis of the results obtained mainly with tracer techniques

using 14C-labeled compounds. Therefore, more works with enzyme

techniques ( demonstration of the occurrence of the enzymes in­

volved in biosynthesis of lignin ) are needed in order to estab-

lish the proposed biosynthetic pathways that are still hypothe-

tical.

The present investigations, from an aspect of plant bio­

chemistry, have been performed in order to find a clue to the

understanding of the mechanism of biochemical formation of lig­

nins in higher plants. As a link in the chain of such research

subjects, the following problems were taken up and investigated

with growing bamboo as a representative plant material.

1. How the enzymes and the precursors are physiologically

related with lignification of growing bamboo.

2. Whetheror not ferulic acid is an obligate intermediate

leading to sinapic acid.

3. What biochemical factors are involved in the formation

of the different methoxyl groups in angiospermolls and gymnosper~



mous lignins.

   4. How bamboo lignin is characterized in chemical structure

by the presence of lz-coumaric acid esters.

    Growing bamboo plants form an excellent plant material to

study the changes in the occurrence of lignification interme-

diates and in the enzymatic system accompanying the successive

stages of lignifcation in the maturing plant tissue.

     Glucose-6-phosphate:NADP-(G-6-P dehydrogenase; EC 1.1.1.49)

and 6-phosphogluconate:NADP oxidoreductases (6-PG dehydrogenase;

EC 1,1,1,44) involved in pentose phosphate pathway, shikimate:

NADP oxidoreductase (dehydroshikimate reductase; EC 1.1.1.25)

and dehydroquinate hydro.lyase (dehydroquinase; EC 4,Z,1.10) in

shikimate pathway, and S-adenosylmethionine:catechol O.methyl-

transferase (EC 2,1.1.6) in cinnamate pathway were extracted

frorn the shoots of growing bamboo (yPnz-s!E.saEnzE.h 11 t h ubescens •

These enzyrnes are found to play irnportant roles in the biosyn-

thesis of lignins as shown in ''the metabolic pathways leading

from glucose to lignin". CHAPTER Ir and IIr describe the cha-

racterization of these enzymes and the roles of them during lig-

nification of bamboo shoots, respectively, The rnetabolism of

lignin precursors such as shikirnic acid, phenylalanine, tyrosine,

ilL-coumaric acid (4-hydroxycinnamic' acid) and ferulic acid (3-me-

thoxy-4-hydroxycinnamic acid) are also investigated in Telation

to the lignin formation (CHAPTER Irr). The above-described en-
                                        .nzyme woTks have been carried out concernlitg the first problem.

     CHAPTER IV is concerned with the.second problern.

     Ferulic acid has hitherto been consideTed as a natural inter-

mediate of sinapic acid (4-hydrexy-3,S-di;pethoxycinnamic acid)

-3-
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H,

on the ground that both ferulic acid:•2?•14c and 57-hydroxyferu-

1;c acid w.ere incorporated Å}nto s-yripgyl unitsJ of whea't lignin.

However, no definite evidence to support such biosynthetic me-
     Lhas et been ro' .
chanism urt ermore, it must be taken into account the occur-

rence of demethylation and demethoxylation of ferulic acid

when this compound was administered to plants.. Then, it is irn-

possible to conclude only from the result obtained with feru-

lic acid labeled at the carbon of the side chain whether feru-

lic acid incorporated into syringyl units of lignin without

removal of the methyl group or incorporated into them via caf-

feic acid (3,4-dihydroxycinnamic acid) after removal of the

methyl group, Therefore, in order to find a clue to this pro-
blem, it is necessary to employ ferulic acid-o14cH                                                    which was                                                  3,
not tested in the earlier studies on ljgnin biosynthesis.

This compound was. successfully prepared from caffeic acid and
                     14S-adenosylrnethionine-                       CH3 by the mediation of bamboo 9-methyl-

transferase. After feeding this labeled :ompound, the analyti-

cal data obtained by nitrebenzene oxidation and ethanolysis!

supported the previous assumption that ferulic acid is a natural

pTecursor of sinapic acid.

     CHAPTER V i.s concerned with the third problem.

     rt is well known that as a fule apgiosperm lignins con-

sist of both guaiacyl and syringyl units whereas gymnosperrn lig-

nins hardly contain syringyl units but guaiacyl units. In addi-

tion, young xylem tissue of a growing plant contains very small

amounts of syringyl units while older xylem tissue relatively

large amounts of syringyl units. rt is also' interesting to

learn that cultuTed callus tissues of angiosperms scarecely . ;'

                                                                't
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  give rise to syringaldehyde on nitrobenzene oxidation.

       g•NMethyltransferase may be regarded as one of the key enzymes
  that are invoive7SfE!liilli}ill}91}iiigyringi5i iignin, Because bamboo and pop-

  lar 9-methyltransferases were found to utilize both caffeic and

  5-hydroxyferulic acid as substrates, yielding guaiacyl and sy-

  ringyl components, respectively, whereas shoots of a ginkgo

  tree (gymnosperm) selectively rnethylated caffeic acid in the re-

  action mixture of both substrates. HoweveT, 9-methyltransferase

  has not yet been isolated from gymnospermous plants. The author

  succeeded for the first time in extraction of this enzyme from
                     t  seedlingsofPinusXL!!huu!2ptEL2.t.unbe theshootsofgt-ln!sggk biloba,and

  the callus tissues of Salix sy!zgg and mulberry (Morus bL2.g!n!t2 glE).

  The substrate specificities of these g-methyltransferases are

  examined in relation to biochemical differences in the methoxyl

  patterns between angiosperm and gymnosperm lignins.

       CHAPTER Vr describes the ester linkages of p-•coumaric acid

  in bamboo and grass lignins, Bamboo and grass contain 5-10Z of

  p-coumaric acid esters in their lignins, which are found neither

  in angiospermous nor in coniferous plant lignin, Then, it is of

  interest to elucidate the structural pattern of the ester linka-

  ges of R-coumaric acid in graminae plant lignins with respect to

  their biochemical formation, However, their chemical structure

  is not yet established. On the basis of the analytical data

  obtained by methanolysis, thioglycolation and hydrogenolysis exi

  periments with model cornpounds and natural lignins, it was proved

' plausible to beiieve that the rnajority of p--coumaric acid rnele.
              '  cules are linked to the y-position of th,e side chain of lignin

  molecules. Since the occurrence of R-coumaric acid esters is

      ,
                              -6-



regarded as a biological feature depending on plant species,

the formation of these esters is considered to be biochemically

controlled by the plants. Therefore, these esters may not be

formed according to the mechanism of peroxidase-catalyzed reac­

tion·proposed by Kratzl and Okabe.

-7-



                      CHAPTER II

SEVERAL EXTRACTED ENZYMES INVOLVED TN BrOSYNTHESIS OF

BAMBOO LIGNIN

PART 1. D-GLUCOSE-6-PHOSPHATE ;

OXIDOREDUCTASES

NADP AND 6-PHOSPHPGLUCONATE NADP

                    1NTRODUCTION

     rt has been suggested that the pentose phosphate pathway

plays an important role in the biosynthesis of aromatic com-

pounds such as aromatic amino acids, flavonoids and lignins

in higher plants(1,2), for these compounds' are formed from

shikimic acid which is synthesized fTorn erythrose"4"phosphate

and phosphoenolpyruvate provided through the pentose phosphate

pathway and the glycolytic breakdown of glucose, respectively.

     Several studiesi concerning resistant reaction of the

plant tissues infected by certain pathogenic fungi have recent-

ly Tevealed that in the infected tissues the pentose phosphate

pathway predominates, through which phenolic compoundst parti-

cularly lignin"like substances, are produced to protect the

tissues against the penetration of the fung'i' (3,4 ). ,
     There may be a similarity between the sugar' metabolism

leadipg to lignin formation in woody plants and that in the

fonnation of p.henolic cornpounds in the infected tissues.

Howeverp no direct evidence for individual enzymes of the

pentose phbsphate pathway in woody plants has yet been reported.

                           "8 -k .



     The pres-ent papeT deals with the characterization of

glucose-6-phosphate : NADP(G-6-P dehydrogenase; EC 1.1.1.49)

and 6-phosphogluconate : NADP(6-PG dehydrogenase; EC 1.1.1.44)

oxidoreductases extracted from bambeo shoots.

                     RESULTS AND DrSCUSSION

!Ei2:!:gg!nygS-.IzlLgg-!!!!gsw!!!g-as!EiyLl!zfftf{th :

     The optimal pH'of G-6-P and 6-PG dehydrogenases was found
            'to be 8.0 and 8,5, respectively. The optirnal pH values are

approximately• in agreement with those reported earlier with

the enzymes from other higher plants (Figs. 1. and 2,) (5,6).

Effect of enzyme concentration on the rate of the reaction :

     As shown in Fig. 3 the rate of reactions is proportional

to the amount of enzyme solution added. Then,•- enzyTne activity

must be assayed within a linearly proportional range.

S ecificity of enz e:

     As shown in Fig. 4, since no formation of NADH2 occurred

when NAD was added into the reaction mixture in place of NADP,

both G.6.P and 6.PG dehydrogenases from bamboo shoot are NADP-

specific. Tt was recently reported that G-6-P dehydrogenase

from lettuce seedlings was active in the presence of NAD as .

well as ef NADP, although crude enzyme preparation was used

C7), When fructose.6-phosphate (F-6-P) was added in place o•S

G"6"P and 6.PG, the formation of NADPH2 waS recpgnized by

observing the increase in absorbance at 340 nm. The result

probably indicates that F-6-P was utilized indirectly after

conversion of F"6.P to G-6-P by G.6"P isomerase coexisting

                                                   '
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with G-6-P dehydrogenase in the enzyme preparation used(Fig,5).

Thus the activity pattern of G"6"P isomerase in. growth wÅ}n

be studied by using a coupling system of G-K6-P isornerase with

G-6-P dehydrogenase,
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                                        F"6"P.
                MATERrALS AND METHODS

 materials :

      bambooshoots-"!Plp)i-gE!aS])Xsh11 th.E!y!blgEggpE. CMehso)and

         reLticulataOIadake) were sampled from the Experi-

  Farin of Gifu University and used for the experiment.

  pre aration :

      the sheath of immature baJnboo of Mohso was rernoved7

     was cut into srnall pieces and blended in a Waring

   with its two times weight of O,1 N sodiun bicarbonate.

         was strained through gauze and the filtrate was
'

       at 4,OOO rpm for 30 min at Oe. To the supernatant

   , solid ammonium sulfate was added to O,4 saturation

P1ant

     Fresh

sPzuus}-!lggnzghiith

mental

Enz me

     After

the stalk

blend(r

The hornogenate

centrifuged

solution

with stirring. The resulting precipitate was discarded after

centrifugation, And again to the supernatant solution solid

ammonium sulfate was added to O.6 saturation. The precipitate

was collected hy centrifugation in the samg. way. The collected

precipitate was dissoZved in ZO ml of distille.d water and dia-
                                                       'lyzed against water overnlght at O-4'. The dialyzate was used

for assay after centrifugation at 10,OOO Tprn for ZO min.
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With this enzyme prepaTation, the optimal pHs of G-6-P and

6-PG dehydrogenases were determined and the effect of enzyrne

concentration on the rate of the reaction and specificity of

the enzymes were studied.

tA2igzLg!i.-!2g!z!ug-gs-!l.lyLl!xf tt:

     Since both G-6-P and 6-PG dehydrogenases require NADP as a

coenzyme, the reaction was followed spect'tophotometrically by

measurement of increase in absorbance at 340 n•Tn of NADPH2

fornted at room tempeTature using a Hitachi.kPerkin Elmer UV-VrS

spectrophotometer, Into a quartz cuvette of 1 cm light-path
pipetted O,20 ml of NADP (ZxlO'3M), 1,O ml of O.05 M Tris buffer

(pH 8.0), O.20 ml of magnesium chloride (10'IM) and a suit- '

able amount of enzyme solution( O.20 rn1 was used for assay of

G-6-P dehydrogenase and O.3 ml for assay of 6.PG dehydrogenase).

After addition of distilled water to rnake up 3.4 rn1,O,20'ml of
G-6-P (10-ZM) or 6-PG (10"2M) was added as substrate and stir-

red quickly. Then, the increase in absorbance at 340 nm was

measured at 30 second intervals for 1 rnin. The enzyme acti;

vity was estimated in the range of linear increase in the

absorbance. - When the presence of endogeneous substrate in the

enzyme preparation had effect upon the assay, enzyme activity

was determined by subtracting the increase in absorbance of

control system (minus substrate) from the increase in absorbance

of complete system, A unit of enzyme activity was defined as

the amount of enzyme producing a change of absorbance of 1.0 per

minute. The activities of enzyme preparations from 6 differ-

ent parts ofAbamboo shoot were expressed on, g fresh weight for

comparison ( see PART 5 ),

               '
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PART Z, 5•NDEHYPROQUrNATE HYPRO,••,LY.ASE
   `

                         INTRODUCTrON

     Since the finding of 5"dehydroquinate hydrolyase(EC 4,Z,

1.10) catalyzing the interconversion of 5"dehydroquinic acid

and 5•-dehydroshikimic acid from Agt!!21}g2Sgsrobacter a!v:s!gg!!gE. (1), the

occurrence of the enzyme in various tissugs of higher plants

has been shown by several workers (2-4). The enzyTne is sugges-

ted to play an important role in the " shikimic acid pathway "

which' is a main reaction Eystem in the biosynthesis of natural-

ly.occurTing aromatic compounds. The present paper describes

some characterization of 5"dehydToquinate hydro"lyase isolated

frorn young bamboo shoot, and the distribution oÅí the enzyme in

other woody plants, The results are discussed in connection

with biosynthesis of lignin,

                        RESULTS AND DTSCVSSr•ON

                            '
!tgg!}!A,Sl,ga!2g!Lgti--!ggÅí!isL!LpzgsLs!dtft f t dt;

  t rn the assay system described! the reaction was allowed

to proceed tQ completion and the absorption spectrun of the

reaction rnixture was measured by a Hitachi Perkin ElmeT uv-VIS

135 spectrophotometer. A peak was observed at Z34"235 nn cor-
responding td the absorption peak of 5-dehydroshikimic acid. ,

The presence of 5-dehydroshikimic acid in the reaction mixture

was also demonstrated paper-chTomatographically by comparison

with the synthetic acid using the solvent,system of benz' yl-

.14-



alcohol-ter"butanol.isopropanol.water C3;1:1:1) containing 206

of formic acid (descending) and a Tnixture of n-butanol-acetic

acid-water (4:1:1) (ascending), respectively. The Rf values

and the color of •the reaction product sprayed with sodium per-

iodate solution and the mixture ef sodium nitroprusside and

piperazine (5) aTe summarized in Table 1,

       Table 1, rDENTrFTCATION OF REACTION PRODUCT

Compound     *Color Rf,r Rf,II

5-Dehydroshikirnic acid

Reaction product

Yellow brown O,55

Yellow brown O.54

        Xs

O.46

O,45

                                   '
*, According to the method of E, Haslarn et al C5),
                                         --
I, Developed with the solvent systern of benzyl aZcohol"ter-
   butanol-isopropanol-water (3:1:1:1) containing 2k of foT-
   mic acid.
rr, Developed with n-butanol-acetic acid-wateT (4:1:1).

Effect of enz e concentration on the reaction velocit :

     A typical time course of the reaction and the relation

between'the rate of reaction and the enzyrne concentration are

shown in Fig.1 and Fig,Z, respectively. These results shew

that the reaction rate pr the enzyme activity was determined

within the range proportional to the incubation time or to the

amount of the enzyme solution used, ,

!tESgfg!i-.gi!2!!-gpi!i!!s}-g!uz!!!g-eg!2)LSStff fHth tt:

In the assay procedure described, the variation of•the

                                          ,-                                      '



enzyme activity at different pHs was measuredi by using vari-

ous buffer solutions. As shown in Fig,3 the enzyme was found

to be active over a broad range of pH without a peculiar peak

between pHs 6,O and 8.0. These results are consistent with

those of S.dehydToquinate hydro.lyase frorn a cauliflower (Z),

which also showed a broad activity range of pHs between 6,5 and

9.0 and the marked decrease in activity at pH 10.0,
    'Rr

 :
 rr n N v di -
 v  :
 tu
 p N p' er
 pÅq

 xNo,ri

   ,
Tlme in min.

Fig. 1. TIME COURSE OF THE REACTrON.'
A; Enzyme concentration, O.8 rng
   protein/O,1 ml.
B; Enzyme concentration, 1,2 mg
   protein/O.1 ml.
Enzyme prepaTations, A and B, were
pvepared separately at a different

 o U.g
Åí

 .O,:'.E

PÅq'

. x.n
Ncr ,p

'-t es
o.; M o.3 a-
Enyme tolution (ul)

Fig. 2. EFFECT OF ENZYIvfE AMOUNTS
ON THE REACTION VELOCrTY.

 .-N l
E
g
JN

g
 fi•

Åí,
 8'

n.,

NX
g li

ii?"' Xq..

pH

Fig. 3, EFFECT OF pH ON THE ENZYME
AcTrvrTy,
A, O,05 M acetate buffer; -o-, O.05M '
phpsphate buffer; -e-, O,05 M TTis
buffer;-O- , O.OS M glycine buffer.
  Enzyme concentration; O.5 mg
protein! O.05 ml'

.

Assay coriditions were the same as
described in the text.
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Michaelis constant deterrnination :

     Michaelis constant (Krn value) for S-dehydroquinate was

deterrnined by the method of Lineweaver a' nd Burk as shown in
                                                             -5Fig.4. The Km for dehydroquinic acid was found to be 1,3xlO                                                               M

at pH 7,4, which was quite similar to the KTn values of 4,lx
10"5M for bacterial enzyme (1) and 6.lxlO'SM for the cauliflower

enzyme (2).

30

ts 20
År

10

o 4 8 12 16
 1ort[S] (M)

Fig.4. LINEWEAVER-BURK PLOTS FOR 5-
       DEHYDROQUINIC ACTD.

   Assay conditions were the sarne as
described in the text except that 5-
dehydroquinic acid concentration was
altered as shown. Enzyme concentration,
O.8 mg protein/O.1 rn1.

istribution of 5-deh dro uinate h dro-1 ase :
       S-Dehydroquinate hydro.lyase was reported to be distri-
  buted widely in higher plants such as pea, spinach, cauliflow-
  er, cell suspension cultures of soy bean root, rose stem etc.
  In the present experiment the distribution of this enzyme in
  woody plants such as a young shoot of a tulip tree (Liliodend-
  ronStyljELiEg!A2-1 f ),seedlingsofPinusresinosaand!t2z)a2Sg!!!g!2gt ra

  ts]2!!}iSA, and asparagus (ALLE]2Ai!2gyg officinalis) as well as

  barnboo shoots was suTveyed.
       No browning occurs in homogenates of TnonocotyledoneouS

. plant tissues such as barnboo and asparagus, but homogenatiop
  of the tissues of a tulip tree and a poplar;gave rnarked
  browning. Loomis and Battaile (6) recently reported that
  aZthough on the hornogenation of plant tissues in or.der to

rtN
''t 1

u,
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extract enzymes- most of them were inactÅ}vated by their bind-

ing with oxidized quinoid comounds derived from polyphenolic

compounds, the inactivation was efficiently prevented by addi-

tion of Polyclar AT (insoluble polyvinylpyrolidone).

Table 2, DISTRTBUTION OF 5"DEHYDROQUrNATE HYDRO-LYASE

Plant species
               Activity
(Unitlg fr, wt.) CUnit!mg protein)

Barnboo shoot

AspaTagus
          kTulip tree
          ft kTulip tree
      kp6plar

      *k

Pinus resinosa

!tz]:)2!is!!!!g!ag,t wui,ge

  O,35

  O,06

  1,90

  O,16

negative

negative

trace

  O,03

  9,8

  O.11

 23,6

  1,5

negative

negative

  a.o3

  Q.OZ

                                          -t -t
                                                           - *, Tissues were homogenized with PolyclaT AT (lllO weight).
k* , Tissues were homogenized without Polyclar AT,

    The '"Lefficiency was recognized in the extraction of the

enzyrne fTom a tulip tree by comparison of the enzyme activities .

obtained with and without the addition of PolycZar AT. The
results are listed in Table Z, indicating high enzyrne actiVity

in bamboo shoots and tulip trees;
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                   MATERIALS AND METHODS

Samples and reagents :

     Freshimmaturebambooshootsof!P:azu,g{}Eay!xEh11 th RyEbSES9!!EenS

were sampled in the Experimental Farm of Gifu University and

used for this experiment as an enzyme source,

     5-Dehydroquinic acid and 5.dehydroshikimic acid were syn-

thesized according to the method of Haslam,.Hovorth and Knowles

(7).

Extraction of S-dehydro uinate h dro"1 ase :

     All manipulations were carried out at O"4" unless other•-

wise stated, The sheath of the barnboo shoot; was rernoved and

the shoot was cut into small pieces and blended in a Waring

blender with an equal weight of O.OS M potassium phosphate

buffer (pH 7.4) containing O.Ol M sodium ascorbate. The homo-

genate was strained through gauze, the filtrate was centrifuged

at 10,OOO x g for 20 min, and the precipitate was discarded.

Te the supernatant solution, solid ammenium sulfate was added to

O.35 saturation. The pTecipitate was rernoved by centrifugation

at the above--described centrifugal force and to the supernatant

solution solid ammoniurn sulfate was added 4gain to O,50 satu.

ration, The precipitate collected by centrifugation was dis-

solved in O,05 M potassium phosphate buffer (pH 7,4) and passed

through a Sephadex G-25 column (2,8x30 cm), previously equili-

brated with the same buffer, to remove ammonipm sulfate. The

elua.te was used for the assay of 5-dehydroquinate hydro-lyase.

-19.



Assay of enzyme activity :

     Since 5.dehydroshikimic acid converted from 5-dehydroqui-

nic acid by mediation of the hydrolyase has absorption peak

at 234 nm, the reaction was followed spectrophotometrically

by the measurement of increase in the absorbance at 234 nm.

Into a quartz cuvette of 1 cm light"path were pipetted 3.0 ml

of the phoshpate buffer (pH 7,4), a suitable amount of enzyme

solution (O.05 or O.1 ml usually used) and finally O,1 ml of

potssium dehydroquinate solution (O.S pmole) and the reaction

rnixture was stirred quickly. Then, increase in the absorbance

was measured at 1 minute intervals for 5 min, The enzyTne acti-

vity was deteTmined in the range of the linear increase in the

absorbance, One unit of enzyme activity was defined as the

amount of enzyme producipg a change in the absorbance of 1.0

per minute at 234 nm 'and specific activity was defined as a
                                                               .
unit per rng of protein, The concentration of protein in enzyme

preparation was rneasured spectrephotornetrically by the method

of Warburg and Christian (9),
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 PART 3, SHIKrMATE : NADP OXIDOREDUCTASE

                      INTRODUCTTON

     5"Dehydroshikirnate reductase ( shikimate:NADP oxidoreduc-

tase; EC 1.1.1.25) catalyzing the interconversion of dehydTo-

shikimic acid and shikimic acid in the presence of NADP as a co-

enzyme was demonstrated in cell-free extracts of ILEtgUg!.iE!}2gcherichia

coli by Yaniv and Gilvarg (1). In higher plants the presence
                                                             'of this enzyrne was shown by Nandy and Ganguli C2), Balinsky

and Davies (3) and Sanderson (4),

     rt has been suggested that shikimic acid plays an important

role as a precursor of aromatic compounds, and a series of tTacer

experiments have shown the participation of the '' shikirnic acid

pathway " in the biosynthesis of naturally occurring aromatic

cornpounds such as aromatic amino acids, flavonoids and lignins.

in higher plants (5,6).

     The present paper describes some characterization of

5rdehydroshikimate reductase isolated from immature bamboos.

                      RESULTS AND DrSCUSS:ON
                                                 1     A typical example of the reaction catalyzed by dehydro- .
                                       .shikimate reductase is shown in Fig, 1. The enzyne reaction was

linear for 1 min, becoming slower thereafter and the reaction'

stopped afteT 5 min. As shown in Fig,2 the reaction was also

followed by measurement of the increase in absorbance at 234 pm

which is due to the absorption maximum of dehydroshikirnic aci•a
                                                              t.p4ÅíoTmed'throygh dehydrpgenation of shikirnic acid. - Y,r

                                                        '                                                              r'
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     1,

                          '

   ,Iil O•2 i ,Iil Q,2

          Time in Min Time in Min •
Fig, 1, TIME COURSE OF NADPH2 Fig. 2, T:ME COURSE OF DHS
FORb4ATION, Enzyne.concentration; FORIv[ATION. Enzyne concentra-
6.7 mg protein!ml, tion; 6,2 mg protein!ml.
                                 DHS; dehydroshikimi,c acid.

ELtf!slsi!dEL!h.2uf t f H: ,
     The effect of pH on the rate of the enzyme reaction was

examined by using various buffer solutions with different pHs.

As shown in Fig. 3 the optiTnal pH of S-dehydroshikimate reduc-

tase of bamboo shoot was unexpectedly quite alkaline (pH, 11.0)

as compared with those of pea seedlings (pH, 10.0), mung bean
seedlings (pH, 8,O) andAatea plant (pH, 10,1). The activity

sharply decTeased in the more alkaline rapge over pH 11.0.

    År.. Fig, 3, EFFECT OF pH ON ENZYME ACTI:
    P    IE o•3o lllEg'iv[ phosphate buffer (pH 6•o"7•s)
    v    :2 t2o O•05MTris buffer (pH 7.s-g.o)
    u O,OSMglycine buffer (pH 9,5-11.0)
    ,H    e. o•io 2fi2,5.X :gRgs:#::2•g.?U:f;r.E'g.:i62-l,

    cPn' ml. Assay conditi6ns were the sarne
          7 e 9diO ii i2 as described in the text except that

            • buffers were alteTed aS shown.
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Specificity of enzyme :

     The bamboo 5=dehydroshikimate reductase was found to be

NADP specific because NADP could not be replaced by NAD, as

shown in Fig, 4. Quinic acid was not utilized by this enzyme

as shown in Fig, -5, These results are quite in accordance

with the previously reported ones (1-4),

     As can be seen in Figs, 4 and S, the enzyme reaction was
                                         'dependent on the concentration of NADP and shikirnic acid.

When the enzyne reaction was equilibrated and the increase of

absorbance stopped, further addition of NADP or shikimic acid

into the reaction mixture bTought about the increase in the

absorbance at 340 nrn,

    s    :
     O.4   o   tt NADP   n   .     0.3   ""OO,2I                             • Fig, 4, SPECIFrCiTY OF ENZYME AND
                              DEPENDENCE OF THE REACTrON ON NADP    U

   ,D O.1    ts N.ANDAD Enzyme concentration; 13,2 pag
    ut,   :? i 2 3 A s 6 7 e PrOte in!M l'. NAD .or NADP was added
     ' at the poin'ts shown.          Time in Min

     :

    pt n
pdi

cr
v:
af

"ko
ca

nÅq

O.3

9-2

o.1

,

QA: QUINIC AaD
SA, SHtKtMIC ACiD

O123
  Time

4 5 67
in Min

F.ig, 5, SPECIFICrTY .OF ENZYIvlE AND

DEPENDENCE OF THE REACTION ON SHr-
KIMrC ACrD CONCENTRATION.
       'Enzyme concentration; 9.8 Ing!ml.
Quinic acid and Shikimic acid were

added at the points shown.

,
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Rsyg!tEi!2.l.12-!ix-gS-.!lhg!ggs!Sg!!sbitfth t;

     The assay system described in the text was used. The're-

action was allowed to proceed for 5 min, when the velocity had

considerably slowed down, Dehydreshikimic acid (O.5 ,pmole) was

then added, and the abserbance at 340 nm was found to decrease,

owing to reoxidation of NADPH2 by the acid added CFig, 6).

The addtcbon of shx'kimic actd caussed the absorbance to increase
             '
agam ,

  AE
rt 15

?
u
8 io
l:

Åí

o8s
Åq

x

o2Q
a 2 4 6 8 XQ X2

   Tixrne tn Min

Fig. 6. DEMONSTRATION OF THE

REVERSIBILITY OF THE REACTION.

Assay conditions were as given
in the text, DHS (dehydroshiki-
mic acid) and SK (shikinic acid)
were added -at the points shown.

'MXchaelis- cons•tant ;

     Mtchaelis- cons•tants CKm) for the s•ubstrates were calculated

by the method of Lineweaver and Burk, using a partially puTi-

fied'enzyme, The Knt's foT shikimic acid and NADP were found to
                                                              'be.2;oxlo"4M and 1,4xlo-4M, respectively at pH s,O (Figs. 7

             '
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Effect

                   F.Å}g. 7 L:NEV"EAVERK.BURK PLOTS FOR SHIKI-

                  TvTrC ACID, A purified enzyme prepara-
                    .                   t:on was used, Assay conditions were
                   the same as described in the text
                   except that shikintc acid concentration
 7/K. WaS altered as shown, Enzyine concent-
                  ration; 11.3 mg proteinlml.
 O,5 1.0 1,5 2.0  -4    /(S) (M)10

                  Fig, 8. LINEWEAVER-BURK PLOTS FOR NADP.
                 A purified enzyme prepaTation was used.
                  Assay conditions were the same as
                  described in the text except that NADP
  vK. COnCentration was altered as shown.
 o.s zo 1,s 2.o EnZYMe COnCentration; 11,3 Tng proteinl
   -4                  ml,     / (S) (M) 10

of various inhibitors on the enz e activity :

     Effects of

Åíluortde? sodium

Table 1. EFFECT

ethylenediamine tetraacetic acid (EDTA),so' diuin

 arseni'te and pkchloromercuribenzoic acid on

OFVARIOUSCOMPOUNDS ON ENZYME ACTrVTTY

Compounds
Concentration
    (mM)

  Activity
($ of or.i'ginal)

    tEDTA
NaF
Sodium
    ktPCMB

arsenite

1,O
1,O

1,O
1.0

'

 95
100
100
 44
  rtX•

 *  '
tk
  '

Ethylenediamine tetraacetic
R"Chloromercuribenzoic acid,

acid.
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enzyme activity were examined, Little change-in enzyme

activity was observed on addition of EDTA, indicating no

metal requirernent. On the other hand, "chlorornercuribezoic

acid inhibited more than half of the activity, which might
meinhAatSie enzyme has sulfhydryl group in an active center (

Table 1). This inhibition obtained is in accordance with

the results previously reported.

Distribution of 5-dehydroshikimate reductase in woody plants :

     5-Dehydroshikimate reductase was ektracted from stern of

udo (Aralia cordata), asparagus shoots (A:!J2A]:A,E[gEs. officinaliS)

                     `and a young branch ofAtulip tree (LiTiodendron :t-!"2!Eg]:a2-1 fera) .

The pattern of the reaction catalyzed by the 5.dehydroshiki"

mate reductase from different specie,s was recognized to be

similar to that shown ,in Fig. 1. Tulip trees are also con-

sidered to be good materials for the enzynatic studies on

lignification of trees. This enz)}Tne has been isolated from the

tea plant (Camellia E.jt,!}gpES{2nensis) and characterized by Sanderson.(4).

                  'MATERIALS AND METHODS

PIant rnaterials ;
     Barnboo shoots, udo shoots' and asparqgus shoots were samplea

in the Experirnental Farm of Gifu University, Branches of tulip

tTees were raken in the campus of the university•.

E2s9:ggS"2!}-git-EL:!!gli)g;s!E!!IJ!s2J!!g!lg-!:sl"gsgs2s5Dhdoshikirnaterductase;

                                             e     All manipulations were carried out at O"4 unZess

wise stated, After removal of sheath of barnbo6 shoots,

otheT -•

the shoots

-x 27"



NNrere cut into small pieces and homogenized with an equal

weight of O.Ol M phosphate buffer (pH 7,O). The homogenate

was strained through gauze, the filtrate was centrifuged at

4,OOO rprn for 30 rnin, and the precipitate was discarded. The

supernatant solution was adjusted to pH 5.0 with M acetic acid

and the resulting precipitate was removed by centrifugation.

To the supernatant solution, cold acetone C"150 ) was added

carefullyL with stirring to 50t concentration, The precipitate

was collected by centrifugation and dissolved in O,05 M Tris

buffer (pH 8.0), AfteT centrifugation at 10,OOO rpm for 30 n}in,

the supernatant solution was used for assay ef the enzyTne.

Enzyme assay :
     The reaction catalyzed by the enzyrne was followed by

measurernent ef absorbance at 340 nm of NADPH2 formed at room
temperature using a Aitachi perkin-Elmer spectrophotometer.

Into a quartz cuvette of 1 cm light"path were pipetted O.25 rn1

of NADP (2xlO"3M), 1.0 ml ef O.OS M Tris buffer (pH 8,O) and a

suitable arnount of enzyme solution. After addition of distilled
water te make up 3.0 ml, O,5 ml of shikirnic acid (6xlO-3M) was

added as a substrate and the mixture was stirred quickly. Then,

 the increase in absorbance at 340 nrn was measured immediately.

The enzyrne activity was estimated in the range of linear increase

 in the absorbance, A unit of enzyne activity was defined as the

                                                 d qmount of •the enzyme producing a change of`absorbance of 1.0 per

         - mg proteln,

                                              't
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PART 4. S-ADENOSYLMETHIONTNE ; CATECHOL O-METHYLTR.ANSFER.ASE

                        INTRODUCTrON
                                                           .
     In plant kingdom are many kinds of methoxyl arornatic com-

pounds such as lignins, lignans, flavonoids and alkaloids.

Xncorporation of methyl group of methionine into rnethoxyl

groups of lignins was first demonstrated by Byerrurn g:t; g,1; (1),
using baTley plants administeTed with methioning"methyl-Z4c

and they pointed out the role of methionine in enzyTnatic metho-

xylation of lignins in higher plants.

     Recently, Finkle and Nelson (2) reported the occurrence

pf S-adenosylmethionine;catechol g-methyltransferase (EC. 2.1;

1.6) extracted from cambial tissues of an apple tree, and the

characterization of O.-methyltransferase extracted from pampas

grass (3).

     As to the investigation of lignin biosynthesis it was

suggested that cinnamic acid derivatives with 'rnethoxy.1 groups

such as ferulic, 5"hydroxyferulic and sinapic acids were potent

lignin precursors in tracer experiments with radioisotopes (4).

However, the role of S-adenosylmethionine:catechol 9-methyl-

transferase in lignification of woody plants and its enzymic

properties have not yet been elucidated, Higuchi g!tL e,1!,. indi-

cated the possible participation of 9-methyltTansfeTase in

lignin formation since they recognized methoÅ}yl content increas-

ed with proceeding of lignification of bamboo shoots (5).

     The present paper descTibes the extracti6n of 9-methyl-
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transfeTase fTom bamboo shoots• and its characterization,

i' ),vfethionine activating enzyme'', ATP:L:methionine S--ade'nosyl-•

tTansferase (EC. 2.5.1.6) from the shoots is also described

briefly,

                     RESULTS AND DISCUSSION

:dentification of reaction product :

     rn the assay system described the reaction products were

identified by paper chromatography using a solvent system of

upper layer of toluene-acetic acid-water (4:1:S) and lower

layer of chloroform-acetic acid-water (2;1:1), respectively• .

The,reaction product was identified as ferulic acid by compa-

rison of its Rf value with that of an authentic compound and

the ultraviolet absorption spectrum of the reaction product

was identical to that of authentic ferulic acid as shown in

F.1' g, 1,

Time couTse of ferulic acid forrnation :

     As• shown in Fig, 2, ferulic acid was formed alrnost lineatly

w•ithin 30 inin and• no maTked increase in yield of the acid was

Tecognized by the further incubation, The amount of ferulic

acid formed enzymatically in the-complete reactien system and

in the control systems is shown in Table 1, In the control-L.sys"
tems without addition of each of caffeic acid, S-adenosylmethi,-

onine and ' enzyme, no formation of ferulic acid was observed.

rn the system without MgC12, howeveri a considerable aJnount of

ferulic acid was produced although the yield was lower than

that in the complete system. This indicates that the presence

of magnesium ion in the reaction mixture is necessary Eor rnaxi-
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1. uv-SPECTRA OF FERULIC
AND REACTrON PRODUCT IN EtOH,
I ferulic acidt
3 reaction preduct,

            FÅ}g, 2, TTME COURSE OF FERULIC
        . ACTD FORMATION.
            Enzyme; 30 mg protein was used
        ' standard assay as described in
                                     -            text. '

 120 15e

                       '
                                         +                          '                                   - t't
                   '              ,                                         r                                       ' TAB[.E r, ENZYMIC FOR"tATSON OP FERULTC ACID

            Fcrulic acid formcd .  System (xlO"pmolctmg protein) Rntio

 "Complete -.l Zco Minus caffcic acid O e ' Minus SAMe O O' :•'' '"               ' Minus "SgC12 3.2 78 ' - Minus enzyme o o •: '. •"
  ' Assay conditions wcrc describecl in the text, ' : . '-
 and 90,Bmg etenz)rme protcin was used for assav, . '
  SAMe;,S.Adenosytmcthionine. ' L'•• .t '-:
                               '                              '
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formation of Åíerulic acid.

                         1
        //O l Fig, 3, TIma couRSE OF FORMATION

                          i OF ]V[ETHYLATED HYDROXYCINNAMrC    o/ /el ACui?•Sieruiic acid,

//J:;/,,.-lt-t-.,,-: l :li7:•s:•i•g.;•fi•lx.:mÅí;.:'::gx.y'

                         l 3,4,5"trihydrexycinnamic acid
                         1                         ] e; sinapic acid from 3,4.5-tri-'
Q 3Q 6o. go 12a hYdroxycinnamic acid.
       TÅ}rne in Min

   Figure 3 shoi-rs Phe time couTse for formation of O-methy-
    hydroxycinnamic acids by 9-methyltTansferase from bamboo
   . The rate of formation of sinapic acid (SA) from 5-hydro-
        acid (HF) was found'to be much greater than that for
      acid (FA) from caffeic acid (CA). 3,4,5-Trihydroxycin-
    acid (TC) was also efficient as a substrate and gave
      and SA; for the first 10 min after the start of the
   ' reaction only HF was formed from TC. However, when
           begins, the rate is higher than that of HF. Thus,
      phase observed in the formation of SA suggests that
      rneta-hydroxyl groups of TC are net methylated at the
   tirne, but that HF is an intermediate,

     of pHOn enzyme activity:

lated
shoot
xyferu1ic
ferulic
   .nam1c
both HF
enzyrn1c
SA formation
the lag
the two

same

Effect
     In the assay procedure described, the vaTiation of enzyne
activity at different pH values was measured using various
buffer solutions, As shown in Fig. 4, the optimum pH was
found to be 8,O which was quite similar to the results obtained
with the enzyme from an apple tree (optimal pH 7.0-8,O) CZ)
and the enzyme from rat liver (optimal pH 7.S"8.2) (6).
                                                    -
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    kM   L.O Vo 3•O A;1M acetate buffer

    u'li) Assay condit;•ons were the same as
   .-H   :2z.o described in the text except that
    ts: buffers were altered as shown,
                        Enzyme; 30,8 mg pTotein was ilsed fer
          6.e 7.o s.o g.o                         the assay.             pH

Michaelis constant ;

     Michelis constants (KTn) for caffeic acid obtained by the
Hofstee and by Lineweaver-Burk methods were 3,5xlO"5 M and

l:l
                     •Fig. S. Krn VALUE FOR CAFFErC ACrD BY
                     HOFSTEE METHOD.
/r•:l,6t . ..,cggal•.c2:gi:j22s.:2gs,`\fi.2a::,g2.g:g'

                     concentration was altered as shown.
 02   rK. ' 34,Z Mg enzyme pTetein from 2. reticulata
                     was used.
      Sxlor,N '

 es
 O.4
-::

m.x os

h
 02

 ai

Fig. 6. Kin1 VALUE FOR S"ADENOSYLMETHrONINE
BY HOFSTEE METHOD.
   Assay conditions were the same as des-
 cribed in the text except.that substrate
 concentration was altered as shown. Enzyme

 concentration; 34,2 mg protein was used.

.

OS 1.0 IS 2S 2.5
  Sx1or`N
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 4xla"NSMp res-pectÅ}vely at pH 8,a in the cas-e of the enzyne prefi

 paration from sP:nxu,gEsAg!!xEh 11 t h ]2!Lbg.gELsis!!E (Mohso ), However, in

 the course of this experirnent MohSo bamboos were out of season,

 and thus, Madake (xPnzu,gxggp!Eh 11 t h reticulata) was used as an en-

 zyne source, In this case Km values for caffeic acid and S-ade-
 nosylrnethionine were found to be 3xlo"5 M and 2.sxlo-5 M, res-

 pectively at pH 8.0. The results are shown in Figs. 5 and 6.

 Tnhibition experiments:

      Effects of R"chloromercuribenzoic acid (PCMB), EDTA and

 mono.-iodoacetic acid on e.nzyme activity were examined as given

 in Table 2, PCMB inhibited the enzyme considerably, and EDTA

         Table 2, INHIBITION EXPERrMENTS
SX. X .N .  Nu
 Systern

NX x

Or.i' ginal activity
       (g)

                              k  Complete without inhibitors
  Plus PCMB (3 mlvl)
  Plus PCMB (O.3 TnM)
' Plus EDTA (10 mM)
  Plus iodoacetic acid (3 mivl)
  Plus iodoacetic acid (O,3mM)

100

 66
 90
 80
106
100

 *, Assay conditions were described in the text.

showed sl,z' ght inhibition, However, the enzyne was not inhibit-

ed by iodoacetic acid which is known as one ef the petent' inhi-

bitors for sulfhydryl, gToup of enzymes, This 'is probably becau-

se the enzyme preparation used for assay contained a large a rpeunt
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QÅí other proteins which pTevented the enzyme from inhibition

by iodoacetic acid. Anyway, the fact that O"methyltransferase

was inhibited by PCMB is consistent with the results reported
                   tittt
previously, showingAthe bamboo 9"methyltransferase should be .

one of the enzymes with sulfhydryl group as an active center.

Stabilization of the enzyme :

     The bamboo 9-rnethyltransferase was found to be quite un!

stable because most enzyme activity was lost duripg some frac-

tionation procedures, More than 709e of the enzyme was inactivated

on (NH4)2S04 fractionation, Howeverp this inactivation was pre-

vented by addition of EDTA and SH-reagents before the fraction-

ation, Fig, 7 shows the effectiveness oÅí SH.reagents such as

cysteine,mercaptoethanol and Clerand's reagent (dithiothreitol)

                                  Fig. 7, STABILITY OF THE ENZYME
                                                    o
b
1"); '' '' '' A, cysteine added,
N

N

                                   o, caffeic acid added,
                                   A, glycine added.
                                    k, The activity is expressed

   e e 6 s ,2 as amounts of ferulic acid             rime itl ,hout,
                                       formed (10 n moles).

ÅíoT the stabilizatibn of the enzyne, When the' ehzyute vras- stored

in the selution containing mercaptoethanol (2 mM) at 40 , the
                                                    .
activity was retained for at least 2 days. '
                                      '

                            ,
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The occuTrence of ATP;L-"meth.Å}oniLne adenos• 1 transferase (.methi-
onine activating enzyrne) :

     The ''methionine activating enzyrne", ATP:L-methionine ade-

nosyl transferase (EC 2.5.1.6) was for the first time extracted

fTom barley- plants b)n Mudd (7), indicating that S-adenosyl-•

rnethibnine is an important intermediate on the methylation in

higher plants. As already described above, S.adenosylmethionine

was found to serve as a methyl group donor for hydroxycinnarnic

acids such as CA, HF, and TC, Therefore, the methionine acti-

vating enzyme should really be present in the bamboe shoots.

In fact, this enzyme was cell.free extracted from acetone pow-

der of the shoots of both sP:nzu,gE!EAgnzE.h 11 t h R!LbpgEgg!!E and tP:!pt-9h 11-

E.!tiAsnzzE.h reticulata. However, this enzyme could not be extract-

ed in an active ferrn by buffer extraction,

     Fig. 8 shows that radioactive S••sadenosylmethionine was
forrned from ATp and methionine"14cH3 by mediation of the acti-

vatipg enzyme, Furthermore, Fig, 9 shows that radioactive feru.

IiC 'acid was enzyrnatically formed from CA in the presence of
                   14ATP and inethionine-                     CH                       3'

Atwi 'L,l•i

.rrIN rr-c![NkrTt,L,-

Fl`g, 8, RAD:LOCHROIvtATOGRA)vl OF S..ADE-

NOSYKI,Tv[ETHIONrNE ENZwwTTCALLY FORMED,
   Spots A and B cerrespond to Tnethi-
onine and S-adenosylmethionine, res-
pectively, detected by ninhydrin
color reaction, A splvent system for
paper chromatpgraphy; A-BuOH-AcOH-H20
(5;1;4, organic layer).
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                            Fig, 9, RADIOCHROMATOGRAM OF FERU-
                            LIC ACID FORMED FROM CAFFEIC ACID IN
                            THE PRESENCE OF ATP AND METHrON;NE-
             =

   .- li   -g- i AspotAwas found to be identical   •:t 1   z with authentic FA by coloT reaction   ct vMv ;lw of R"nitroaniiine reagent after paper
             i, chromatography with a solvent                                                          of
             ;A l• ---- - "" - toluene-AcOH"H20 (4;1;S, upper layer)
                                                '

      These rsults show that rnethionine activating enzyme also

occurs in growing bamboo shoots, indicating that the enzyme
                                  of
plays an important role in formationA methoxyl groups of lignin

precursors, and cosequently, in lignification of plants.

rn addition, the fact that the methyl. group of rnethionine was

transferred to rneta-hydroxyl group of CA is in good accordance

With the early report pn the incorporation of the rnethyl group

of methionine into the methoxyl groups of lignins (1),

Substrate specificity of bamboo O-•methyltransferase:

.

     I'n relation to mechanism of formation of guaiacyl and syrin-

gyKl groups of lignins, it is quite important to investigate sub-

s•tTate specificity of the bamboo g-methyltransferase. Because

this is possibly correlated with differences of methoxyl group

patterns between angiospermous and gymnospermous lignins, Such

differences of the methoxyl groups involving g-methyltransferases

from different species of plants are discussed in more detail

in CAHAPTER Vr.
         . color     Rf values and reactions of substrates .tested and the

expected products were listed in Table 3, which was used as

criteria for identification of the expected methylated products.

As the result Table 4 shows how the various phenolic compounds

                             -38-
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Table 4, SPECIFIC :vlETHYLATION BY

O-METHYLTRANSFERASE,
-

BAMBOO

Substrate Expectcd product Rcsu:t

Cn ffelc acid

S-Ilydroxyfcrulicacid
3,4,5-Trihydroxycinnamic acid
3,4,S-Trihydrexycinnarnic acid
Chloregcnic acid'
p-Covmaric acid
Caffeic acid
Isoferulie acid
p-Hydroxybenzoic acid
Protocatechuic aeid
Protocatechuic aeid
Gallic acid

p-HydroxybeDzaldehyde
Protocatechu-aldehyde
Protocatoehu-aldehyde
IsovaniSlin
5-Hydroxyvanillin
Gallaldcbyde
Ga]laldehyde
Pinosy;vin

Ferulic acid
Sinapic acid
5-Hydroxyferulic acid

Sinapic acid J
'FeTuloy:quinic acid

p-Methoxycinnamic acid
Isofcrulic acid
3,4-Dimcthoxycimianiic acid
Anisic acid
Vanillic acid
Vcra tric acid

Syringic acid
Anisaldebyde
Vanillin
lsevaoillin

Veratraldchyde
Syrin:aldehyde
5-HydToxyvani11in
Syringaldehyde
Pinesylvin monomethyiether

+
+•

+
+
+

.

'

  ' The reaetion mixture containing chlerogcnic acid (1 pmole) as a substratc was incubated fer 30 min at
300 as described in the text. Aftcr the addition of O-5 ml or 1O% Ha, the rnixture was extracted "Mh 20 ml
EtOAc. The EtOAc fraction "'as divided inte two equal portions. One zz,as submitted to papcr chromato-
graphy in toluene-•AcOH-H20 (4: 1 :S, upper layeT) in order te determine free feru]ic acid originally contained
in thereaction rnixture; however, none was pmsent. The other portiQn was submitted toHa-hydrolysis and
ferulic aeid ;iberated from any enryrnatically formed feruloylquinic acid was dctermioed as dcscritx d in the

text. The arnount of fet'ulic acid after hydrolysis was found to be 2•2 pgr

were rnethylated, As alTeady shown in F.ig, 3, CA, HF and TC were

efficiently methylated, yielding the respective products. Since

TC was found to be a considerably potent substrate, it may also
       aact as A.precursor of SA in the biosynthesis of lignins on the

assurnption that CA is hydroxylated at 5-position to TC during

lignin formation, However, this compound has not yet been detect-
         'ed from plant kingdom but as a moiety of a Brsring of flavonoids

and their derivatives (8), Chlorogenic acid (caffeoylquinic acid)

was also rnethylated, giving feruloylquinic acid, On the other

hand, E-hydroxycinnamic acid and iso-FA (3-hydToxy"-4-methoxycin-

namic acid) weTe not methy-lated, SimiZarlyi neither of "Å}'so,"FA

.40"



and 3,4-dimethoxyc.innamic acid was formed from CA, Other

phenolics such as benzoic acids and benzaldehydes were not

utilized for the enzymatic methylation. These results suppoTt

the early investigaions on efficiencies of lignin.precursors

with tracer experiments (4, 9-11). Although Hess (12) reported

that protocatechualdehyde, protocatechuic and gallic acids and

esculetin were methylated by cell-free extracts from petunia

and Finkle et al. (3) observed a similar methylation with a parn-

pas grass O-methyltransferase, the bamboo enzyne showed a narrow
               for
specificity onlyA3,4-dihydroxycinnamic acid derivatives. How-

ever! the fact that the bamboo enzyrne has meta-specificity to

CA, HF and TC is in good a'ccordance with the previous reports (3,

12), On the other hand, O-methyltransferase frorn animal liver

was shown to methylate at both Raza- and meta-positions. And yet

it must be considered that ELexg-specific g-methyltransferases are

really present in plants, as found in the enzynatic ]2gi!:a,-rnethyl-

ations ef E-hydroxycinnamic acid in Foeniculum v;y,ILgA!gg C13) and

of norbelladine, a precursor of amaryllidaceae alkaloids (14).

Therefore, meta- or ]IL2za,-specific methylation seems to depend

on plant species, It is not clear what factors are involved in

sUch a se].ectiVe methylation, One of the factors rnay be a

rquirement for a rnagnesium ion because ]2gxa-specific enzyrne

does not require this cation (14) and a magnesium ion could affect

enz)rme-substrate orientation by cross-linkipg between R-hydroxyl

group of catechols and S-adenosylrnethionine, as preposed by Senoh

et al.(15). Consequently, the meta-hydroxyl group is substituted

by the rnethyl group of S-adenosylinethionine yielding meta"methyl-

ated products, Variations in the pH values ef the reaction medium

-41 lt



can also influence the ratio of 2gl:a and metar- methylated pro-

ducts in some compounds (15).

     At any rate, in conclusion, the meta:specificity of the

bambeo 9--methyltransferase is quite cornpatible with the fact

that lignin melecules consist of meta-rnethoxylated components

such as guaiacyl and syringyl nuclei,

Purification studies:
                                           '
     Although CA and HF including TC were dernonstrated to be

potent rnethysl acceptors serving as precursors foT guaiacyl and

syringyl components, respectively, it remains still uncertain

whether or not a single enzyme catalyzes the methylation of

those hydroxycinnamic acids, Therefore, it is iTnpotant to ex-

amine the possibility that the bamboo 9-methyltransferase con-

tain two different enzyrne activities for the two natural sub-

strates, CA and HF, This can be evaluated by rneasurement of

varyking ratios of the two enzynatically formed products during

purification, as reported on phenylalanine- and tyrosine ammo-

nia"yases C16),
     An attempt was rnade to separate 9-methyltransferase activi•-

ties for CA and HF using aTmnonium sulfate fractionation, iso-

electTic precipitation and DEAE-cellulose column procedures.

A complete separation of these enzyrnes was never obtaine.d.

However, the ratio (SAIFA) varied after ammonium sulfate frac-

tionations (Tables 5 and 6), which indicates the possible pre--
                                  '                                                  '                       t--sence of two enzyme actlvltles,

     rso"electric fractionations at pHs 4,5i 5.0 and 5,5

gave no significant variations+ of the ratio,

                                                         t                             -42-



  Table 5. CHANGES IN RATIO OF THE METHYLATED PRODUCTS AFTER
  AMMONIUM SULFATE FRACTIONATTONS OF THE ENZYME FROM sP:a)-,gh 11 -
EItlAS!!XE.h reticulata.

                                  Xs

Enzyme

    t -z '        x

Incubation
time in ml'n

  x. x 'XK

Products(n
   FA
Å~.x ;.)

mole) RatiO mg protein
SA CSAIFA)
          '       N

Buffer Ex, 60 55 .o 60.0 1,09 62.5

o-40za (NH4)z-

S04 Fraction

o

20

45
60

o

2,1

4.9
6.7

  o

 3.2
 8,3
10,7

1,52
1,70
1.60

4.0

 Tl

 tl

 n

40-65g
Fraction

30

60

90

60.0
6S.6
62,O

59.4
67'.O

56,4

O.99
1.10
O.91

14.3
 Tt

 tf

65 "80 06

Fraction
60 4.5 5.0 1,11 9.0

    Stepwise elution on DEAE"cellulos•e. gave neither s,ignificant
chapges jn the ratio (Fig, 10 and Table 7). On the other hand,

gradient elution on DEAE-cellulose gave two different activity

curves (Fig. 11), The enzyme activity for CA shows three peaks;

the greatest activity at No.65 and two lower activities at NO.56

and 72. However, the enzyme activity for HF showed a quite dif-

ferent pattern; maximum activities were found at No150, 61 and

72. The ratio also changed from 1,'O around No.40 to O,2 at No,69.

Therefore, the changes- in the ratÅ}opCSAIFA) aÅíter ammonium fracm

tionations and the different elution patterns support the assuTnp-

tion that the bamboo !2-methyl;.T.a-n.-sfera-se-gop.-tain at ZeaSt twO

                             -43-



different enzyme activities; one is involved in formation of

guaiacyl lignins and the other, for formation of syringyl lig-

nins. However, another possibility that each different enzyme

itself also consists of a few iso-enzymes must be investigated.

Because phenylalanine ammpnia-lyase consists of two componenrs

C17,18). At any rate, further purification studies must be

carried out in order to shed light on these complicated problems.

  Table 6. CHANGES IN RATrO OF THE METHYLATED PRODUCTS AFTER
  AMMONIUM SULFATE FRACTrONATTONS OF THE ENZYME FROM MPaÅr.-gh 11 -
  Eitiay!zEh ]2y!b2gEsg!}gescens,

v
Enzyme

rncubation ProductsCn MOIe) RatiO Tng protein
time in min FA SA CSAIFA)
    ssNX X X. S S

Buffer Ex, 20 125.0 119.0 1.0 16,S

Fraction I
* 15

30

19.2
26.4

13.8
26,O

O,7
1.0

2.Z
 IT

Fraction II 15

30

34.2
55,O

39,O
53,O

1.1
1.0

25 ,
 lt

FTaction III 15

30

128,5
167.0

78,O
90.0

O.6

O,5

4.0
 lt

Fraction IV
is

30

14.9
21,O

2.5

6,9
O.2
O.3

3' .5

 tt

*, Fraction r, O"20Z CNH4)2S04 precipitate; Fractions rTt rTr',
and rV are 20"35g, 35"55Z, and 55"Q* Åíractions,' respectively.
Assay eonditions are described in the text.(Procedure 3),
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FXg. IQ, STEPWTSE ELUTXON OF BAMBOO 9ssIVIETHYLTRANSFERASE ON

DEAE"CELLULOSE,
T"Ir,`  I'rl and IV mean O.02 M phosphate buffer solutionS con-

taÅ}ning O,1 M, O,Z M, O.3 M, and O.6 M KCI, respectively.
The numbers shown with arrows mean fractions employed for the

enzyrne assay-, •

  Table 7, CHANGES IN RATIO OF THE METHYLATED PRODUCTS
  AFTER THE STEPWrSE ELUTION THROUGH DEAE"CELLULOSE.

Fraction No.
PToducts (n

 FA

 rno1e)

SA

Ratio
(SAIFA)

 12

 53

 54
 66

 67
 83
IQ5

N

o

14.

25,

41,

44,

24.

 3.
x

8

2

o

o

8

Q

o

13,4
19,5
43.0
44,O
30.3
 2.9

 -
O.9
O.8
1.1
1.0
1,2
1.0

As-say

Enzyne

used,

conditions
 fraction

                '   -
 are described in the

precipitated between

 tekt,

4o-6ox (NH4)s04 was
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                   rv[ATERI•ALS AND METHODS

PIant rnateTials :

     Fresh bamboo shoots of wwPh 11 t h xRgbgs}EL!s?PE CMOhSO)

and!P:!!xu,g.Eygnxgh11th 1!st.!its!!lgvaticuNlata(Madake)wereused,

Reagents :

     Cinnamic acid derivatives such as caffeic, ferulic, 5-

hydroxyferulic, sinapic and 3,4,S.trihydroxycinnamic acids were

synthesized from the corresponding bezaldehydes and rnalonic acid

according to the method of Vorsatz (19) and Neish (20),
Hydroxycinnamic acids-2-i4c synthesized in the same way using

               14malonic acid"Z-                 C procured from Japan rsotope Society,

S-Adenosylmethionine iodide and its hydrogen sulfate were pur-

chased from Calbiochemical Co, and Boeringer Mannheirn Co., res-
                                 14                                   CH3 was purchased from Newpectively. S-Adenosyl methionine-
                                14England Nuclear, and rnethionine-                                 CH3 from Japan Radioisotope

Society,

Extraction of the enz e and assay of the activity:

1). All manipulations were carried out at O-4' unless other-

wise stated, The bamboo shoots were homogenized in a Waring

blender with an equal weight of O,1 M NaHC03 solution. The

homogenate was filtered through gauze and the filtTate was cen-
tr,ifuged at 5,500ig for 20 min, To the supernatant solution

was added solid (NH4)2S04 to O,3 saturation with stirring, The

Tesulting precipitate was centrifuged off and to the superna.-

tant solution was added again CNH4)2S04 to a,6 saturation. The

collected precipitate was dissolved in 10 ml of O,OOI M potssiurn

phosphate buffer (pH 7,O)..hand pasged th-r-o}lg/ll" a SetLb.gd"e?g. -G"25.rk. "

         '
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column C2,8 x 3Q cm) to remove (.NH4)2S04, The eluate contain"

ing enzyme protein from the column wasr us•ed for the assay of

O-methyltransferase activity,

     Reaction mixture contained fQllowing components ; O,1 ml

each of O,Ol M of CA, or HF (1 7imole), O,Ol M of MgC12 (1 1pLmole),

O.04 M sodium ascorbate (4 ,pmoles), O.O05 M S-adenosylrnethionine

iodide (O,5 ,pmole),O,2 ml of 1 M Tris buffer (200 ,pmoles, pH 8.0)

and 1,4 Tnl of the enzyme solution,

     The reaction mixtuTe was incubated at 30b for 30 min and

after addition of O.5 ml of 101 HCI the reaction pToduct was ex-

tracted with ether (3 x 5 rn1 portion), The ether was blown off

by- an electric fani and the residue was submitted to paper chro-

matography (PPC) using toluene-AcOH-H20 C4:1:5, upper layer)(des-

cending method) as a solvent system, The separated fluorescent

reaction products (FA or SA) were detected under u.v. Iight.

The fluorescent band on the chromatogram was eluted with EtOH.

FA or SA was determined by measurement of absorbance at 316 oT

325 nmi respectively, using calibration curves previously made.

These procedures were carried out quantitaively and the eluate

from the paper of the same area in Rf value without containing

fluorescence was always takgn as a blank, The enzyme activity

was expressed in the yield of feruZic acid (nano mole) per rng

protein per 30 min unless otherwise stated. '
    The results obtained by this assay procedure are given in

FÅ}gs-, 1"7 and Tab1es 1-4.

      '
2). The enzyme obtained in "procedure 1 t' was found to lose
the activity by addition of CNH4)zS04 or te be denatured by poly-
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phenols. Thereforei in order to obtain the active enzyne in

greater y•ield rhe extraction pToceduTe ernployed in the " pro-

cedure 1 t' was modified bÅrr addition of 2 rn]V[ NaNs, EDTA, cys-

teine and iso-ascorbic acid and O,10-o bovine serum alburnine into

Q,1 M phosphate buffeT solution (pH 7,5), with which plant

tiss•ue was homogenized, Other inanipulations were the same as

described above except that the original buffer extract was

fractionated with (NH4)2S04 into O-40, 40-65, and 65-802 frac-

tions, successively.

    The reaction mixture contained the following components;

o.1 rn1 each of 1 M Tris buffer (pH 8.0), O,1 M MgC12, O.1 M

iso-ascorbate, S-adenosylmethionine sulfate (O.25 pmole), O.2
ml of cA"2"14c (o,s }imole, 266 ,pci!mM) or HF-2-14c (o.s prnole,

180 }iCi!m]V[) and 1,O ml of the enzyme solution. The reaction

mixtures were incubated in duplicate for 30 min at 30e ; one

test tube contained cA!-•2"14c and the other, HF-2-14c as a

rnethyl acceptor, After the reaction was stopped by the addi-

tion of O,5 ml of 10% HCI, O,2 mg of non-labeled FA or SA was

added as caTriers into the respective reaction mixtures. Then,

a pair of reaction rnixtures were combined into one. The corn-

bined mixtures were extracted three times with .5 ml pertion of

ether, The ether was evaporated and the residue was subrnitted

to PPC as described above, Two spots on the chroma.togram con-

taining FA and SA were separately cut into pieces and trans-

ferred inAto vial tubes, to each of which 1 ml of dioxane was
         V,added in order to elute the cempound. After 30 min of incubation

at Toom temperature, 10 rn1 of toluene scintillatdr solution

containing 40 mg of PPO and O,2 rng of POPOP waS added and then

                                                         ,
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the Tadi.oactivities of FA and SA were determined with a

Beckman scintillation counter, The enzymatScalZy formed FA

and SA weTe calculated fTom the radioactivities determined C

countimg efficiency, 8S9o), The results are given in Tables 1-7.

3), The extraction procedure was the same as in " procedure

2 '' except that the original buffer extract was precipitated

by addition of (NH4)2S04 to O.8 saturation. The precipitated

enzyme protein was stored at "200 until needed for experiments

    The reaction rnixture •contained the following components;

O.1 ml each of 1 M Tris buffer (pH 8.0), O,1 M MgC12, O.1 M NaN
O,1 M iso"ascorbic acid, S-adenosylmethionine-14cH3(O.25 }imole,

O.05luCi), O,2 ml of non-labeled CA or HF (O.5 pmole), and 1.0

ml of the enzyme solution. The reaction rnixture was incubated

for 30 min at 30e . The products enzynatically metylated with
i4CH3 were extracted wiih ether (3 x 5 ml) after addition of

Q,1 mg of cold EA or SA, separately. After evaporation of

the ether, the residue was dissolved'in 1,O rn1 of dioxane

and the radioactivities were determined by ehe scintillation

counter as described above. The enzyne activity was expressed

as nano mole of FA or SA formed which was calculated frorn the
radioactivities obtained; lo4 cprn corresponds to 26.6 n moles.

Ste wise elution column chromatography on DEAE cellulose :

.

3,

     Ainmenium sulfate (40-65g) fraction was used for the experi-

ment, After the enzyme pTotein through Sephadex G-25, the elu--

ate (SO ml) containing 570 mg protein was applied onto the top

of DEAH"ce12ulse column (1,6x15 cm). Unadsorbed proteins were

washed down with O,02 M phosphate buffer (pH 7,4)containing 1 mM

                                                            .
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oÅí cy-steine, The adsorbed preteins were eluted stepwisely

with the same buffer solutions containing Q,1 IV(, Q,2 M, O.3 M,

and O.6 rvl KCI. The washings and the eluate were collected

in 5Nnl fractions following the absorbances at 280 nm with a

UV"Auto (Ohtake). SeveTal fractions with greater absorbances

were chosen and dialyzed against O,02 M phosphate buffer solu-

tion (pH 7.4) containing 1 rnM of cysteine for 5 hrs at O" .

Then, 9"methyltransferase activities of the fractions were
                                                                 ,assayed as described above, The enzyrne was assayed by'proeedure 2.

Gradient elution on DEAE-•cellulose :
     The enzyme protein obtained by""procedure 3"was used for

this experiment. A portion of the enzyne was dissolved in 25

ml of O.Ol M phosphate buffer (pH 7,4) and centrifuged at

IS?OOO rprn for 20 min at OO , The supernatant solution was dia-

lyzed against 3 x 2.5 1 of O,Ol M phosphate buffer solution con-

taining 5 TnM rnercaptoethanol, The dialyzate containing 420 mg

protein was applied onto a DEAE-cellulose column (1.lxlO cm)

bufferized previously with the sarne buffer solution. After

thoroughly washing the colurnn, enzyrne protein was eluted by a

linear gradient method; a rnixing chamber and a reserveir con-  '
tained 250 rn1 of O.Ol M phosphate buffer (pH 7.4) and the same

buffer with O,3 M KCI, respectively. The enzyne activity was

assayed on every second fTaction by use of O.5 ml from each

fraction according to"procedure 3;'

Extraction of " rnethionine activatin enz e " :

     Fresh barnboo shoots were hornogenized with laTge arnount of

cold acetone (.20" ) and the homogenate was immediately filter-
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ed, The acetone powdeT thus obtained wasT thoroughly• dried in

 vacuo in a desiccator.

      The reaction mixture contained the following cornponents;

 O.1 ml each of CA (10 pmoles), MgC12 (10 pmoles), ATP (20 ,p

 rnoles), KCI C20 pmoles), glutathione (20 prnoles), rnethionine-
 14   CH3 (O,2 pCi, 6.3 mCilmivT), cold methionine (20 prnoles) and

 Q,2 ml of 2 M Tris buffer (pH 7,5) and 100 mg of the acetone

 powder. The reaction mixture was incubated at 300 for 5 hrs,

 thene the reaction was stopped by addition of O.5 ml of 10"6

 HCI, Enzymatically formed radioactive FA and S-adenosylmethio-

 nine were identified as follows ; The mixture was extracted

with ether, The ether was evaporated and the residue was sub-

mitted to PPC with toluene-AcOH.H20 (4:1:5). The water phase

was centrifuged and the supernatant was applied onto a Dowx

 lx8 column (Cl forrn) after neutralization of the supernatant.

 SrAdenosylmethionine eluted with water was followed by rneasure-

ment of absorbance at 260 nm. The eluate containing S-adeno-

sÅrnlmethionine was evaporated and the residue was subrnitted to

PPC with a"BuOH-AdOH-H20 (5;1:4) (21). The radio active FA

and S-adenosylmethionine on the chrornatograms were scanned

with a radiochromatogram scanner (Aloka PCS-4),
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                    CI-MPTER X-rr

CHANGES IN•ACTIVrTrES OF THE ENZYMES AND IN METABOLrSM OF

PRECURSORS rN RELATrON TO BAMBOO LTGNIN FORMATION

                  INTRODUCTION

     Several enzymes involved in biosynthesis of lignins

larere dernonstTated to be present in growing bamboo shoots

 Cl"6) and their properties were described in Chapter II.

     Concerning control mechanism in lignin formation it is

inteTesting to know how those enzyrnes work and how the lignin

precursors are metabolized during lignification of plants.

Howevert such investigations on the enzymes in woody plants

are very• few and syste!natic investigations have been ex-

pected in relation to lignin formation. For such studies

growing bamboo shoots are excellent plant materials because

during growth of bamboo shoots the changes in activities of

the enzymes and in metabolism of intermediates accornpany the

successive stages of lignification in a single maturing plant.

In addition, the shoots are very suitable as an enzyine source,

since these monocotyledoneous plants yield no browning

rnatters on hemogenization, whereas other woody plants give

intensive browning which often denatures enzyTnes.

     The present Chapter, in relation to the lignification of

bamboo" describes the changes in the activities of the enzymes

involved in pentos-e phosphate, shi'kimate, and cinnamate path"

ways,

-54-



                    RESULTS AND DISCUSSION

The enzymes in pentose phosphate pathway-:

      Embden-Meyerhof-Parnas and pentose phosphate pathways

 are well known as the two main pathways of sugar metabolism

 tn higher plants, Pentose phosphate pathway contributes not

 only to the formation of NADPH2 but also to the formation of

 shikimic acid which is synthesized by condensation of eryth-

rose-4-phosphate and phosphoenolpyruvate,

     As shown in Fig. 1, the activities of G-6-P and 6-PG de-

hydrogenases seem to be activated and maintained to a certain

level toward the basal parts of the bamboo shoots, These

patterns of the activities indicate that both enzynes are cor-

related with the lignification. However, with a ]arger bamboo

shoots (4"5 m in height) sampled before shootipgO Afthe branches,

the enzyme activities were highest in the apex and decreased

toward the lower parts of the shoots.

     In order to obtain information about the relative extents

of utilization of glucose in the two pathways in growing bamboo,

the "C61Cl ratio" was measued by supplying the tissues with
giucoses6"14c and glucose-i-i4c. Fig, 2 shows that total amount

 of 02"uptake by tissues decreased and C61Cl ratio als6'declined

toward the lower parts. Tn view of the fact that the C61Cl raeio

obtained with mature tissues was lower than that with young

meristematic tissues (7.9), the above.described results may be

taken as suggestive of the dornination of the pentose phosphate

pathwayny in the respiratory- process ef 1,r' gnify-ipg tissues,

Similar results were obtained with tissues of outermost sapwood

adjacent to cambial zones of trees (10),
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in shikirnate pathway:

     Since the first evidence for the operation of the shiki-

mic acid pathway in lignin formation was provided by Brown

and Neish (11), it is established that shikirnic acid plays
                                    'an important role as a precursor of natuTally• occurTing aro-
matic aminoXacids, flavonoids CIZ) and lignins (13-1.4) in high-

         'er plants, Thereforei variatibn of s-hikimic acid content and
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 cltanges x"n act;'vi'tihes of 5"dehydroquinate hydro"lyase and

 5"dehydros-hikimate reductas•e Cshl"kÅ}matelNADP oxidoreductase)

were examined with growing bamboo shoots,

     As shown in Figs, 3 and 4, 5-dehydroquinate hydToglyase

and S-dehÅrrdToshikimate reductase exhibited maximum activity

 at the locus immediately below the apex and a quite gradual

decline in activity toward the basal parts of the shoots.

The shikimic acid content of the bantboo tissUe had a pronounced

maximum below the apex as shown in Fig, 5, rt appears that

young tissues synthesize shikimic acid vigorously as a precur-

 sor foT phenylalanine and tyrosine that are incorporated into

protein, Consequently, the increase in the acid content just

below the apex and the decrease in the basal parts show that

 shikimic acid is, in fact, a metabolically active coinpound

 in a, growing bamboo, whi'ch is in good qgreement with the

early Åíindipgs,

;.

f. a`

tEa2 HYDRO-LYASE IN DrFFERENT PARTs oF BAM-

                                                             .

                                                                ,
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     The activities of 5"dehydroquinate hydro-lyase and dehydro-
shikimate reductase were found to increase by wounding (15) or

1Å}ght irradiatÅ}on of plant tissues (16), However, such a pheno-

menon was not observed in the grewing bamboo shoots.

The recursors and the enz es in hen lalanine-cinnarnate athwa :
N

     Phenylalanine has been known to be a natural intermedate of

phenylpTopane constituents of lignins in higher plants (17). Tyro-

sine has also been shown to be incorporated into lignins of a few

families of higher plants such as Gramineae and thg Compositae (18,

19). These two aTomatic arni'no acids are forrned by rnediation of

transaminase C20) from phenylpyruvi'c and 2"hydroxyCphenylpyruvic

acids, respectively- and converted to cinnamic and mc.oumaric aeids,

by phenYlalap.tne-" C21) and tyros•ine ammenia-lyases (22), respec-

tively,
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     The free amino acids contained in a young bamboo were exa-

mined' by paper chroTnatograbhy and the following weTe detected:

phenylalanine, tyrosine, alanine, leucinee methionine, valine,

proline, lysine, seTine, glutamic acid, tryptophan, aspartic

acid etc, in good accordance with results already reported (23).

     Among these anino acids, phenylalanine, tyrosine, methionine,

and glutamic acid, which are probably all involved in the forma-

tion of lignin precursors, were examined further. Both phenylala-

nine and tyrosine are efficiently utilized as precursors for

lignins in grasses; methionine is known to be a rnethyl doner for

the rnethoxyl groups of lignins (24), glutamic acid, which is a
                   ,main amino donor in transamination reactions in plant tissues,

was selected for measurernent, although it rnay not be directly

 related to lignin formation, .
                                                              .      Figure 6 shows the changes in contents of those feur arnino
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acids• during the growth of a bamboo, Tyrosine vÅëas present in

the highes-T amount at any- stqge of growth, and was highest in

the tissue at the apex of the shoot, decreasing rapidly toward
lower PartSof the shoot, The other acids were present in much

smaller amounts and showed less drastic decreases during the '

growth, The decrease in tyrosine content is very indicative

of the presence of a system metabolizing tyrosine effigiently,

which is in good agreement with the increase in tyrosine ammo-

nia-lyase during lignification of a growing bamboo (25).

     Attempts were made to isolate a transarninase from bamboo

shoots•, but reproducible results could not be obtained. Sliced

tissue of the bamboo shoot was therefoTe used for the estimation

of transaminase activity with phenyZpyruvate and R••hydroxyphenyl-

pyruvate as substrates. It was found that phenylalnine and tyro-

sine were formed in substantial amounts by incubation of the

substrates with the sliced tissue, R-Coumaric acid was also

found to be formed and isolated from both incubated reaction

mÅ}xtures (5), Since it is impossible to express the transarninase
                  amounts
activities in the of the twe arornatic amino acids formed,

the activities were, for the time being , determined as the

recovered amounts of the substrates afteT the incubation,

The changes in transaminase activities during the growth of a

bamboo are given in Fig, 7. The results indicate that rnore phe-

ny-1 pyruvate and E-hydroxyphenylpyruvate was recovered from the

reactxKon mixtures when tissue slices from the upper part of the

plant were used, suggesting that the tissue at the apex has a
                                                  tlower metabolic activity than the tissue from lewer parts of the

shoot.
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       The patteTns oÅí the formation of plteny-lalanine and ty-

 Tosine were deteTmÅ}ned in the s-ame seri'es of experiments (Fig.

 8), The results obtained appear somewhat similar to those

 shown in Fig. 6, The fact that higher amounts of phenylala-

 nÅ}ne and tyrosine were obtatned from the upper tissues indi-

 cates that these tissues cannot convert phenylalanine and

      . tyrosine to other substances, such as cinnamic acids, as

 rapidly as can lower tissue, The changes in the formation of

R"coumaric acid from phenylpyruvate and R"hydroxyphenylpyru-

vate seem to support this explanation (Fig, 9), Because 2-cou-

maric acid, formed via the corresponding aromatic arnino acids,

was accumulated in higher arnounts with tissues from the lower

parts• ,

     Metabolic studies with the tissue samples from various

parts of the shoot showed' that the activity of transaminase

increased toward the lower parts of the shoot, The results

further suggest that theNR3al,:sL"hydroxylation to R"coumaric acid

from cinnamic acid formed by deamination of phenylalanine is

mediated in the tissues, Cinnarnic acid-4"hydroxylase (26-28)

is presumed to be functioning intensively because higher

arnounts of E-cournaric acid were obtained frorn the reaction rnix-

tures with phenylpyruvate as a substrate. The possibility of

hydroxylation of phenylalanine to tyrosine was ruled out in the

present experiment by the negative results obtained from tracer
experiments with labeled phenylalanine"u"14c, althopgh Nair and
     (16r)
VinipgAdemonstrated phenÅrrlalanine hydroxÅrFlase in sp.inach leaves.

                                   -e     From the resultsL ef present experiments- and the rAsults re-

ported by Gamborg and Wetter (20), aromatic amino acid tTansaJni-
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     Furthermore, •the fact that R-hydroxyphenylpyruvate was

converted to both tyrosine and R"coumaric acid, acting as

lignin precursors, in bamboo shoots is in good agreement with

the results obtained by Acerbo, Schubert and Nord (29) and by

Wright and Neish (30). Therefore, the conversion of the phe-

nylalanine and tyrosine to lignins is of specific interest

from the point of view of lignin biosynthesis. Phenylalanine

ammonia-lyase (phenylalanine deaminase, PAL) was first isolated

from acetone powders of barley by Koukol and Conn (21). Neish

C22) found tyrosine ammonia"lyase (tyrase, TAL) in all rnernbers

of Grarninaceae that were studied such as sorghum, wheat, corn,

barley, oats, rice and sugar cane, The enzyme could not be de-

tected in peas, lupine or sweet clover (22) or ih tissue cultures

of conifers and woody angiosperms (31-32).

     Bamboo and grass lignins differ from lignins in other high-

er plants by virtue of their high content of R-coumaric acid

ester groups (33"34) and there exists a probable connection

between these gToups and the presence of TAL. It is possible

as proposed by Higuchi (25) that a large poTtion of R-coumaric

acid generated through the deamination of tyrosine becornes chan-

neled to these ester groups.

     The changes in activities of the two ammonia-lyases (Fig.

10), cinnamic acid-4-hydroxylase (Fig. 11) and 9-methyltrans-

ferase (Fig, 12)Were investigated in relation to lignin forrnation

of bamboo shoots. As shown in Fig. 10i the fact that the acti-

vities of PAL and TAL increased from the apex towaTd the basal

parts of the shoot, i,e, with proceedÅ}pg ef 1,i'gnification,

coincides well with the fact that the pool sizes of the aromatic
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amino acids became smaller toward the lower parts of the shoots

CFig. 8), indicating that the two enzymes are intimatelÅrr cor-

related with lignin formation. The same results were already

reported with buck wheat by Yoshida and Shimokoriyama (3S).

A similar relationshi' p between the rate of lignification and

PAL was established for Stgguglg by Rubery and Northcote (36).

     Cinnamig acid-4-hydroxylase also increased toward the low-

er parts of the shoot. Therefore, ir may be considered that

this enzyme is not only related with lignin formatien but also

plays an irnportant role in formation of R-cournaric acid (

Tables 1 and 2) and its esters associated with 1.jgnin (Fig.13).
     o-Methyitransferase aiso ShOWedthe patterns of increase in

activity duTing the growth of bamboo shoots(Fig, 12), which

means that the enzyme contributes to•the forrnation of guaiacyl

and syringyl lignin components by methylating caffeic and 5-

hydroxyferulic acids, respectively, during the lignification.

     Since it was found that bamboo O"methyltransferase can
                                    -                                'utilize both caffeic and 5-hydroxyferulic acids as natural

substrates (see Chapter Ir. 4), changes in the ratio of two

enzyme activities which weye expressed as the ratio of the res-

pective two products, (SA/FA) were examined using the barnboo

shoots with various growth stages. The results are given in

Table 3. The airn of this exarnination was to detect two differ--

ent activities of O-methyltransferase during growth of the

shoots. Because the ratio, SIV (syringaldehydelvanillin) in-

creased with the growth of bamboo shoots C37). Hottever,

                                                   'the expected regult was not obtained because the Tatio did not

change but was one for everÅrF tÅ}ssue sample tes•ted, The'refore,
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    •tsse ii]am ti -Å~-i phenyiaianine dealninase

                                -x--, cinnamic acid
   Ir'oo ,,'.: giooil ::L-lliil.E2.:ariCaCid

   s,, /ÅrÅq gi

         Distanee from top (m)

Fig, IQ, CHANGES r-N ACTrVrTIES OF THE ENZYIvlES, CINNAMrC
ACrD CONTENTS, AND LIGNINS CONTENT OF DIFFERENT PARTS OF
AN Z'Mrv!ATURE BAMBOO C Z. ]2gbgs}EstgpE.s gns, 8.8 m in lepgth )• '

This figure was cited from Ref.(25),
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FXg. 12. CHANGES IN ACTrVrl Y OF

P, reticulata was used for the
.--L

 -o--; bamboo shoot, 220 crn in
 -e-i bamboo shoot, 280 cm in

2oo 250

 the apex '
 O-METHYLTRANSFERASE.
 -
enzyme assay,
1ength,
length,

TABLE 1. VARzanONS M THE ooNTENT OF rnes poOVmmtC mo
FERuuc ActDs iN BAMBoo (PhL),llostechrs pubescens) wrTH GRowTH

Distance from the tep

    (cm)
 p-Couman'c aci'd Ferulic am'd
Åqpsl10 g fresih weight) (psi;O g fresh weight)

  O- 20
  8C oo
' 140-ISO
 190-2oo
 2eO.270
 3tKF350

 2•5
 2t9

1O•6
5S•6

248-8
398•7

O•2
1•1
3-1

3•8
4•S
1•7

TABza 2. VARMnOms pt coNTEM OF FREE peeVMARIC AtsD FERULIC
  AciDS wrrH GRow'rH oF A BAIvsBoo (Phyllostaeftys reti{ ulata)

Distanoe from the top

    (cm}
 p-Coumaric acid Ferulic acid
(-tglJO g fresti wcight) (i`si1O g freSh wcight)

.

 " 10
40- SO
9"1oo

120-130
170-180
21or22D

 2•7
 5•O
55•S

IM•8
;16•8
16:•6

2-O
2•1

3+9 '
S•2
5•S •
7•3
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Table
BAMBOO

3, CHANGES
 SHOOTS C Ph

iN THE RATIO
 KI'los•ta'ch ;s: -

CSA!FA)
'ub'e's'ce'ns

DURING
 ),

GROWTH OF

Samp1e
** Products Cn

  FA
 mo1e)
SA

*
Ratio

(SA! FA)

A.

B.

c,

D,

E.

 s* ft
A
M
}.4 L. 4- .- --

A

M
L

A
lvl

L

A
M
.LT "' -h- "m

A
]vl

L

108

60

85

82

98

84

69

84

92

60

73

43

125

230
239

 ss
 74
-. 7.8

104
 88
 77

 72
 96
109

 60
 73
 43

119
231
248

O.9
O.9

1.0

1,1

1.0

1.1

O,9
O.9
1,2

1.0

1,O

1.0

1,O

LO
1.0

*t S"Adenosylmethionine"14cH3 was used as a methyl donor.

   The assay conditions were described in the text.
** - Samplest A,B,C,D and E; IS, 20, 50, SO, and 270 cm in length.
                                                                 '
    Tespectively.
*** , A; apical part, M; middle part, L; lower part.

it may be considered that the twe activities exist in an equal

amount throughout the growth of the shoots, on the assumption

that 9"methÅr.ltransferase consists of two different enzymes for

guaiacyl and syripgy-1 components (See Chapter :I,4), `
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     As described above, the activÅ}ties of the enzymes involved

in the transamination, the deamination, the hydroxylation and

9:methylation steps were found to be intimately corTelated with

the lignification of bamboo shoots whereas the enzyrnes in pen-

tose phosphate and shikimate pathways did not show such marked

Å}ncreasipg patterns Å}n the activitiesi, Similarly•, the enzymes

Å}n TCA cy•cle did not increas-e but rather decreased duripg ligni-

fication C5), From these Tesults it is reasonable to consider
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that the enzymes in the phenyilalanine"cinnamate pathway

s•ituated at the locus quite near to the end product of lignin

are activated rather than the enzymes in pentose phosphate

and shikimate pathways situated at the early stages in the

rnetabolic pathway leading to lignin.

     In connection with the changes in enzyTne activities, it

is of interest to investigate behaviors of the esters of 2-

coumaTic and ferulic acids that are demonstrated to be natu-

ral precursors of lignins (38-41). The intensive accumulation

of free R"coumaric and ferulic acids are alTeady shown in

Tables 1 and 2, Similar accumulation patterns for 2-coumarate

                                                        .and ferulate esters bound to cell wall constituents are given

in Fig 13. Fig. 14 shows relationships between R-cournarate

and lignin, and ferulate and carbohydrate, indicating that

p-cournarate ester groups hre exclusive:y bound to lignin mole-

cules, whereas ferulate ester groups are to carbohydrate mole-

cules. Therefore, it can be considered that the incTease in

the arnounts -of ]2.-coumarate ester during the growth of the shoots

is more correlated with lignin formation than that of ferulate.

This explanation is supported also by the fact that bamboo

milled wood lignin contains 5 to 10"o of R-coumarate ester ac-

companied by ferulate in a srnall amount (33-34).

     More interesting is the fact that the relative content

of "cournarate ester based on Klason's lignin inereased fTom

the apex, reaching a maximum at the locus aTound 150 cm and

finally decreasing to the content (S"102) for mature bamboo

as shown by• a dotted line in F,ig, 14. 0n the othet hand, the

es-ter content on dry weight of the shoet increased intensively

                             -69-



 from the apex to the basal parts, finally• reaching the great-

 est amount (2"3e6) as• shown by another dotted line in the Fig,

 This indicates that the greater majority of 2"coumarate ester

,groups are formed at the early stages of lignification, since

 the content of the ester in the young bamboo shoot was 2 to 3

 times greater than that of the ester in the grewn-up one.

 Accordingly, it may be assumed that 2"coumarate ester groups

 are heterogeneously distributed within cell wall, although

 merely average content of the ester was obtained by the conven-

 tional method of milled wood lignin preparation. The ester

 linkages ef E-cournarate is discussed in Chapter Vr.(42).

ML!gltiA{bglLEI,g-.!:2gyELglLlglL.-g!-Ug!SS!saS.Igabl lt flft:

     There are many factors influencing lignification. Siegel

and his coworkeTs reported'that IAA repressed lignin formation,
                            'indicating that IAA acts as an antioxidant to inhibit the oxi-

dation of phenolic compounds catalyzed by peroxidase (43).

Koblitz recognized that kinetin incTeased lignin content from

20 to 3006 in carrot tissues (44), Bergman (4S) also obtained

the similar results that lignin content in tobacco tissues grown

undeT the presence of kinetin increased from 4 to 22go, suggest-

ing that this hormonecould activate the enzymes in the pentose

phosphate, the shikirnate and the cinnamate pathways. Gibberel-

lins are also considered to prornote the lignin formation (46-47).

However, the physiolpgical nature of the trigger for lignification

is- still obscure, The results described above on the variations

oÅí the enzyme activiti'es point out that from a physiolpgical

aspect) activati"on or synthesis of the enzymes in phenylalanine-
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 THE RELATI-ONSHrPS BETWEEN LrGNTN CONTENT AND
   AND FERULATE ESTERS CONTAINED rN rvfiVL AND
     FROM BAIVfBOO MEAL (P. pube.scens).

            -D-', ferulate,
      was deternined by the acetyl bromide method
     as Klason's lignin, The method of preparation
  various LCC fraction is described in the text.

      e,g, the activation of PAL, is one ef the

  factors• to induce lignih forrnation. Because PAL
a
           poitnt on ,the metabolic pathwqys for

         Carnino acid and protein) and iisecondary

(phenolics includipg lignin). Zucker C48) reported
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tltat PAL in the potato tuber was• inducecl bT light irradiation

although no PAL activitÅr" could be detected in the fresh tissue

before the irradiation. Yoshida also repoTted that the PAL

synthesis was greatly enhanced by light in, gerninating pea

seedlings (49)i indicating that phytochrome and the related pig-

ments aTe involved as an inducer in the enzyme appearance.

A similar inducer may participate in the formation of PAL in

     As another regulating factor for lignification, NADP level

in tissues should be considered. As described above, the enzynes

in pentose phosphate and shikimate pathways are NADP-specific

and accordingly low level of NADP should repress the function

of these enzynes. As factors to increase NADP level in plant

tissues, oxygen, red light and kinetin have been known (50).

Although such rnany factors are involved in initiation of ligni-

fication, further investigations are needed on regulating mecha-

nisrn for induction of enzyrne synthesis during plant development.

                    MATERIALS AND rvlETHODS

Assa of the enzyrnes in pentose phosphate pathway:

     Extraction and assay method are described in Chapter rl-1.

For comparison ef the enzyme activities in different parts of

bamboo shoot, P, reticulata was used, because in the course of
this experimentlmmatUre Mohso (!l,-R}l!bzgigspEescens) was out of season.

An immature bamboo C2,4 m in length) i"as cut into 6 pieces at

about equal intervals, From each piece 20.g of tissue was cut

                                                    aout'and homogenized with 40 ml of O.1 lv[ NaHC03 at O"4 , The

hompge'nate was used as an enzyme preparation after centr,ifugatien,
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Th.e enzyme activÅ}ties oÅí 6 dÅ}fferent preparations were ex"

presLsed on g fresh wt, for cornparÅ}son,

RespiratorÅr' breakdown of Gil"14c and G.6.14c :

     Fresh irnmature shoot of Mohso CR.-pubps}E.EsuE, ) 2t4 Tn in

length was cut into 6 pieces at about equal intervals. From

each piece two sliced sections (SOO mg for each) were cut out.
one was used foT respiration experiment with glucose-1-14c

and the ether with glucose-6-si4c. oxygen uptake was measured

by using Warburg respirometer at 30". rn a main compartment 500

mg of tissue, 2,O rn1 of O.1 PIX.sodium phosphate buffer (pH 6.8)

and O,5 ml of specifically labeled glucose (o.1 /uCi) were ad-

ded and in a center well O.2 ml of 1006 potassiurn hydroxide.

The radioactive carbon dioxide liberated for 4 hT in respira-

tory breakdown of the labeled glucose was converted to baTium

carbonate and the radioactivity was rneasured by a gas flow

counter, and the C6!Cl ratio was calculated.

Extraction and assay of the enzymes in shikimate pathway;

     The extraction and assay conditions of 5-dehydroquinate

hydrolyase and dehydroshikimic reductase were described in

Chapter rr-2 and Chapter II-3, respectively. However, for the

comparison of the activity of the enzyne in different paTts of

bamboo shoot, the following preparation was used, Bamboo shoot

about 2,5-4.0 m in length was cut into five parts at a suitable

interval, Frorn each part, constant weight of tissue was cut

out into small pieces and hompgenized with equal we,i'ght of O.05

M potassium phosphate buffeT (pH 7.4) iArith an Ultra turrax homo-

genizer, The homogenate was squeezed through. gauze, the filtrate

                                                      '
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was centriÅíuged at IQiQQQ?cg for ZQ rzaÅ}n, and to the supernatant

solution solÅ}d ammonium sulfate was added to Q.7Q saturation,

the precipitate collected by• centrifugation was dissolved in

O.05 M potassium phosphate buffer (pH 7,4). Different enzyme

preparations thus obtained were used for the assay of 5-dehydro-
quinate hydro-lyase.(see Ref.2).

      rn a siTnilar way the assay of dehydroshikimate Teductase

was caTried out and each enzyme activity was compared (3).

Determination of shikimic acid:

     Shikimic acid was isolated from different parts of bamboo

and determined according to the method of Yoshida and Hasegawa

C51), The immature shoot of Mohso 4.2 m in length was cut into

6 pieces at about equal intervals and from each portion -10 g of

tissue was cut out. Each piece was hornogenized and extracted

with hot ethanol for several minutes, The extract was filtered

and evaporated in vacuo and the' residue was dissolved in water

(30 ml). The solution was passed through a colurnn of anion ex-

changer (Arnberlite 410). Shikirnic acid adsorbed on the anion

exchangeT was eluted with 1 M ammonium carbonate and the efflu-

ent was evaporated to dryness and the.residue was dissolved in

5.0 ml of water. The solutions containing shikimic acid were

subjected to colorimetric determinationCSI).

DeteTmination of free amino acids:

     Young bamboo (g, i2M2bsEgguiscens), 2 to 3 m in height was used

foT determination of free amino acids, Fresh tissue was gut

from six parts from the apex to the base of the shoot, 10 g og

each was homogenized in het 702 EtOH(10Q ml) and the filtrate
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and washings were evaporated S.s!n t"tcuo. at about 5QE

The amino acids were quantitatively- determined bÅr- twoEdimen"

sional paper chromatographyL,

Metabolic activities of bamboo tissue foT transamination

(F ig.7 --9) :

   (a) 5 g of sliced tissue from young bamboos(P.reticulata)

was infiltrated Lt vacuo with a solution of sodium phenylpyru-.

vate (or R-hydroxyphenylpyruvate, S7umoles), glutarnic acid (5

pmoles), sodium ascorbate (25 pmoles) in H20 (1.0 ml). These 6

incubation mixtures were kept at 250and after homogenization

of the incubated tissues the products Cphenylalanine and tyro-

sine) were determined,

   Cb) p-Coumaric acid formed from phenylpyruvate or from R-

hydroxyphenylpyruvate was also determined in the test solutions

used for the estimation of amino acids. The compound was iso-

lated by PPC with toluene-AcOH-H20(4:1:5,V7V, organic layer)

for 10 hr, The ]2L-coumaric acid spot on the chrematogram was

then cut out and eluted with 95X EtOH and its absorptivity

measured at 310 nn.

   (c) A young barnboo (P. reticulata), about 3,O m in height,

was used for the experiments on changes in the enzyrne acti-

vities. Five sarnples of the tissues were prepared froin sec-

tions 5, 50, 100, 170 and Z60 cm from the ap' ex of the shoot.

The sliced samples (5 g) were infiltrated with substrates and

                  uere ethe reaction sy-stemslNincubated for 90 min at 25 together with

                 .controls- minus substrates. The solutiQn obtained,,after EtOH-
                                                  nyextractioni were used for the deteTmination of phenyLlalanine,

ty'ros•ine and p"coumaric acid foTmed as described above,
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Phenylpyruvate and m•hydroxyphenylpyruvate as substrates were

recovered and determined by taking the absorbance of the EtOH-

extracts in O.1 N NaOH at 320 and 330 nm, respectively, against

a blank,

Changes in cinnamic acid hydroxylating activity:
                                        -------"-
     From each of five different parrs of the bamboo shoot

(!l. ubescens) 2 m in height, 5 g of tissue was cut out, sliced
and incubated with O.5 mg of the labeled cinnamic(i:tgft 2SOfor 5

hr, Net synthesis of p-coumaric acid was determined as descri-

bed above (Fig, 11).

Changes in 9.methyltransferase activities:

     The activities of 9-methyltransferase extraeted from

different parts of bamboo shoots were assayed and compared

with one another. The assay conditions were the same as des-

cribed in Chapter II-4,(Procedure 1). (Fig.12).

Determination of free 2-coumaric and ferulic acids:

     Young bamboos, 2.5-3.6 m in height, were cur and 10 g of

fresh tissue taken from six diffeTent parts of the shoot, and
                     LVM
homogenized with the UIAturrax homogenizer with about 50 ml of

hot 8006 EtOH, The homogenate was filtered through a celite-'

bedded glass filter and washed with EtOH. The concentrate was

dissolved in 40 ml of hot H20, again filtered and the filtrate

and washings were extracted with Et20 and after acidifytng the

aqueovs solution with 10$ HCI. it was extracted w•ith ether,

The ether extract) after washing vÅëith water, was• dried (Na2S04)

and evaporated to drynes•s, The concentrate was sub'mitted to

PPC with toluene-AcOH"H20C4;1:5tV!V), The spots correspondipg
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to I2."coumaric actd and ferulic acid veere cut out and eluted

with 95Z EtOH and the eluate evaporated to dryness, The con-

centrate was rechromatographed quantitatively• Å}n the sarne

way•, Then, u•coumaric and ferulic acids "rere eluted with 5 ml

of 950-, EtOH at 50efor 20 min and the abserbance at 310 nrn and

323 nm was determinedirespectivelyt.

Changes in conte!!tL.s.nt.o.gmhyd-rpx.zg.:'!Lnnamlc acid es-ters- and lignin

during. growth of the shoots:

     A young bamboo CxPnxuELsgay!xgh 11 t h reticulata) 2,5m in height

was used for the experiment, The test saniples were taken from

five different parts of the shoet, From the three upper parts

50 g each was weighed and 20 g'each was weighed from the two

lower parts, The tissue samples weTe homogenized separately

with water and the residue obtained by filtration was extracted

with EtOH"Bz(1;1). After the extfaction five samples were hydro-

lyzed with 2 N NaOH containing SO mg of Na-borohydride. The

liberated free 2-coumaric and ferulic acids were determined as

descTibed above. Deterrnination of lignin contents was carried

out accoTding to Johnson !2.!tL 9;1;• (52)• The results are given

in Fig. 13.

Distribution of p.coumarate and ferulate esters within cell

wall substances:

     Distributions of the hydroxycinnamic acid esters beund to

lignin and carbohydrate were examined using the fractions pre-

pared as shown in the follow-ing scheme, .p."Counarate and feru-
late contents were measured as descTibed above, Th' e 1.i'gnin con-

tents were determined by• the rnethod of Johns'on ' s2;ta s!,1;, (S2).
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Scherne

Table 4
WITHIN

              Bamboe meal (16QQ. g),

                - Ground wÅ}th a vibratory- ball mill.

              Mea1-!
                F Extracted with aqueous dioxane.

     Residue CMeal-TI) Ml"L
Restdue tExtracted with DMSO at 200 for 5 days.

        tPrecipitated in 10 times volume of 999e EtOH

       Precipitate

           Dissolved in 50t AcOH.

           Precipitated72 times volume of acetone.

       Precipitate(LCC-I)
         Fwashed with acetone and dried.

         rLDispersed in water and centrifuged at sxlo4

    Supernatant Prgcipitate(L-I)
      b precipitated into EtoH.

    Precipitate (LCC--Ir)

1. PREPARATION OF MWL AND LCC FRACTrONS,

, DISTRIBUTrONS OF E-LCOUMARATE AND FERULATE ESTERS
CELL WALL SUBSTANCES (g• ]2]Ub2SEL99!}E)•

.

xg.

Test samp1es p-Coumarate Ferulate Lignin*

Mea1-r
Meal-rr
LCC-T
Lcc-Ir
rvtwL

L-:

2,4 ig

z.o

z.o
1,3
7.4
2,9

Q

o

.Q

o

Q.

o

,

.

'

,

.

,

3 ig

3

5

5

1

3

28

28

23

18

8Q

4Q

.

,

.

.

,

,

Ol
4

8

2

a

a

* i ExpTessed
 as• s-hown

 as+

tn
 Klasonts-
F ;' g.14,

lignin content. Th,e values are plotted
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                       CHAPTER rV

METABOLIC MECHANISM OF FORMATION OF SYRINGYL COMPONENTS IN

LIGNrNS

                       INTRODUCTION

     It is presumed that ferulic acid (FA) is a natural inter-

mediate to sinapic acid (SA) since both FA (1-3) and 5-hydroxy-

ferulic acid (5-HFA) (4) were incorporated into syringyl corn-

ponents ef lignin molecules. However, foUowing problems still

remain to be investigated,

(a) The evidence to demonstrate enzymatic conversion of FA to

5-HFA has not yet been provided.

(b) There might be a misinterpretation on the incorporation of

FA-2-14c into syringyl cornponents. Because it is uncertain

whether FA administered to plants was incorporated via 5-HFA

into syringyl components with retention of the methoxyl group

or into those via caffeic acid (CA) and 3,4,5-trihydToxycinnarnic

acid (THC) after dernethylation andlor dernethoxylation of FA as

shown in Fig. 1. Tn fact, the demethylation and the demethoxy-

lation of FA and SA adrninistered to plants were observed by

many lnvestlgators.
     Kratzl and Billek (5) reported that radioactive syringin

was• incorporated into guaiacyl cornponents of spruce 1ign:n.
Reznik and Urban (6,7) recognized the conversion of FA-3-14c
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                         OHk/,,2'-9A,otS'IC;'H2sl,/itc'ipcH,oe/,ocH,

cH=CH.COOH

           Guaiacyl components Syripgyl components

FLAVONOIDS

Rza

                                    LIGNINS

 Fig. 1, METABOLrC PATHWAYS OF HYDROXYCINNAMIC ACIDS rN FORMA-
         TION OF LrGNINS AND FLAVONOrDS.

 to chlorpgenic acid in both wh.eat and red cabb4ge, Brown and

 Neish (3) TecognÅ}zed that sA"3"14c vras partly incorporated into

 guaiacyl components isolated as dihdroconiferyl alcohol. Conver-

 sion of SA to FA was also recognized by Higuchi and Brown (4).

 El-BasyounÅ},Neish and Towers (8) found occurrence of radioactive

 vanillin and E-hydroxybenzaldehyde aftet feeding ferulic acid-
 3-14c and sinapic acid-3-14c to wheat piants. Recentiy, steiner

 has reported an important role of demethylation of SA in bi6-

 synthesis of delphinidine in petunia (9). He also observed the

 cenversion of FA to CA and to 2."coumaric acÅ}d (PCA). These

 facts• show that the methy-1 ethers of FA and SA, that appear to

be chemicallÅrn s•table forms-? 's•eem te be eassily removbd by• plants,

particularly' when such compounds were fed to them for tracer ex-
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  perim,ents, ThereÅíorei it mayi be cons•idered that hydroxycin"

  namic acids are rather interconvertible by• modifÅ}cations of

  their benzene ring. '
  Cc) THC may serve as a natural precuTsor for SA ,
     '
  Because THC was found to be a potent substrate to be methyl-

  ated by bamboo 9-methyltransferase (10ill) and Meier and Zenk

  (12) repoTted that THC might be formed from CA, showing that

  THC was more efficiently incorporated into delphinidine than CA.

  (d) Then, apart from a metabolical relationship between •del-

  hinidine and lignins, it is necessary te clarify rnetabolic

 mechanism of formation of SA net only with FA labeled at the

  side chain or at the benzene ring but also with FA label,ed at

  a methyl group, Because with the former labeled compounds it

 might be •impossible to obtain the.information on the removal of
  the rnethyl group of FA, HoweveT, FA-o-14cH3 was not yet emp-

  loyed in the earlier investigations on lignin biosynthesis

  except that Hess used this labeled compound for studies on big-

  synthesis of anthocyanidines in petunia (13),

       The present investigation has two aims, The first one is

  to elucidate whether or not FA administered to bamboo shoot is

  converted to other hydroxycinnamic acids by the demethylation

  or the demethoxylation as previously reported (6-9). The second
  ene is to make it clear whether FA-o-14cHs is incoTporated via

  5--HFA into syringyl components of lignins with retention of the

  methoxyl group, At the same time it is elucidated ikhether or not

  THC is involved in Mosynthes•is• oÅí 1.i'gnÅ}ns as an obitrgate inter-

  mediate.

r
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                     RESULTS AND DXiSCVSSI]ON

     Radibchromatographic patterns aTe given in F.r-'g, 2 apd 3,

showing that'FA administered to tÅ}ssue slices of bamboo shoot

was converted to PCA and probably• to S-HFA, However, no radio-

active CA was obtained. Radioactive PCA isolated from the

chromatogram was crystallized from hot water after addition ef

20 mg of the authentic PCA until the specific radioactivity

Ccpmlmg) was constant (Table 1), Since no changes in the spe-

cific activity were observed, it can be recognized that radio-
active pcA was converted from FA"2-14c by the demethoxylation.

Similar attempts to crystallize radioactive 5-HFA were unsuc-

cessful. The Rf values of hydroxycinnamic acids and location
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Tab1e
AcrD

 1. CR'XNS.TALLI-ZATZtON OF RADrOACT:VE p"COUMARIC
FORMED FRoM FERuLrc Ac:D..2.i4c,

Number of
cTy+sta11ization

SpeclEic activity of
pcA Ccpmlrpg)

       1

       2

       5

Back gr,ound ,.

1,OQO

  90Q

1,OOQ

   6Q

xP,H
År

,- •

PU
tu

o
,H
ves
at

Fig. 3.

5 •- HFA

  &
p-CA, FA
  MI

                  v          Length ogLChromatggram, cm

PAPER RADIOCHROrv[ATOGRAPHY OF R.ADrOACTrVE
HYDROXYCINNAIVIrC ACIDS.
Solvent, Xylene-methy-Vethyillketone-forrnamiae

(25:Z5:1), The paper was used aftgr treatment
with ethylacetate-forrnarnide (8:2).

,
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Tabie 2,
LOCAT I-ON

 Rf
OF

 VALUES OF HYPROXY•C.INNATvl:C

THEI•R RADrOACT1•VrtTY,

AC :DS AND

Solvent PCA
-6A  't

FA
  - ,t
5-HFA TCA

      A
      B
      c
 ----"fi fi - !-.

"-L " -t -l -- -K. -- -. - -

      A
      B
      c

"t

    o.6a o.
    Q,40 Q,
    o.3o a,
- -L -A-- -k -- -L -- --

Radioactivity
" .-L "-"-" --L "- """

     +-
     +-
     ++

35 O,86 O,5Q
34 Q.54 O,34
07 O.30 O.07
"- !S -A " .L .L- li .- S-" .K .t .S

 located on the
-L "S .S .VL """ .- - .- .- -4 -- ts

      ++
      ++
      ++

   O,12
   O,23
   O.02
.s - vs --- A-"------
chrornatogrants
-L "" -L -A -L -f- """-

     5

     tK

  A; TLC, CHC13-AcOH"H20C2;1;1), B; TLC,Toluene-ethylformate-
    HCOOH(S:4:1), C; PPC, Toluene-AcOH-H20(4:1:5), '

  of their radioactivitÅrr- are shown in Table 2,

     Fig,4, shows- the time courses of formation of PCA and com-

pound X C5-HFA?) during incubation of ' the bamboo tissue with

FA"2"14c. Both compounds were found to be formed rather rapid-

ly, showing that about 20rg of FA given was converted to them

after 100 rnin incubation, The fact that PCA was converted from

FA by the dernethoxylation is in good agreernent with the results

obtained by El-BasyoUni et al, (8) and Steiner (9). Although

the mechanism of this "demethoxylation" is unknown, it seems

that hydroxycinnamic acids (Fig, 1)'are relatively interconver-

tible by resubstitution on their benzene rings, ln addition, it

must be taken into account in tracer ekperiments ihat the deme-

thÅrr"lation ancl the dgmethoxy•latÅ}on may• be dependent bn physiolo"

gical conditions Of p,lants to be tested (4).' '
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Therefore 1 these phenomena hinted us a methodological impor~

tance of ustng the tracer compound labeled at the methyl group
14of FA, i.e. FA.O. CH 31 for the biosynthetic studies on lignins.

This labeled compound was prepared from CA and S~adenosylmethi­

onine~14CH3 with bamboo Q~methyltransferase. The criterion for

identification of FA~O~14CH3 was achieved by a crystallization

method as shown in Table 3,showing that the constant specific

activity was obtained on the third crystallization.

After feeding the various labeled compounds to grass

plants, vanillin and syringaldehyde were isolated by nitrobezene

oxidation. The yields, specific activity and dilution values

for vanillin and syringaldehyde are given in Table 4. The ratio

(S/V) for the specific activity obtained with FA-O_ 14CH3 was

found to be 0.33, which was considerably greater than expected.

This value is nearly equal to that obtained with phenylalanine­

U_ 14C, indicating that the incorporation rate of FA~O_14CH3 into

syringyl components wasa;reat as that of phenylalanine-U- 14C.
A

This result also indicates that the demethoxylation did not

occur to so a large extent as to affect lowering the specific

activity of syringaldehyde derived from FA-O_ 14CH3 . This assump­

tion was further supported by the results obtained from ethano­

lysis experiment (Table 5). The incorporation rate of FA-O_ 14CH3

into VMK and SMK was found to be rather greater than any of

those of FA~2~14Cp CA~2-14C, and Phe~U~14C. And yet no distinct

differences in the ratio CSMK/VMK) were observed between them,

which is in, good harmonr with the results obtained on the nitro­

benzene oxidation. The ratios(S/V) and (SMK/VMK) obtained in

the present investigation are, as a rule, compatible with ~hose

~89-



Tab1e

r.NTo

 4,

GRASS

IiNCORPORATI-ON OF

.L.r.GN.r-N ,

     14FA =.O - CH3 ANDPHENYLALANiNE   14-U- c

Compound
admÅ}nistered

YÅ}eld

    v

 of aldehÅrndes*
CPmo1e)

       s

Specific activity
    (pCi1TnM)

    vs

Dilution

     14FA "O"       CH3 Cl)

     14       CH3 (2)FA"O-
      14Phe-U-        c

23

29

17

.3

.3

,8

 8,2

10.5

 6.6

O,96 O,32

1,OO O.33

O.98 O.33

192

18.4

337

 S75

 551

1115

., vi Vanillin, S;

Table 5,
TNTO GRASS

Syringa]dehyde.

TNCORPORATION OF
 LrGNIN .

THEVARIOUSRADrOACTIVECOMPOUNDS

Compound
administered

Yield of
products
   VMK

ethanolysis
(pmo1e)*

   SMK -

Specific activity
      (iiCi1mM)

  VlvfK SMK

Dilution

VMK SMK
     14FA"O"       CH         3
     14FA " 2 •-,       c
cA.2h14c"*

phe-u-14c**

13

12

2

2

.6

,2

,1

.5

7.6

8.3

1.1

1.7

1.52

O.61

O,99

O.97

1.16

O.41

O.98

O,58

121 159

320 481

270 273

340 572

k
 '
*k

VMK; Vanilloyl methyl ketone, SMK; SyTingoyl methyl ketone.
, Most of VMK and SMK were lost by an unexpected accident.
However, the values for the specific activity and dilqtion

 are valid for comparison with those obtained in other two
 sets of experiments,
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(Q,2~1,Q) calculated from the value~ reported in the earlier

investigations Clp2~4,14). Then, it can be concluded that

most of FA administered to plants was incorporated into syrin-

,gyl components of lignins without removal of the methyl group,

although demethoxylation might occur to some extent. According­

ly~ the present result reconfirmed the universal validity of

FA as an obligate precursor'of SA in biosynthesis of lignins,

although Hess already recognized that FA-O_ 14 CH3 was incorporated

into SA in formation of anthocyanidine pigments in petunia (13).

It may also be concluded that THC is not involved in biosynthe-

sis of lignins in spite of the methylation of THe to SA by bamboo

Q-methyltransferase. Therefore, it is indicated that hydroxy­

lation must have been brought about at the stage of FA, which is
blosynthetic thOregarded as a diverging step on pa ways to lignins of

angiosperms and gymnosperms.

MATERIALS AND METHODS

Plant materials:

Sliced tissues from bamboo shoots(Phyllostachys pubescens)
on

1.5-2.0"m in height were used for the experimentAthe demethoxy-

lation of FA-2_ l4C. Grass plants (Miscanthus sinensis) were

used for the experiment on incorporation of various radioactive

compounds into lignin molecules.

RadJ?af~iY~;fo~Pfunds:

L-Pheny'lalanine -u ft l4C (4Q SmCi/mM) purchased from Daiichi

Kagaku Co., was, diluted with cold phenylalanine to 330 }lCi/roM.

S~denoSYlmethionine(SAME)~14CH3 with the specific activity of

52.3 ~Ci/mM was procured from New E~gland Nuclear. CA~2~14C
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(Z 66 pC i(mTvI) and fA ",2 .<J4 C C1 ns ,uCi/mM) were synthes ized accor ~

dj:ng to the method of Neish (15). FA",O.J4 CH3 (184 pCi/mM) was

enzymat~cal1y prepared as described below.

En'ZX!TIg.~~~rrepa!~~ion. ?f'- ~f- :.o~.I~CH3;

Bamboo O~methyl transferase 'vas obtained according to the

procedures previously reported (16). A reaction mixture con~

tained 3.0 ml of the enzyme solution (0.1 M phosphate buffer,

pH 8.0) containing 33 mg protein, 0.5 ml of SAME-14 CH3 (10 pCi),

0.1 ml of cold SAME (0.25 pmole), 0.2 ml of CA (0.5 pmole),

O~l ml each of 0.1 M MgCl z' 0.1 M NaN3~ and 0.1 M iso~ascorbate.

The reaction mixture was incubated for 30 min at 30~ After

addition of 10 mg of FA as a carrier and 2.0 ml of 5% HCl into

the mixture~ FAnOn14CH3 formed was extracted with ether.

After evaporation of the ether to dryness, the residue was dis­

solved in 10 ml of EtOH. 9.5 mL of the EtOH solution was taken

and evaporated to dryness, which was used for feeding experi­

ment. The remaining solution (0.5 ml) was an~zed in order to

identify FA-O_ 14 CH3 as follows;

(a) The concentration of FA-O_ 14 CH3 in the EtOH was determined

by measurement of the absorbance at 323 nm. Alternatively, the

radioactivity was measured with a Beckman LS-IOO scintillation

counter. From both value~btained the specific radioactivity

(PCi/mM) of FA-O~14CH3 was calCUlated.

(b) A portion of FA-On14CH3solution was submitted to PPC with

toluenenAcOH-HZO (4:1:5) and to TLCs with CHC13~AcOH~H20 (2:1;1)

and with toluenenethylformate~HCOOH(5;4:1). After scanning

the radioactivitr on the cnroma~~grams by' use of radiochromato­

gram scanner (Aloka PCS'l-4) or the Beckman scintillation counter,
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radxKoactisve FA was located on the chromatograms,

(c) To the Tesi'dual portibn of the FA"O"14cH3 solution, 20 pig

of cold FA was added and crystalliXzed from hot water until

the constant specific radioactivÅ}ty was obtained.

Ex.eriment on dernethox 'lation of FA:

     The tissue slices (5g) from the bamboo shoots were put into

a beaker and O.S ml of the solution containing each 10 lamoles of
FA.2.14c (1.s6 pci), iso.ascorbate, cysteine, and NaN3 was infil-

trated Ln vacuo into the tissues. The mixture was incubated for

1 hr at room temperature unless otherwise stated•, The incubation

was run in duplicate. After the incubation the tissues were

homogenized with 950"o EtOH in a Waring blendeT and the hornogenate

was filtered. The filtTate was evaporated and the residue was

dissolved in O,5 ml of 59o NaHC03, from which an acid fraction

containing free hydroxycinnanic acids was obtained by usual ex-

traction procedures. This fraction was submitted to TLC as des-

ocfribed above. The radiochromatographs were obtained by measureiTtent
iZrt\adioactivities in silicagel which was scratched off at 5 mrn

intervals from the TLC plates.

Ex eriment on incor oration of the labeled com ounds into li nin:
     The radioactive compounds such as FA-o-14cH3 (9.0 ,uci, g.5

mg), cA-2"i4c as ]ici, io mg), FA-2-i4c (g.3 pci, io mg) and

phenylalanine-u-14c (2o pci, lo mg) in 3.o ml of water containing

O,2 Tnl of 5Ye NaHC03 were individually administered to four lots of

the plants under the sun lttght and metabolized for 30 hrs after

the complete imbibi"tion ef the solutions, The former two compounds

xreTe fed to 3Qg of the fres-h plants each and the latters to 15g

of the ÅíTesh plants, The plants in every• Zot was cut into small
                                                         t
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 pieces, which were homogenized with hot 9S96 EtOH, The cell wall

 residues were used, after extraction with EtOH-bezene (1:1),

 for alkaline nitrobenzene oxidation and ethanolysis.

Anal ses of li nin aldeh des:
                                                 '
      The cell wall residues obtained from the plants fed with
      14                                14 FA-O •-        CH3 and phenylalanine-u-                                  C was submitted ro the alkaline

nitrobenzene oxidation by the procedure of Stone et al.(17).

The radioactive lignin aldehydes such as vanillin and syringalde-

hyde were isolated from the reaction mixture by alternate ex-

tractions with ether and 200!o NaHS03, The aldehydes were purified

by TLCs, which were carried out firstly with water-saturated iso-

propyl ether. secondly with CHC13-n-hexane (5:2) and again

with the first solvent. The purified vanillin and syringaldehyde

were eluted from the chromatograms and determined by the measure-

ment of the absorbances in EtOH at 278 nm and 308 nm, respectively.

At the same time, UV-spectra of both aldehydes were taken and

identified with those of the authentic specimens. Alternatively,

the radioactivities of the aldehydes were measured with the liquid

scintillation counter. Their specific activities were consequently

calculated from these data.

Anal ses of ethanol sis roducts:

     Ethanolysis of the plant residues was carTied out according

to the procedure by Kratzl et al.(18) except that 20g amount of

milled wood lignin (bamboo MWL) on the.weight of the rsidue was

added to each reaction mixture. Ethanol lignin and crude ethano--

lysis oil were separated frorn the Teaction rnixture as described

by these workers. The crude oil was oxidized with ferric chloride
                        .
.in EtOH, The diketones in the resultipg mx'xture were separated
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by TLCs, firstly wi.th water-saturated iso-propyl ether and second-

ly with bezene, Vanilloyl methyl ketone and syringoyl methyl

ketone in EtOH were determined by measurement of the absorbances

at 3Z6 nm and 320 nm, respectively. The UV-spectra of the two

diketones were taken at the same time and identified with those

of the authentic specimens. The radioactivities of the diketones

were determined with the scintillation counter. Thb specific acti-

vities were calculated from the values obtained.
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                        CHAPTER V

 MECHANISM OF ENZYMATIC FORMATION OF METHOXYL GROUPS IN LIGNIN

 MOLECULES IN DrFFERENT PLANTS

                       INTRODUCTION

      The incorporation of the methyl group of methionine into the

 rnethoxyl groups of lignin was first deinonstrated by Byerrum et al.

 (1) using baTley plants. Now that S-adenosylmethionine:cate-

 chol 9-methyltransferase (E.C.2.1.1.6) from higher plants has

 been investigated by several woTkers (2-9), it is established

 that these Q-methyltransferases (OMT) catalyze in the presence of

 S-adenosylmethionine the methylations of 3,4-dihydroxycinnamic

 acid (caffeic acid, CA) to 3-rnethoxy-4-hydroxycinnamic acid (

 ferulic acid, FA)(2-9), 3-methoxy-4,5-dihydroxcinnan}ic acid (

 5-hydroxyferulic acid, S-HFA) to 3,5-dimethoxy-4-hydroxycinnamic
                                                                '
 acid ( sinapic acid, SA) (6,7) and 3,4,5-trihydroxycinnamic acid

 (THC).to both 5-HFA and SA (7-9). These enzyne works support

 the results obtained with the tracer techniques (10) that such

rnethoxylated cinnamic acids served as lignin precursors. Accord-
 ingly, it can beCOnSidered that the methoxylations occur at the

 stage of cinnamate monomers prior to polyrnerization of coniferyl

 and sinapyl alcohols.

     In connection with the biosyntheti'c pathways leading to lig-

nins, interest has also been focused en the fact that the lignins
of angÅ}osperms consist of both guaiacy-1 and syringyl' units whereas

those of gyrnnosperms hardly contain syripgyl units but. guaÅ}acyl
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  units with small amounts of 2-hydroxyphenyl units (11-13).

  It is also interesting tQ learn that cultured tissues of angi'o-

  sperms scarecely give rise to syringaldehyde on nitrobenzene

  oxidation (14-17).

      From a biochemical point of view, it is likely that gyrnno-

  sperms and the cultured tissues lack sorne enzyme systems re-

  quired for the formation of syringyl units. Higuchi and Brown

  (18) showed that labelled FA and 5-HFA were efficiently incor-

  porated into syringyl units of wheat lignin, indicating that

  the hydroxylation of FA occurs at the 5-position and the siabse-

  quent methylation of 5-HFA to SA. Hess (19) demonstrated the
  transforr.nation of FA-oi4cH3 into sA-i4ocH3 in seedlings of red

  cabbage. The author and his associates (20) recognized that '
  FA-o14cH3 was efficiently incorporated into syringyl units of

  grass lignin with Tetention of the rnethyl group. Therefore,
  this hydroxylation process can beCOnSidered as a diverging step

  whichXdifferentiates angiosperm lignins from gymnosperm lignins.

  However, no evidence for the Occurrence of either 5-HFA or "FA

                                  '  S-hydroxylase" has yet been provided. Apart from this, O-methyl-

  transferase (OMT) rnay be regarded as one of the key enzyrnes that

  are involved in the forrnation of the methoxyl groups of various

  plant lignins. Because bamboo and poplar eMTs were found to

  utilize both CA and 5-HFA as substrates, whereas tissue slices

  frorn the shoots of a ginkgo tree selectively methylated CA in the

  reaction mixture of CA and 5-HFA (8,9). However, OMT has not

  yet been isolated from gymnosperms and cultured tissues.

       The present paper describes the first cell.free extraction

  of OMT frorn seedlings of Pinus Thunber ii] the shoots of

r

                              .9 7 -.
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gt2n!ss.gk biloba and the callus tissues of Salix gARxs.g, and Morus

!t2g![bzs-l-Eb (mulberry)• The substrate specificities of these OMTs

are discussed in relation to biochemical differences in the

methoxyl patterns between angiosperm and gyrnnosperm lignins.

                   RESULTS AND DISCUSSION

1. 0-Meth ltransferases extracted from ymnos errns:

     The enzymatic formation of FA,SA and S-HFA were demonstrs-

ted with the cell-free extract from pine seedlings as shown in

Figs, 1-4. Similar radiochromatographic patterns were also

obtained with the buffer extract frorn ginkgo shoots. This is

the first evidence for the occurrence of OliT in gymnospermous

plants. Many attempts to isolate OMT from ginkgo shoots were

failed uniess bovine serum albumine (20-o) was added prior to ,

homogenization of plant tissues. .The addition of serum albumine

was found to be indispensable for the prevention of the enzyme

imactivation. Another demonstration for the enzyrnatic forrnation

of FA is given in Fig, 5, showing that no FA was forrned in the

absence of either CA or the extract of uat k biloba. The amount

of FA formed increased almost linearly within 60 ntn of incuba-

tion. Alternatively, Fig. 6 shows that the reaction velocity

was dependent on the amount of the enzyme solution used. With

a doubled arnount of the enzyrne solution, FA was produced in a

doubled amount afteT 15 rnin of the incubation. The reaction rate
            reduced                    with the incubatien time elapsed. This rnaywas a little

be due to decrease of the substTate concentration (CA or S"adeno-

sylmethionine) in the reaction mixture. The aTnounts of the pro-

ducts foTmed from the various hydroxycinnamic acids with thp
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Table 1. ENZYMATIC O-METHYLATION OF HYDROXYCrNNAMIC ACIDS
WITI-l CELL-•FREE EXTRACT FROM PrNE SEEDLrNGS,

SubstTates Products Radioactivity n Mole -O

o

THC 5-HFA + SA                            10,Z7S " 26.1 35
'---"-------  '- --------- -' '---" '- -"-'---"--'- '-- '- --- -s---g-"--

Å~

The reaction mixture was incubated for 90 rnin at 30:
The enzyme solution used contained 6.6 ing protein, It was.
confirmed that similar results were obtained by repeated
experiments with freshly prepared enzyme solution.

Table 2. ENZYMATIC O-METHYLATION OF HYDROXYCrNNAMrC ACIDS
PVrTH CELL-FREE EXTRACT FROM SHOOTS OF A GINKGO TREE.

Substrates Products Radioactivity n Mole g

--  -- -- - -b ------L ------ --- --- - -- --- -- ------ -L -- --"------ ----- - -L -- -- -4 -- !--- -p -- - --

 *, This result was obtained with the enzyme preparation with-
out the serun albumine, The reaction mixture was incubated for
90 min at 300. The enzyme solution contained 2,O mgs protein.

•- 1O2-



enzyme solution extracted from the pine seedlings and the ginkgo

shoots are given in Tables 1 and 2, respectively. It can be

seen that both pine and ginkgo OMTs produced FA in the highest

yields. On the other hand, SA was formed in the smallest

amounts, or in about 100-o yield based on FA formed. THC was

found to be a more efficient substrate than 5-HFA for the enzy-

matic methylation. Because the values obtained with THC can be

regarded as the yield of 5-HFA on the ground that THC converted

largely to 5-HFA accompanied by SA in a very small amount (Fig. 4).

Therefore, the effectiveness of the substrate for gymnosperm OMT

was lessened in the order of CA, THC and 5-HFA. The same rela-

tionship can be observed froni the data s.hown in Figs. 1,2 and 4.

Consequently, the fact that gymnosperm OMTs utilize CA preferen-

tially among the three substrates, yielding FA as a guaiacyl corn-

        'ponent2 is very compatible with the fact that gynnosperm lignins

consist of mostly guaiacyl units,

2. Substrate s ecificities of OMTs frorn various lants includin
    cultured callus tissues:

      Fig.7 shows the radiochromatographic patterns of FA and SA
lt  which were formed after incubation of CA and 5-HFA with the tissue

 slices from bamboo and ginkgo shoots in the presence of methio-
  . 14 nine- CH3 (9), Bamboo tissue are capable of producing both

 radioactive FA and SA in a nearly equal amount. On the other

 hand, ginkgo shoot methylated CA in a rnuch greater amount ?han

 S-HFA, which is in good agreement with the resuls provided with

 enzyme technique (Tables 1 and 2), Thus, the radiochromatographic

 data in Fig.7 show that bamboo OMT obviously differsi in behaviourS

 to substrates,i,e. in substrate specificity2 from those of pine
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and. ginkgo,

     Another radiochromatographic patterns which were obtained

with the cell-sfree extract from the cultured tissues of Salix

Elgl2xgsL are shown in FÅ}g,8, Tt can be s-uggested from the sizes

of the two peak areas that sA was formed in a nearly double

arnount as cornpared with FA. This suggestion was turned out to
                               ,be true by the data given in Table' 3,,showing the formation of

FA and SA during different incubation tirnes by OMTs frorn the

eallus tlssues of Salix saR!gA and Morus bombycis. It can be

seen from the Table that the arnounts of SA was twiee as great as

that of FA. Fer the comparison with the data in Table 3, the
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 Table 3, ENZYMATrC FORIvlATrON OF FA AND SA DURING DIFFERENT
 PERrODS OF rNCUBATrON,

Incubation
time (rnin)

Products (n
   FA

Mo1e)
SA

Ratio
(SAIFA)

Salix

Morus

c;el2sga O

      30
      60
      90
bombycis

30 .
60

90

o

20

35

40

17

27

35

 o
3S

53

64

27

50

61

 "

L
1,

1.

1,

1.

1,

8

5

6

6

9

7

The assay conditions were
except that the incubation

the sarne

 tlme was
as ctescribed
 alteTed as

 in the
shewn.

text
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Table 4.
PERIODS

  ENZYMATIC FORMATrON
OF INCUBATION (Bamboo)

OF FA AND SA DURING DIFFERENT
.

Incubation
time (rnin)

Products (n
   FA

Mole)
SA

Ratio
(SA!FA)

 o
 s
10

15

20

30

60

  o
 64
 9S
133
IS3
195

213

  o
 75
124
130
186
213

208

1.2

1.3
1.0

1.2

1.1
1.0

Bamboo OMT
The enzyme

Table 5.
OF VARTOUS
ALDEHYDES

 was prepared as described in the previous paper(9).
 solution (2 ml) used contained 20 mg protein.

THE RELATIONSHrP BETWEEN THE SUBSTRATE SPECIFICrTrES
 PLANT 9-METHYLTRANSFERASES AND THE RATrO OF LIGNrN
(SIV) .

Source of
OMT

Products(n
  FA

 Mo1ef*
SA

Ratio
(SA!FA)

Lignin aldehydes
    (SIV)

Bamboo

Poplar*

Pine

Ginkgo

Callus tissue of

S• saRzgg
M-•!t2gm!xZslEb

100

100

100

100

'

100

100

100-120

   300

    10

    10

    170

    180

1.0-1.2

  3.0

  O.1

  O.1

  1.7
  1.8'

rS

't

1,1

1,5

t7tsr O

{M O

O.1

1,O

', The extraction and the assay
the previous paper(8).
*t , The.amounts of the pToducts
relative values calculated from
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     The relati've values of FA and SA formed by various plant

OMTs and the ratio of syringaldehyde to vanillin (SIV) that

are obtained on nitrobenzene oxidation of the plants used for .

the source of OTivTT are shown in Table S. Bamboo and poplar OMTs

gave 1.0 and 3.0, respectively, for the ratio (SAIFA) while

pine and ginkgo gave O.1, These values appear to be very indi-

cative of the presence of a correlation between the substrate

specificities of the above-mentioned OMTs and contents of, guai-

acyl and syringyl units in angiosperm and gymnosperm lignins.

Particularly, the ratio obtained with ginkgo and pine are quite

cornpatible with the fact that gymnosperm lignins contain at

best about 109o syringyl units. On the other hand, the callus

tissues from Salix saEL]:s2A and mulberry gave greater values o,f

the ratio (SA/FA) ifi'spite of theirlower ratios (SIV), O.1 for
Salix sa]2xga in par"icular. The ratio (Slmet) was considerably

greater than that for other callus tissues (15). This discre-

pancY maY be.-due.r.g..oYb-e.!LLvpllspg!.lp-JS-4g!ors"b.9Cq.U-Se r--- -.--" .". .-"

the callus tissues were grown under the physiologically differ-

ent conditions as compared with natural vasculaT plants capable

                                                     '
     rn conclusion, one of the reasons for the different methy-

lations of the hydroxycinnarnic acids can be explained in terrns

of differences of the substrate specificities of angiosperm '
                 Therefore                          'and gynnosperm OMTs.AOMT involved in biosynthesis of various

plant lignins is considered as one of the key enzymes, which

regulate the forrnation of the guaiacyl and syringyl lignins in

                                                    ,
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                   . MATERIALS AND METHODS

 PIant materials:

     Pine seedlings (Pinus [TLL!!yl!2s:s.j.l,hunb ) xvere utilized for the ex-

 traction of OMT. The seeds were germinated on wet vemiculite
 under the light of 2xl04 lux for 3o days.

      Young shoots of StiLla!sggnk biloba were sai,tpled in the early

 surnmer at the campus of Kyoto University.

      The callus tissues of Salix gAJ2xga and mulberry (Morus

!b2E2!!S2zgi.Eb ) were cultured in the media of Heller,and Skoog and

Murashige (21),

Extracrion of OMT:

     Plant materials (10g of theseedlings-or ginkgo shoots, 30g

for the callus tissues) were homogenized carefully in the ice-

cooled mortar with 10 ml of O.1 M phosphate buffer(pH 8.0) con-

taining O.1 M NaN3, O.1 M cysteine, O.1 M MgC12(O.5 ml each),

and bovine serurn alburnine (200 mg). Polyclar AT (lg) was added

on the homogenization. The hornogenate was filtered and centri-

fuged at 14,OOO rpm for 30 rnin at OO. The supernatant solution

(10-20 rn1) obtained was used as an enzyrne preparation for the

assay of OMT activity. Enzyme protein concentration was determined

spectrophotometrically on the buffer extract without the serurn

albumine added.

     The extraction of OMT from bambeo (Mohso)(9) and poplar (8)

were described in the previous papers,

AL!EtEgt-.gll-.9!!!LeslS2yl.Sxs fOMTtt:

     The reaction ntxture contained 2 ml of the enzyme solution,

O.1 rn1 of a substrate (O,5,,umole of,CA, 5-HFA, or THC) and O.1 ml
of S-adenosylmethionine-14cH3(O.2s pmole, o,05 liCi), The reaction

                                                            '
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mixture was incubated for 90 min at 30~ unless otherwise

stated. Radioactive products were extracted 'vith ether (3xS ml)

after addition of 0.5-1.0 ml of 5% HCI and cold FA or SA as a

carrier into the mixtures. After evaporation of the ether, the

residue was directly used for the measurement of the radioacti-

vity without carrying out TLC or PPC. Each residue was dissolved

in 1.0 ml of dioxane and transferred in a vial tube containing

toluene scintillator solution (6 ml). Then, the radioactivities

of the products were determined with a Beckman scintillation

counter (LS-100). The activity of OMT was expressed as nano mole

of FA or SA formed by 2 m1 of the enzyme solution. The amounts

of the products were calculated from the radioactivities measur­

ed; 104 cpm is equivalent to 26.6 n moles of a product.

Identification of the radioactive products:

The ether extract from the reaction mixture was submitted

to PPC with toluene-AcOH-H 20 (4:1:5) or to TLC with CHCI 3-AcOH­

H20 (2:1:1). From the Rf values of the products and from the

radiochromatographical data shown in the~Figures in the text,

the products were identified with authentic FA,SA, or 5-HFA,

respectively.
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CHAPTER VI

ESTER'LINKAGES OF £-COUMARIC ACID IN BAMBOO AND GRASS LIGNINS

INTRODUCTION

It has been known as a unique feature of bamboo and grass

lignins that they contain 5-10% of esters of £-coumaric acid

accompanied by ferulic acid in small amounts (1). Kuc and

Nelson (2) investigated the variation of £-coumaric and ferulic

acid contents in lignin during growth of maize as part of a

genetic and biochemical study of maize hybrids. It is of inter-

est to elucidate the structural pattern of the ester linkages of

£-coumaric acid in graminae plant lignins with respect to their

biochemical formation.

The occurrence of the esters of £-coumaric acid in sugar

cane and of £-hydroxybenzoic acid in aspen lignins was first de­

monstrated by Smith (3,4), indicating that £~hydroxybenzoic acid

is linked to aliphatic hydroxyl groups.

As for the structural pattern of the ester linkages of

E-hydroxybenzoic acid in aspen lignin, Nakano et al. presumed

that part of the acid is esterified with a hydroxyl in the a-po­

sition (benzyl carbon) of the side chain of lignin molecules (5,

6). Okabe and Kratzl also proposed the possibility that E-hydroxy­

benzoic acid might be linked to the a-position. ~i~ supposition

is based on the mechanism of the reaction where the conjugate

base of the acid attacks nucleophilically the a-carbon atoms of

"intermediary quinone methides" (7), and they concluded that some

of the ester linkages of £-hydroxybenzoic acid in aspen lignin

are formed according to this reaction mechanism.

-111-
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have recently found acetyl groups in lignins of various gymno-

sperms and angiosperms (8,9), indicating that such acetyl groups

are formed as suggested by Kratzl et ~.

Pew ~~. proposed another possibility of ester formation

on the grounds that a new type of ester compound (10) was iso­

lated from dehydrogenation products of propiophenone after a per-

oxidase-catalyzed reaction.

Since the esters of £-coumaric acid (PCA) and £-hydroxyben­

zoic acid fcund in bamboo and aspen lignins, respectively, do

not occur in other species of woody plants, the present author

and his associates consider that the formation of these esters

is a biological feature depending on plant species and that it is

_ biochemically controlled by the plants. In the present paper

a different type of the ester linkage of PCA in bamboo and grass

lignins is proposed on the basis of analytical data obtained

with model substances and natural lignins.

RESULTS AND DISCUSSION

Spectral analysis of ester linkages:,

On the basis of the analytical data of hydrolysis experiment

and titration curves of aspen lignin, Smith concluded that £-hy­

droxybenzoic acid molecules might be linked by ester linkages to

aliphatic hydroxyl groups in the lignin molecules(4). However,

definite evidence for the structural patterns of ester linkages

of PCA with bamboo and grass lignins have not yet been provided,

although the ester carbonyl was observed in IR spectra and the

acid is liberated on alkaline hydrolysis (1-3).

Figure 1 shows characteristic pH-absorbancy curves of PCA,
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p-methoxycinnamic acid, and etyl ester of PCA. PCA, havipg

two dissociable groups, shows two inflection points around pH 4

and 9, On the other hand, R-rnethoxycinnamic acid and ethyl

ester of PCA, having only one dissociable group, give one inflec-

tion point around pH 3 and 9, respectively. By comparison of

"L- he absorbancy curves of milled•-wood lignin (MWL) shown in Fig.2

with theSe of model compounds, it is found that the MWL shows

sirnilar inflection to that of ethyl 2-coumarate in the alkaline

pH range, AfteT hydrolysis of the MWL, a significant increase

in the absorbance was no longer observed . Therefore, the ester
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linkages in

xyl groups

which is in

Effects ef

 bamboo and grass lignins are formed between carbo-

of the acid and hydroxyl groups of lignin molecules,

 accordance with the result obtained by Smith (4).

or anic acids on formation of esters in DHP:

     As already rnentioned, Sarkanen et al. reported the presence

of acetyl groups in both angiosperm and gymnosperm Zignins on

the basis of detailed analysis of their IR spectra (8,9). It

was found that such acetyi esters were formed when coniferyl

alcohol was dehydrogenated in acetate buffer solutions of pH 5.5

     As shown in Fig.3 IR spectra of dehydTogenation polymer

(DHP) preparations formed when the reaction mixtuTes contained

a given organic acids show a significant absorption band due to
ester carbonyl at 173o cm-1, except for the spectrum of DHP pre--

pared in the presence of cinnamic acid-2-i4c. on the other hand

DHP produced in distilled water without any organic acids gives
                                             -1no significant absorption band around 1730 cm .

     Although these spectra do
not directly• support that the Tabieib,gt".C.Oi".PAOr,gdt,iOi",tO.fDRH"pdloactive

                                      Ra(lioactioe lncorporation,prediction that the aliphatic organicaeids %b
                                   Acetic acid-1-i'C 3.6.ester groups are attaChed eXs Aceticaeid-i-"c o,4-i•6
                                   Cinnamic acid-2•-i'C O.4clusivelyL to the ct"LCarbOn atOMSi ' p.coumaricacid-2-i`c 6.o

                                   Ferulic acid-2-i'C r.7it seems reasonable to consider
                                    . DHP was prcpared as desc[ibed in t.he tcxt.
                                    b Thc arneunts er thc organtc acids Incerpo-
that these carbony-1 absorption                                   ra:cd arc expressed in perccnt based en dry weight
                                   of DH P.                                    e This high value was obtained only when
bands are due to esters- form6d ?tHpPHWsa.so.formedinO•iMacctatcbuffersoiution

      L                                    'as a result of addition of ali-

phatic acids to the ct"carbon atoms of t'intermediary quinone me-

thides", In oTder to examine this question further, the ZR

spectrum of DHP"B was again taken after methanolysis, by which
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ester groups attached to the a"carbon atoms are replaced by
     'methoxyl groups. Since the absorption band around 1730 cm'1

was reduced significantly after the rnethanolysis, as shown by

the dotted Zine in Fig,3 (a), acetyl esters were removed by

the methanolysis. Therefore, such esters had been linked to

the benzyl ct-carbon atoms. •
     However, as far as the esters of PCA in bamboo and, grass

lignins are concerned, there seern to exist other stTuctural
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patterns for the ester linkages, Infrared spectra of bamboo

MWL and Brauns' native lignin (BNL), and DHP prepared in the

presence of PCA and cinnamic acids are shown in Fig.3 (b).

After alkaline hydrolysis of bamboo MWL and DHP-I, the former
lost the absorption band at 1730 cm-1, whereas the latter

showed only partial loss, These results indicate that PCA

contained in DHP is involved in linkages different from the

ester linkages occurring in bamboo MIVL and in DHP preparations

formed in the presence of aliphatic acids,

Incor oration of labeled acetic and cinnalgig .acids into DHP:

     As already described, it is doubtful whether the ester

linkages of PCA are forrned at only the ct-carbon atoms of

"intermediary quinone methides'', in the sarne manner as found

in the addition of aliphatic acids. Thus, when coniferyi alco-

hol is dehydrogenated in the presence of PCA, the hydroxyl

group of the acid is also affected by peroxidase, so that free

radicals are produced which copolymerize with coexisting radi-

cals of dehydrogenated coniferyl alcohol. rt was found that

sinilar copolymerization occurred on preparation of DHP in the

presence of E-hydroxybenzoic acid (7). In connection with the
IR spectral data shown in Fig.3 contents of 14c-labeled acetic,

cinnamic, and feru]ic acids and PCA incorporated into DHP were

calculated from their radioactivities (Table 1). On the basis

of repeated experiments, it was found that when these organic

acids were added in equimolar or in half-molar concentration,

as compared with that of coniferyl alcohol, the ainounts of in-

corporated acids, except for PCA and ferulic acid, were rela-
tiveiy sman. However, a iarge amount of acetic acid-i-14c,
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3,606, was incorporated when Dl-IP was formed in 20Q ml of O.1 M

acetate buffer solution containing 2 mmoles• of coniferyl alcos

               ihol. Therefore, the amount of aliphatic acid incorporated into

DHP seems to be dependent, to some extent, on the concentration

 of organic acid added to the reaction mixtures, Among the

aromatic and aliphatic acids tested,PCA was incorporated in the

greatest amount (60-o) in spite of the low concentration, which

is in accordance with the copolymerization mechanism just indi-

cated.

     Figure 4 shows the UV spectra of the radioactive DHP con-

taining 66e of PCA and the natural bamboo MWL. The former can

clearly be distinguished from the latter. Therefore, PCA incor-

porated into DHP is not linked by the same ester linkage as

that found in bamboo and grass lignins. However, it is likely

that cinnamic acid, in spi•te Qf the low degree of incorporation,

is linked to the ct-position in the ester form described above,

because it is not affected by peroxidase. This assumption con

cerning the linkage formed by cinnamic acid with the ct-carbon

atems is examined by the following methanolysis experiment,

                     b
                     mE.es

                     fi

                        250 vilAOvOELENor:l?nOfn 4oo

                     Fig. 4. UV spcctta otbttrnboo un and
                     DHP in O.UV NaOH, DHP contained 69o
                     pto"ntaric aei"liC,
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Model ex eriments for methanol sis and alkaline h drol sis of

radioactive DHP;
                                   i      Tn order to determine the posjition (ct or y) of pcA ester

on the side chain of the lignin molecules, it is appropriate

to use methanolysis with O,5ef methanolic hydrogen chloride and

thioglycolic acid treatments (mercaptolysis) since these re-

agents attack mainly the a-carbon atoms of the side chain of

the lignin molecules, giving the benzyl methylether and thio-

ether (18,19), respectively. The former rnethod was used by

Freudenberg (20) and Adler (21) to estimate the number of
benzyl,"talcohol groups and ary5Vtether structures in lignin. Model

     -experiments on methanolysis of guaiacylglycerol-B-guaiacyl

ether triacetate (GGT), which contains one acetyl ester at the

or-carbon atom, were performed, After the methanolysis the

methoxyl content increased to approximately the theoretical

valu e (theor. 21,1 60 , found 19 .2Z) , p roviding ev idence th at the

acetyl group at the ct-position can be removed by methanolysis.

1

    OA
'E, ""•ttVXh-r•vMSv,,,p,,"•i

i
E

CA

                      :O 20               ENGTH cr CHRavaroGRAM,cm
Fig. 5. Radiechromatogram of cinnaTnic aald-2-irc liberated trom radioactive DHP
aftet alkaline hydtolysis and metlitmo:ysi& A n radiochromatogtam of al;caline hydrol.
ysis prgduet, B - radiochromatogram of rnethanotysis product, CA t authentie cin-
natnic acia, e - origin, r - eolveat iranL

,
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Furthermore, this is in accordance with the fact that the ab-
sorption band around 1730 cm-1 disappeared after rnethanolysis

of DHP-B, as shown in Fig.3 (a). Therefore, if PCA is located

at the or-postion, it will be liberated on methanolysis. On the

other hand, it will not be liberated if it is associated with

the terTninal y-position. The radioactive DHPs containing cin-
namate- and pcA"2-i4c can be used as model substances because

the incorporated acids should be rernoved on both alkaline hydro-

lysis and methanolysis, if they are attached as ester groups at

the ct-position. The incorporated cinnamic acid was actually
                                                         ,
released by both treat;nents, as shown in the radiochromatograrns

of Fig,5, On the other h•and, PCA was not liberated on alkaline

hydrelysis (Fig,6) but only on methanolysis (Fig,7). The fact

that the DHP containing PCA gave several radioactive fragrnents

as well as free PCA after 'the methanolysis is in accordance

withdan indication of copolymerization of PCA during the de-

hydrpgenation of coniferyl alcohol. Frorn these results it may
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be concluded rhat cinnamic acid is linked to the a-position

in-the esteT form, whereas PCA incorporated into DHP is not

bound in the' ester forrn.

{t

e lo

s

p
i5
5,

3o

AUTHENTtC p-COUMARiC ACID

ORtGIN

SOLiVENT FRONT

               Z../t:,t'ZZ..i

  ko- (z2zÅr- F-'1
        LENGTH OF CHROMATOGRAM,cM
Fig. 7. Radio"hremategram of methanolysis products from
radioactive DHP,

UV"S ectra of variousl streated lvlWL re arations:

     Figure 8 shows UV spectra of variously treated barnboo MWL

preparations. A characteristic peak at 355 nm in the spectra

did not change after methaneZysis and thioglycolation'of the -'

M141L, whereas it disappeared after alkaline hydrolysis, Since

the peak did not disappear after refluxing the MWL in•O.5g metha-

nolic hydrogen chloride for 48 hr, the ester linkages of PCA

are extremely resistant to such methanolysis. This resistance

alSo suggests the presence of the ester linkages at the y- ra-

ther than the a-carbons.
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Methanol sis and thio 1 colation of various li nins:

     Table rl shows the contents of the ester of PCA and metho-

xyl groups in bamboo MWL before and after rnethanolysis of the

MWL. The contents of rnethoxyl groups increased from 14,S to

21,52, or from O.94 to 1.40 OCH3 per phenylpropane unit, After

methanolysis at the refluxing ternperature, additional methoxyl

groups were introduced into the lignin. On the qther hand, the

content of PCA did not change after methanolysis. These data
                                                   "
are consistent with the UV-spectral data shown in Fig.8.

     Table rlr gives the contents of PCA in vaTious lignins
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Table ll. Ccntent of p-Cevmaric Acid
Ester and Methoxyl Grovp in Bamboo
MWL befere and after Methanolysis
       of the MWL
          OCil;Adetlia,telysis y.. per c, P' 7tZhiM%t.rbie

Bcfore

Aftcrv

Aftcftt

14.S

21.S

25.3

O.94

1.40

1.64

5.5

5.1

S.3

M"w"IFthOXyl coiitcnt is cxprcsscd as pcrccnt on

,,:,p".C.o.L:ewtr:,a,c•,lfgicgptfp,sis.ix,Rir.fi2:Sa.sR,et,"

prcpnrta tlons,
 e Thc mcthanoly.sisuas catricd out at room
tcmpcroturc for 3 dnys.
t".g.'Ml.th',LM,fi'ii'ti,2,":I'n.Siiiil'licl7:S,ICsilg'o,rE;i}gh"io,b[rdg`i?"%X,s

Tabie llL

-
Comparison of p-Coumaric Acid Centent ;n Various Lignin Preparatioas
    before end after Th;oglycolic Acid Treatment

Before treatntc"tt After treatmetrt .

. Lignitt (OCH,)/c,n P'CA, 7.b S, %e SCH,COOH/C,dp-CA, %,

Bamboo MWL
BamLioo BNLt

Juzudama MWL

O.94

O,9S

O.90

5,5

8.5

10,4

10.oo

9.60

8.74

O.87

O.80

O.74

6.1

7.6

9.2

pc; !i,C"iA9.t?)Ei9ntCtit SVaS dCtcrmincd by the convcntional mcthod and exprc ssed as nvmbec ofmoles

 b Cetitcnt orp.coumarie ncid,
 . Centc"t ofsulfur in thieglycolic ecid lignin.
andalVt:'::IbCi.tO.f.IP21.emg,f,tl;;"gS'.C,OplSC,i"iC.i.d. g'o"p combincd with lignin which was calculated frein

 ;g,e,n.t:;•t.o,r,ei.cs;,ff.ri,',,,n,ci,di2;,varw.e.da,,'.p,c:c,n.ta,g,',:ILfgs.e.des,ameg,iy.c.2iScti,a.calidAI'g:i':lr(,,).

beÅíore and after thioglycolation, ThioglycolÅ}c acid reacts

more readily with a-Ncarbon atoms than does rnethanol, becquse

even the phenylcoumarane ring which is stable on methanolysis

is cleaved by thioglycolic acid (22), The ct-position was at,

tacked by thioglycolic acid at a ratio of O,74 to O.87 rnole

per C-9 unit, as calculated from the sulfur content, Neverthe-

less, the contents ef PCA retained in the thioglycolated MWL

preparations are approxirnately equal to those in the untreated
                                                             .-.
                  .
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preparations, These results are quite in accordance with those

obtained frorn methanolysis experiment, indicating that PCA is

not esterified at the ct-position.

 ualitative ex eriments with catal tic h dro enol sis:

     Benzyl ether and ester groups can be reduced by hydrogeno-

                                                               'lysis with Pd-charcoal, yielding the corTesponding alcohol and

acid, respectively (16). Therefore, GGT was employed for this

catalytic hydrogenolysis as a model substance, It turned out

to be impossible, however, to split off selectively the acetyi

group at the a-postion of GGT by this procedure, because all

proton signals due to the three acetyl groups were still observ-

ed without any changes in the NMR spectrum after hydrogenolysis.

Also, MWL was found to change only slightly on hydrogenolysis

carried out under the more drastic conditions described under

"Materials and Methods". Such difficulties in the degradation

of lignin by this type of hydrogenolysis were also reported by

Adler (23). The Tesidual lignin recovered showed the same UV-

spectrurn as that of untreated lignin. However, the fact that

ether-soluble hydrogenolysis products were obtained, although

in small amounts (about 108), indicates that the products oTi-

ginated as a result of cleavage of ether structures at the a-

or B-positions of the lignin polymer. Accordingly, the ethers

attached to the or-position could also be split off on hydrogeno-

lysis. From the acid fraction of the products, 4-hydroxyphenyl-

pTopionic acid, probably derived exclusively frorn PCA esters,

was isoZated by TLC (Rf O,50). However, it is not clear whether

it was liberated by hydrogenolytic cleavage alone or by hydro-

lytic cleavage of the esters, This compound was also obtained
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v.

after alkaline hydrolysis of the phenolic fraction and identi-

fied with 4-hydroxyphenylpropionic acid by LrV-spectrurn. At the

same time, a strong absorption band due to ester carbonyl was

observed in the IR-spectrum of the phenolic fraction. Therefore

4-hydroxyphenylpTopionic acid contained in the phenolic fraction

is linked in the ester form to the terminal y-carbon but not to

the ct-carbon atoms,

     Outlines of the chemical analyses einployed for this inves-

tigation are given in Scheme r.

                                         o                            Hydrolyzed ll                            "corelignin" + HO'C'--CH=CH"OH

 ;c?lil:o;ROtll-ucH-cH"oH/S:ll/' y,,oK.11-cHmcHP"Ce"Maricaco'dHliberated

.6H-os51-cH--icH--ÅqÅr-DH gt) cCl::oOcRHK.,,--scH,cooH) '

-o                     '-ts{---;    Bamboo and Grass Lignins

Åqa), (d) Alkaiine hydrolysis

  (b): Methenelysis, or mercaptolyAie

  (c) Cataiytic hydrogenolyBis

Scheme L

H

      + HO--C-CH==CH OH   CHo
           p-Coumaricacidliberated

Residuallignih + 4•Hydroxyphenylpropionic

           acid releaced

        +                 o
    cH,--••cH,--cH,-oNH,-cH,

'

    CH,O
                     (d)i
      ",O.b. `C"th'-O"'"O`-.-Hl'lildr,Yfi8yYIAp:9[iionicandO"

Chemieal analysee of bamboo and geass lignina . '

,

'
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      In conclusion, analytical data described so far support

 the possibility that the majority of PCA molecules in bamboo

 and grass lignins are linked to the y-position of the side

 chain of lignin molecules, However, more appropriate model

 experiments must be carried out, and the investigation is in

 progress to obtain definite evidence for the structural pattern

 of the ester linkages of PCA in lignins,

  . As for the biochemical formation of PCA esters in graminae

 plant lignins, two possibilities are considered:

      1. 2-Coumaroyl group may be enzyrnatically transferred to

         the terminal y-carbons of oligorners of DHP or growing

         1ignin polymers,

      2, Coniferyl-y-R-coumarate may participate in lignification.

 However, the former is considered rnore likely than the latter

 on the grounds that coniferyl-y-R-coumarate has not yet been

 found in graminae plantsi

                    MATERIALS AND METHODS

ltlxgl2axal.l.g!!.-gE-!!!!)L!,t fMwL:

      Stems of mature grarninae plants such as Juzudarna (Coix

,1!ass}zz!!!gh ), Susuki (Miscanthus condensatus), Ogi (Miscanthus

 florus), Ashi (gtnxgggLiSgEh t communis), Danchiku (Arundo donax),

 and ba;nboo (sP:n)L!,l,gEsg,g!p!Eh 11 t h ubescens) weTe used for the prepara-

               - tion of MWL.
                                                         '
     Ten grams of extractive-free plant powder was ground for 48

hr in dry toluene with a vibratory ball mill (Siebtechn.ik GH,

MUhlheim,Germany) except that Juzudama was.ground in the ab-

sence of toluene (11). rVrwL was extracted with 90g aqueous
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dioxane and

man (12).

Pre aration

purified according to the

of deh dro enaticn ol

standard

   bmer`4-.rT

      Coniferyl alcohol (6001umoles) was

 distilled water containing 1 ml of EtOH

 oxidase (O,5 mg) was added to the solution

 O.SZ hydrogen peroxide solution was added

 ture in O.5-mZ portions at 10-rnin intervals

 stirring. After 24 hr small amounts of

hydrogen peroxide were added to the reaction

stirred for an .additional 24 hr, Precipitated

by centrifugation and washed with water

the precipitate was dissolved in a minimum

and precipitated into ether. The precipitated

collected by centrifugation and dried over

     ln order to examine effect of oTganic

mation, acetic, propionic, a-butyric, acrylic

citric acids were individually added to

equimolar concentrations to that of coniferyl

namic, 2'-coumaric, and ferulic acids-2-•

ration. These reaction mixtures were adjusted

NaHC03. The various DHP preparations thus

for measurement of IR- and UV-spectra,

incorporated into DHP, and other analytical

spectra were taken in disks of KBr with

spectrophotometer.

Measurement of H-UV Absorbanc curves

method of BjUrk-

  dissolved in 100 rn1 of

 , and horse radish per-

     , Then, 20 ml of

    to the reaction mix-

     with continuous

  peroxidase and O.5$

   ' mixture, which was

        DHP was collected

 . After complete drying,

' amount of dioxane
' '  DHP was again
    P20s (yield 6o-7og).

  ' acids upon ester for-

       , suceinic, and

 the reaction mixtures in

       alcohol, and cin-
14c in half-rnoiar concent-

        to pH 5.5 with

    obtained were used

determination of the acids

     experiments. IR-

 Nippon Bunko DSi2 rR

for model com ounds and
YtL2zi.gyE-!!!l![!.ny]2:gpezg!.ls!I!EarlousMWL t :
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PCA, ethyl £-coumarate, and

£-methoxycinnamic acid were used

as model compounds for measure~

ment of their pH-UV absorbancy

curves. These compounds give

the absorbance minima and maxima

'.

Table IV. UV Speclral Data
of Model Compounds

O./N flCl O./NNaOH

"dodd compounds Am.", .xfTl"~ hmln Am•.:,

p-Coumaric acid 250 310 260 335
Ethyl p-coumarale 250 310 268 353
p-Mcthoxycinnamic

acid 240 282 248 309

in acid and alkaline solutions

shown in Table IV. O~he basis of these data the absorbances of

PCA, ethyl .E.-coumarate, and £-methoxycinnamic acid at varying

pH values were taken at 335,353, and 309 nm, respectively.

In this case the concentrations of model compounds were kept

equal to compare changes in absorbance with variation of pH.

In the same manner, the absorbancy curves 'for MWL preparations

were taken at 355 nm, corresponding to their maximal absorbance.

In this case, however, dioxane was added in a concentration of

50% to all buffer solutions in order to dissolve the ~fWL.

Methanolysis of GGT, radioactive DHP, a~d bamboo MWL:

GGT (100 mg) was dissolved in 5 ml of 0.5% methanolic hydro-

gen chloride and the solution was allowed to stand at room tem-

perature for 2 days according ta the method of Adler (13). Then,

the reaction mixture was neutralized with NaHC03 , evaporated to

dryness in vacuo, and the methoxylated preparation transferred

into CHC1 3 , which was washed with water and dried over Na ZS0 4 "

After evaporation of the chloroform, the methoxyl content of the

residue was determined according to the conventional method (14).

Bamboo MWL (200 mg) was dissolved in 10 ml of .mixture of

anhydrous dioxane-l% methanolic hydrogen chloride (1:1), and the

reaction mixture was allowed to stand at room temperature for 4
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days (13). The MWL was recovered and `L'he content of methoxyl

groups of the recovered MWL derermined, paralleling the deter-

minatio.n of PCA esters retained in the MWL. Similarly, radio-

active DHP (10 mg) was submitted to the rnethanolysis. The rne-

thanolysis products were examined by radiochrornatography as

described below.

Thio 1 colation of various li nin re arations:

     Each lignin preparation (200 mg) was dissolved in 2 rn1 of

anhydrous thioglyco;ic acid containing O.2 ml of boron trifluo-
                                                              'ride-diethylether complex (15) and the reaction mixture was

allowed to stand at room ternperature for 4 days. Then, the re-

action mixture was dropped into ether with stirring, and the

precipitated thioglycolated lignin was obtained by centrifuga-

tion, dissolved in a minirnurn amount of dioxane, and again pre-

cipitated into ether. Thioglycolated lignins thus obtained were

employed for elemental analysis, measurernent of their UV-spectra
andl(!tetermination of PCA esters retained.
  A
DeterJqination of PC Vesters contaÅ}ned Å}n. MWL:

                             - t--                    tL
     Each lignin preparation (10 rng), such as untreated bamboo

and Juzudama MWL, the corresponding methanolyzed or thioglyco-

lated lignins, and the DHP containing rad;.oaetive Cinnarnic acid,

was hydrolyzed in N NaOH solution at roorn ternperature for 2

days, After acidification ef the hydrolyzed mixture, the orga-

nic acids were extracted with ether! The ether was quantita-

tively subjected to paper chromatography, using a solvent sys-

tern of toluene-AcOH-H20H (4:1:5, upper layeT), PCA obS"erved

pn the chromatograms under UV light in ammonium vapor was elu-

ted with 5 ml of 95g EtOH at 50e for 15 min. The content of the
                                                      '
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acÅ}d was determined by measurement of its absorbance at 310 nm.

contents of cinnamic acids-2-i4c incorporated into DHp were

calculated from radioactivities of DHP, which were rneasured with

a gas flow counter or with a Beckrnan liquid scintillation coun-

ter (LS-100) in toluene containing PPO (40 mgllO ml) and POPOP

(O.2 rngllO ml),

Radiochromato ra h of cinnamic acid-2-14c and pcA-2-14c:

        Radioactive DHP (10 mg) was subjected to alkaline hydTo-

   lysis or methanolysis as described above. Ether-soluble acid

   fractions were examined by PPC with the solvent system, n-bu-

   tanol-EtOH (5:1) saturated with 1,5 N NH40H for detection of

   labeleq cinnamic acid, and with the solvent system, CHC13-AcOH-

' H20 (2:1:1, lower layer) for detection of labeled PCA. Radio-

   activities on the chromatograms were scanned with a radiochro-

   matogram scanner (Aloka DCS.4) or a Beckman scintillation coun.

   ter by the paper strip method.

   Catal tic h dro enol sis:

        GGT (100 mg) dissolved in 40 ml of EtOH was subjected to

. catalytic hydrogenolysis in the presence of H2 and 100 mg of

   Pd-charcoal (S06) at room temperature for 1 hr (16). MWL (100

  mg) dissolved in ZO ml of dioxane was treated in the same way.

  AZternatively, a more drastic catalytic hydrogenolysis was car-

  ried out wi'th Juzudama MWL (17): 1rwL (500 mg) at 80 atrn and at

  80-100P fer 5 hr, After recovering the residual lignin by pre-

  cipitation into ether, the hydrogenolysis products were frac-

' tionated into ether-soluble acid- and phenolic fraction:s. The

  acid fraction was examined by TLC with a solvent system of to-

   luene-ethylformate-HCOOH (5:4:1). The phenolic fraction was
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used for measurernent of IR-specZrum to examine the presence of

ester carbonyl groups. After alkaline hydrolysis of this frac-

tion, the hydrolyzates were exarnined by TLC in order to detect

liberated 4-hydToxyphenylpropionic acid.
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CHAPTER VII

CONCLUDING REMARKS

G-6~P~ and 6~PG dehydrogenases involved in pentose phos-

phate pathway, dehydroquinate hydro-lyase. and dehydroshiki-

mate reductase in shikimate pathway, and Q-methyltransferase

·in cinnamate pathway were isolated from the shoots of grow-

ing bamboo. The properties of these enzymes were in-

vestigated in relation to lignification oi the bamboo shoots.

It was found thatJduring the lignification)the enzymes

such as O-methyltransferase and phenylalanine ammonia-lyase

were activated rather than the enzymes in pentose phosphate

and shikimate pathways that are situated at the early stages

on the metabolic pathways to lignin.

The enzyme works performed so far supported the biosyn­

thetic pathways obtained with tracer techniques (CHAPTER II

and III).

Ferulic aCid-014CH3 was first used for the study on bio­

synthesis of syringyl lignin in order to find a clue to the

problem whether or not ferulic acid actually incorporated

into syringyl units of lignin with retention of the methyl

group. From the analytical data obtained by nitrobenzene

•oxidation and ethanolysis of the plants fed with various labAled

compounds, it was found that ferulic acid-ol4 CH3 was incorpo­

rated into syringyl units as well as into guaiacyl uni~s.

This finding supports the early indication that ferulic acid

may serve as -a syringyl lignin precursor (CHAPTER IV).
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      ;)t is well known that angiosperm lignins consist of both

 guaiacyl and syringyl units whereas gyrnnogperm lignins hard-

 ly contain syringyl units but guaiacyl units. However, it is

 unknown what biochemical factors are involved in the occurrence

 of such differences in methoxyl patterns. .rn order to elucidate

 this problem 9-methyltransferase was for the first time cell-

 free extracted from gymnospermous plants such as pine seedlings

and ginkgo shoots, On the basis of the comparative studies on

the substrate specificities of O-rnethy!transferases from

bamboo, poplar, pine, and callus tissues of Salix EgR:!gi! and

mulberry (Morus !b2.g!n!2zg2-Eo b ), it was concluded that 9-methyltrans-

ferase is one of the key enzymes that are involved in formation

of syringyl lignin, Because O-rnethyltransferases extracted

from bamboo, poplar and the callus tissues utilized both caffeic

and S-hydroxyferulic acids as substrates, yielding ferulic

(guaiacyl unit) and sinapic (syringyl unit) acids, respectively,

whereas the enzymes from pine and ginkgo were found to methylate

caffeic acid alone as a rules (CHAPTER V).

     The esters of R-coumaric acid contained in bamboo and grass

lignins are considered as a biological feature because such

esters:  are not found in other species of higher plants. However,

their chemical structure is not yet established .

     In order to determine the position (ct or y) of R-cournarate

esters associated with the side chain of lignin rnolecules, it

was found to be useful to utilize methanolysis, thioglycolysis

and hydrogenolysis as analytical methods. The analytical data

obtained with model substances and natural lignins led the author

to a conclusion that the majority of 2-coumaric acid molecules

are linked to the terminal y- position of side chain of lignin.

CCHAPTER VI)
                          .
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