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    Chlorophyll Metabolism in Higher Plants VI.
Involvement of  Peroxidase in Chlorophyll Degradation

Misako  Kato  and  Seki Shimizu

Department ofBiotogy, Pbculty ofScience, Oehanontizu University, Bunlpo-ku, 7blpo 112, Jopan

   The  fo11owing phenelics were  found to be essential  for peroxldase-dependent
chlorophyll  bleaching: 2,4-dichlorophenol (DCP), P-coumaric acid  (HCA), phenol,

p-hydroxypheny]acetic acid,  p-hydroxybenzoic acid,  p-hydroxyacctophenone, resorcinol

and  umbel]iferone,  Most  of  them  are  monophenols  with  electron-attracting  groups at

the p-position. The  short-livcd  radicals  gcncrated by  horseradish peroxidase  (HRP)-
phenolics-H202  reaction  might  be involved in this reaction.  Tobacco  lcaf enzyme

preparation with  peroxidase activity  for guaiacol could  also  degrade chlorophyll  with

such  phenolics. In addition,  tebacco  lcaf methanol  extra ¢ t could  substitute  fbr chloro-

phyll  bleaching as  an  electron  donor in the  absence  ef  phenolics. In place ot' free H202,
the glycolate-glycolate exidase  (GOX) system  courd  degrade chlorophyll  in [pcroxidase+
phenolics]-depcndcnt bleaching.

   This chlorophyll  bleaching system  was  inhibited by peroxidase inhibitors, radical

scavengers,  reducing  reagents,  and  carotenoids.  Ascorbate and  glutathione stopped

chlorophyll  bleaching with  GSSG  reductase  and  NADPH.  The  role  of  ascorbate  and

glutathione in peroxidase  activity for controlling  the chlorophyll  degradation rate  is
discussed.

Keywords:  Chlorophyll bleaching -  Free radical  
-

 Hydrogen  peroxide -

IVicotiana tabacum  -  Peroxidase -  Phenolics.

    Chlorophyll degradation is the mest  remarkable  phenomenen  eccurring  during leaf

senescence  and  fruit maturation,  but the  intermediate steps  in its biodegradation are  still obscure.

Though  some  chlorophyll  degradation in leaves may  result  from  photooxidation of  the pigment,
the  fact that  mature  Ieaves lose chlerophyll  in the dark indicates that  degradation in vivo  is at

least partially enzymatic.  Low  temperatures  qnd  anaerobic  conditiens  during incubation,
boiling or  freezing prior to incubation, and  desiccation of  leaves greatly reduce  chlorophyll  less.

The  enzyme(s)  responsible  for chlorophyll  degradation per se have not  been clarified  and  the

existing  evidence  is circumstantial.

    Three possible enzymatic  degradative pathways  of  chlorophyll  bleaching in vitre  have been
reported.  (i) Chlorophyllase (EC 3.1,1.14), found in many  plant materials,  hydrolyzes chlero-

phyll to chlorophyllide  and  phytol (Kuroki et  al, 1981, Purvis and  Barmore  1981). However,
as the absorption  spectrum  of  chlorophyllide  is similar  to that  ofchlorophyll,  the  decrease in the

green color  of  the reaction  mixture  cannot  be explained  by chlorophyllase  action  alone.

(ii) Lipoxygenase  (EC 1.13,11.12) mediates  polyunsaturated fatty acid  oxidation  and  produces

   Abbreviations: DCP,  2,4-dichlorophenol; DTT,  dithiothreitol; DMSO,  dimethyl sulfoxide;  GOX,  glycolate
oxidase;  HCA,  hydroxycinnamic  acid  (P-coumaric acid);  HRP,  horseradish peroxidasc; SHAM,  salicylhydroxamic

acid,
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free radicals  of  fatty acid,  which  react  with  chlorophyll  and  oxidize  it (Holden l970, Sakai-
Imamura  1975, Hildebrand  and  Hymowitz  1982, Klein et  al.  1984). However,  this  enzyme

is mainly  present in non-green  tissues (i.e., seeds  and  tubers) (Eriksson and  Svensson 1970,
Galliard and  Phillips 1971) and,  it is found exceptionally  in young  wheat  leaves (Guss et  al. 1968,
Douillard and  Bergeron 1981), (iii) Peroxidase (EC 1,11.1,7), predominantly  found  in plant
materials,  bleaches chlerophyll  in the  presence of  H202  and  certain  phenolics-2,4-dichlore-
phenol  (Matile 1980, Huff 1981, Martinoia et  al. I982) and  resorcinol  (Huff 1981).
    The  nature  of  the  inducer(s) which  starts  senescencc  in plant cells is not  yet understood.

Among  the  various  possibilitles discussed, the free-radical theory  has recently  been attracting

attention.  We  tried  to  elucidate  the  detailed characteristics  of  peroxidative chlorophyll  deg-
radation  in vitro,  ancl  discuss here the  participation of  this degradative system  in vivo.

Materials  and  Methods

    Plant material-Tobacco  plants (IVicotiana tabacum  cv  BY-2)  were  grown  in a  greenhouse.
Leaves were  harvested after  2 months,

    7-bbacco enayme  Proparation-Acetone powder was  prepared from tobacco  Ieaves and  extracted

with  50 mM  K-phosphate bufler, pH  7.0, containing  O,05%  Triton X-IOO. The  extracts  were

filtrated, centrifuged  (12,OOOxg for 15 min),  and  dialyzed against  5e mM  K-phosphate bufl}:r,

pH  7.0, for 24 heurs, After concentration  by ultrafiltration  (Amicon, UM-10),  each  sample

was  applied  te  a  Sephacryl S-200 column  (2 × 90 cm)  which  had  been equilibrated  and  eluted

with  the same  bufler. The  active  fractions with  peroxidative activity  for guaiacol werc  pooled
and  used  as  the  enzyme  preparation,
    7-bbacco extracts-Tobacco  leaves were  extracted  in 70%  methanol  containing  1%  HCI.
The  extract  was  concentrated  and  subjected  to gel filtration on  a  Sephadex LH-20  column

(2.5× 90cm)  equilibrated  and  eluted  with  70%  methanol.  The  fractions were  monitored

spectrophotometrically  at  280 nm  and  those  eluted  after  the  void  volume  were  pooled and  used

as  a  tobacco  extract.

    Chloroplp,tl a  and  carotenoids  Chlorophyll a  was  prepared  according  to Strain (1954) and

solubilized  in 5%  Triton X-100, then  used  as  a  substrate  for the  bleaching assay.

    Carotenoids were  extracted  and  purified according  to the  method  of  Strain and  Svec
(1969).
    C)leloropnj,lt bteaching The  standard  assay  mixture  contained  50 mM  acetate  bufller, pH  5.6,

40 psM phenolics, 2.5 units  horse-radish peroxidase (Grade II, Bohringer) or  tobacco  enzyme

preparation, 14,4 paM chlorophyll  a, and  15 
,"M

 H202  in a  final assay  volume  of  3.0 ml.  The
final Triton X-100  concentration  was  O.17%.  The  reaction  was  started  by adding  H202  and

followed spectrephotometrically  at  665 nm.

 . Oxidation ofPhenolics-The oxidation  of  phenolics was  detected by the  absorbance  change

in a  reaction  mixture  as  described above  except  for chlorophyll.  When  HCA  was  used  as

a  phenelic substance,  a  decrease of  289 nm,  the  absorption  maximum  of  HCA  in H20,  was

measured  as  the  criterion  of  the peroxidase reaction,

    Clycolate oxiddase-Glycolate  oxidase  activity  was  determined according  to the method  of

Brennan  et  al.  (1979) with  a  slight  modification.  The  reaction  mixture  contained  the  same

components  as  the  chlorephyll  bleaching assay,  O.8 unit  glycolate oxidase  (Sigma) and  3,3 mM
phenylhydrazine  hydrochloride in place of  chlorophyll.  The  formation of  glyoxylate phenyl-
hydrazone  was  fo11owed spectrophetometrically  at  324 nm.  ･

    All enzymatic  reactions  were  carried  out  at  250C.

li
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Results

    DCZP-dopendentPeroxidative chteropiij,U  bteaching In order  to verify  the  results  of  initial studies
indicating that  HRP-H202  catalyzes  chlorophyll  bleaching in the  presence of  DCP  (Matile
1980, Huff 1981), the  reaction  was  started  by adding  H202  andlor  DCP  to the  reaction  mixture

containin.cr  chlorophyll  a  and  peroxidase. As shown  in Fig. 1, in the absence  ofDCP  and  H202,
no  decrease at  665 nm  was  observed,  Only  in the presence of  the  substances,  did the clecrease
start. The  bleaching rate  was  in proportien to the  DCP  concentration  up  to O.3 mM,

    Chlorophyll a  was  subsequently  added  te the reaction  mixture  containing  peroxidase and

HCA  in which  the  reaction  had  been started  by adding  H202  (Fig. 2). Later, chiorophyll  was

added  and  a  smaller  amount  of  chlorophyll  was  bleached. The  result  suggested  that  a  short-

lived intermediate(s) was  formed  in the [peroxidase-H202-HCA] reaction  and  it reacted  with

chlorophyll  a, The same  efllect was  observed  with  the  addition  of  umbelliferone.  In place of
chlorophyll,  HCA  was  added  after  the  reaction  had been started,  and  bleaching took  place
regardless  of  the  time  of  addition.

    ELI7iicts ofPhenotic compounds  in chloropdyU  bteaching-As shown  in Fig. 1, DCP  was  eflbctive  in
peroxidative chlorophyll  degradation. However,  it has not  been  found in plant materials.  We
examined  the eflectiveness  of  various  natural  pheno]ic compounds-phenols,  phenolic acids,

coumarines  and  flavonoids-as  cofactors  in peroxidative chlorophyll  degradation (Table 1).
For this  purpose, phenolics were  disselved in DMSO  and  added  to the  reaction  mixture  to give
a  final DMSO  concentration  of  O.4%.  At this concentration,  DMSO  had  no  eflect  on  chloro-

phyllbleaching. 
'

    Many  phenolics were  oxidized  as  electron  donors for peroxidase, but not  all ofthem  acted  as

chlorophyll  bleaching cofacters,  The  following seven  compounds  were  eflective:  phenol, P-
hydroxybenzoic  acicl, HCA,  resorcinol,P-hydroxyphenylacetic  acid,  P-hydroxyacetophenone and

umbelliferone.  These  compounds  were  all monophenol  derivatives withP-position  substitution.

    Fig. 3 gives the  representative  data for the  chlorophyll  bleaching rate  of  these compounds,

The  high initial bleaching rate  did not  mean  a  Iarge arnount  of  bleached chlorophyll.  For

o
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                                                               min

Fig.  1 Dependence  of  peroxidase-catalyzed chlorophytl  bleaching on  the presence of  DCP.
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Table  1Eflbcts

M.  Kato  and  S.

of  phenolicandother

Shimizu

compounds  onchlorophyllbleaching

Oxidation
Chlorophyll
 bleaching

Monophcnols  and  derivatives

  Phenel

 p-Hydroxybenzoic acid

  o-Hydroxyphenylacetic  acid

  m-Hydroxyphenylacetic  acid

 p-Hydroxyphenylacetic acid

  P-Hydroxyacetophenone
  o-Coumaric  acid

  P-Coumaric acid

  2,4-Dichlorophenol

e-Diphenels  and  derivatives

  Catechol

  o-Methoxyphenol  (Guaiacol)
  p-Methoxyphenol
  Vanillic acid

  Ferulic acid

  Cafleic acid

  Chlorogenic acid

m-Diphenols  and  derivatives

  Resorcinol

  3,5-Dihydroxybenzeic acid

  2,6-Dihydroxybenzoicacid

  3,4-Dihydroxybenzoicacid

  (Protecatechuic acid)

p-Diphenols and  derivatives

  Hydroquinone

  2,5-Dihydroxybenzoic acid

Cournarines and  derivatives

  Scopoletin

  Scopolin

  Umbellit'erone

  Esculin

Flavonoids and  derivatives

  Flavone

  Q!Jercetin
  Myricetin

  Kaempferol

  Rutin

Others

  ptinic acid

  Abscisic  acid

  Ascorbic acid
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Fig. 2phenol
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Fig. 3 Rates ofchlorophy]1  bleaching by  various  phenelic  compounds.  Each  reaction  mixture  contained  50 mM

acetate  buffer (pH 5,6), l4.4 ptM chlorophyll,  40 "M  phenolics, 2.5 units  HRP,  and  15 ,uM H202  in 3,O ml,  b'ut the
concentration  of  both p-hydroxybenzoic acid  and  P-hydroxyacetophenone was  400  "M.
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Table  2EflEcts  of  various  compounds  on  chlorophyll  bleaching

Inhibition(%)

Chl bleachingHCA  destruction

Inhibitor

 KCN  C4 mM)

 NaN3  {4 mM)

 3-Amino-1,2,4-triazole (4 mM)

Radical scavenger

 a-Tocopherol  (40 liM>
 Triethylenediamine (4 mM)

 n-Propyl  gallate (O.4 mM)

 SHAM  (O,4 mM)

 Tiron (O.3 mM)

      (30 ttM)

Reducing  reagent

 DTT  <1 mM)

 Ascorbate  <O.3 mM)

         (30 "M)
 GSH  (3 mM)

10084.8

 15.3

93.368.710010010071,2

37,O100100

 4,3a

10095.0

 8.4

90.1

 9,110010010052.2

Carotenoid

 B-Carotene (15 ygt3  ml)

 Lutcin  (15 pag/3 ml)
 Violaxanthin <15 pagl3 ml)

 Neoxanthin  (15 "gi3 rnr)

32.348,324.274,2

"
 GSH  shows  a  low value  at  pH  5.6 but displays a  higher value  at  pH  7.8.

       1.

peroxidative chlorophyll  bleaching. KCN  and  NaN3  inhibited chlorophyll  bleaching as  well

as  the  peroxidase reaction,  The  catalase  inhibitor 3-amino-1,2,4-triazole had  a  minor  eflbct  on

both reabtions.  The  free radical  scavenger  triethylenediamine  (Fahrenholtz et  al. 1974, Pooler
et  al, 1979) inhibited 70%  of  chlorophyll  bleaching, while  peroxidase activity  was  inhibited by
only  10%.  n-Propyl  gallate, SHAM  (Siedow and  Girvin 1980) and  Tiron (Bousquet and

Thimann  1984) efllectively  inhibited chlorophyll  bleaching and  peroxidative destruction of

HCA.  Of  the four carotenoids,  neoxanthin  was  the  most  eflbctivc,  Reducing reagents  also

inhibited chlorophyll  bleaching. The  effect  of  glutathione was  small,  and  the inhibition de-

pended on  pH,  increasing with  higher pH.  The  effect  oftobacco  enzyme  against  these inhibitors
was  same  as  that  of  HRP.

    The  eflects  ofascorbate  and  GSH  on  chlorophyll  bleaching were  investigated further (Fig. 4) .
Ascorbate at  3 mM  inhibited chlorophyll  bleaching completely,  and  1OO ptM caused  a  2-min delay.
In the presence of  12,5 ptM GSH,  the  rate  of  chlorophyll  bleaching decreased over  the  range  ofthe

reaction.  This inhibition increased when  GSSG  reductase  and  NADPH  were  added,  making

reproduction  of  GSH  possible, Furthermore, when  ascorbate  was  added  to this reactien

mixture,  no  chlorophyll  bleaching was  observed.

    Bleaching rate  with  H202-generating system-In the  presence of  phenolics, peroxidative chloro-

phyll bleaching needs  H202  to start  the  reaction.  Thus, the possibility of  coupling  between the
H202-generating  reaction  and  peroxidative chlorophyll  bleaching was  examined.  For this

purpose, the glycolate-glycolate oxidase  (GOX) reaction  was  selected  as  the H202-generating
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Fig. 4 Efil]cts of  ascorbate  and  glutathione on  chlorophyll  bleaching, Each  reactien  mixture  contained  O.1 M

phosphate bufler (pH 7.8), 14.4"M chlorophyll,  40"M  HCA,  7,5units HRP,  and  15e paM H202  in 3.0ml, with

addition  of  100 p.M ascorbate,  12.5 ptM GSH,  l50 paM NADPH,  andlor  O.15 unit  GSSG  reductase  (Sigma, Type  III).

reaction,  Both  chlorophyll  bleaching rate  and  the .GOX  activity  were  proportional to the

glycolate concentration  (Fig. 5), When  the  reaction  occurrecl  in the  absence  of  HCA,  ne

chlorophyll  bleaching took  place.

    (IZcloropdylt bteaching with  tobacco extract-The  aqueous  crude  extract  of  tobacco  leaves could

catalyze  [DCP+H202]-dependent chlorophyll  bleaching enly  after  removal  of  interfering low-
molecular-weight  substances  f'rom the crude  extract  using  Sephacryl S-200 gel filtration.
    The  concentrated  methanol  extracr  of  tobacco  leaves could  be used  as  a  cofactor  for chloro-
phyll bleaching in place ofDCP  (Table 1),

'
Discussion

    HRP  is the most  investigated peroxidase from plant sources,  and  its reaction  is postulated
to be as  fo11ows:

                                        1
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            HRP+H202  -  HRP-I

            HRP-I+AH  -  HRP-II+AH･

            HRP.II+AH  -  HRP+AH･

AH2  is an  electren  donor and  gives a  free radical  expressed  as  AH･  when  the peroxidase reaction

is carried  out.  AH･  is converted  into a  stable  form by non-enzymatic  polymerization or  is kept

inactive when  its reactivity  is small.  When  chlorophyll  was  added  after  the  HRP-phenolics

system  which  had been started  by the  addition  of H202,  the initial bleaching rate  and  the  final

amount  ofbleached  chlorophyll  decreased with  time.  However,  when  phenolics were  added  late

to the HRP-H202-chlorophyll system,  the bleaching r4,'te did not  decrease, These  observations

lead to the  conclusion  that  the free radicals  preduced from phenolics rnediate  chlorophyll

destruction. The  free radical  had  such  high reactivi･ty  that  it could  be converted  into other

inactive forms in a  short  period and  thus  could  not  be responsible  for chlorophyll  bleaching when

the  peroxidase reaction  was  started  prior to the addition  of  chlorophyll.  Fig. 6 shows  the

constitutional  formulas of  the  phenolic compounds  tested; each  has an  electron-alttractive  group
at  the  p-position.
    The  free radicals  derived from  these  phenolics are  postulated to have high reactivity  due to

the disproportion ofelectrons  in the molecule.  However,  this electron  attractivity  is not  always

proportienal to the  chlorophyll  bleaching activity.  For example,  P-hydroxyphenylacetic acid

and  P-hydroxybenzoic acid  with  highly electron-attractive  groups are  less eflective.  They  may

be so  highly active  that they  react  with  other  compounds.  Furthermere, steric  hindrance due

to  substituted  groups at  positions other  than  para causes  chlorophyll  bleaching only  to  a  limited

extent.

    Thg  question yet to  be answeredis  whether  this phenolics dependent-peroxidative chlorophyll

bleaching is involved in the  senescent  process of  living plants. In the  presence of  HCA,  chloro-

HOO

      OH

Ho6

HoCO
/

 Cl

Phenel

Resorsinol

2,4.-Dichlorophenol

HOO COOH

p-Hydroxybenzolc  acld

HoO cocH,p-Hydroxyacetophenone

HoO CH2COOHp-Hydroxyphenylacetic  
aCid

HOO CH=CHCOOH

HQ4oo

-

p-Coumaric  acid

Umbelliterone

Fig. 6 Formulas  of  phcnolic compounds  possibly acting

as  electron  donors in peroxidase-catalyzed  chlorophyll

bleaching.
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phyll bleaching was  carried  out  with  the gel-filtrated tobacco  protein which  has peroxidase
activity.  Furthermore, the partially purified methanol  extract  of  tobacco  leaves was  also

effective  in the  above  system  in placc of  HCA.  The  isolation and  characterization  ef  the re-

sponsible  substances  in this extract  are  in progress.
    Hydrogen  peroxide, the  other  factor in this peroxidative chlorophyll  bleaching, is produced
commonly  in photosynthesis (Mehler 1951, Robinson  et al. 1980, Steiger and  Beck  1981) or

photorespiration (Huang 1982). Recently, the values  of  H202  evolution  were  reported;  in
broken chloroplasts,  15-35pmoles･mgChl-i･h-1 (Robinson et al. 1980) and  5.5pamoles'mg
Chl-i･hLi (Steiger and  Beck  l981); in intact chloroplasts,  O.85 "moles･mg  Chl-i･h-i. Assuming
that  the  osmotic  volume  is 21 "1･mg Chl-i (Foye'r and  Halliwell 1976), the latter value  shows  that

H202  concentration  increases at  the rate  efO.67  mMfmin  when  there  is no  scavenging  ofH202.

    Foyer and  Halliwell (1976) suggestcd  that  the cycle  constituted  by  glutathione and  ascorbate

plays a  scavenger  role  in removing  H202  as  fo11ows;

H20

H202

   I
  II

 III

)C,Dehydroascorbate
Ascorbate

Ascorbate peroxidase

     GSH

) <ii
     GSSG

     NADP+

) (III
     NADPH+H+

Dehydroascorbate  reductase  er  a  non-enzymatic  process
GSSG  reductase

    Glutathione peroxidase scavenges  H202  in microsomes  of  animals  (Chiu et  al. 1976, Eklow
et  ai. 1984), but is absent  from plants (Jablonski and  Anderson 1984). Ascorbate peroxidase
diflers from  HRP  in having  a  high aMnity  towards  ascorbate,  and  is a  stromal  enzyme  (Nakano
and  Asada  1981) inhibited by KCN,  NaN3, 8-hydroxyquinoline (Jablonski and  Anderson 1982).
The  observation  that  the  combination  of  ascorbate,  GSH,  GSSG  reductase  and  NADPH  could

retard  chlorophyll  bleaching (Fig. 4) indicated that  the ascorbate-GSH  cycle  might  play a  role

in protecting chlorophyll  against  oxidative  damage.

    Phenolics-peroxidase-dependent chlorophyll  bleaching might  be a  key to understanding

chlorophyll  degradation in senescent  leaves. One  of  the most  important questions  concerns  the

subcellular  organization  of  this process in living cells. Martinoia et  al.  (1982) reported  that
chloroplasts  from  barley mesophyll  protoplasts contained  perexidative activity  on  chlorophyll

bleaching. But they  did not  detect the  peroxidase activity against  guaiacol as  an  electron

donor, and  moreover  detected the  chlorophyll-bleaching  activity  in the  presence of  SDS.  In
the prescnt investigation, we  observed  that the chlorephyll-protein  complex  prepared with  SDS
was  bleached easily  without  peroxidase andlor  H202. This detergent might  be a  potent acti-
vator  for the  peroxidase-catalyzed chlorophyll  bleaching. We  could  not  detect peroxidase
activity  with  guaiacol in isolated chloroplasts  and  other  workers  have  reported  that  the principal
site of  this enzyme  was  the  vacuole  (Boller and  Kende  1979, Grob  and  Matile 1980, Thom  et al.

I982). In yeunger  plants, compartmentation  prevents chlorophy]1  from  contacting  the per-
oxidase  in the vacuole,  As senescence  advances,  membrane  lipid perexidation causes  membrane

]eakiness (Barker and  Thompson  1980, Dhindsa  et  al. 1981), and  interaction between  vacuoles

and  chloroplasts  rnight  take  place (Peoples et al. 198e, Wittenbach  et  al.  I982), Another  item
to  study  is the  seasonal  change  of  the protective mechanism  (i.e. Ievels of  ascorbate,  reduced

glutathione, catalase  and  giutathione reductase)  and  its eflbct  on  fbliar senescence.  This work

is now  in progress.
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