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   Both  malate  and  aspartate  wcrt't  decarbexylated at  the 4･-carbon pos{tion  by  isolated
bundle sheath  strar]ds  of  C4 plants but to diflle:rent extents  depeiLdirLg upon  the  species.

In Digitaria san.auinalis,  an  NADP-malic  enzyme  (NADP-ME) species,  IOO"M  oxalic

acid  blocked malate  dccarboxylation through  NADP-]v{E  without  aff'ecting  aspartate

decarbox>,laL{oii which  appareiLtly  occurs  through  NAD-pt4E.  In  several  phosphoenoi-
pyruvate carboxykinase  (PEP-CK) type  C4 specics,  200"]{ 3-mercaptopicolinic acid

(3-MPA), an  inhibitor of  ?EPCK,  spccifically  inhibited the malate  dccarboxy]ation
and  partially inhibited aspartate  decarbexy}ation. Thc  aspartate  decaTboxy]ation
insensitive to 3-MPA  may  occur  through  NAD-ME.  Neithe]' iuhibitor prevented C4
acid  decarboxylation in bundle  sheath  cells  of  NAD-ME  species.  The  inhibitors thus
served  to differentiate between thc  decarboxylation of  C4  acids  in PEI'-C]K and  NADP-
rt(I;i type  C4  species  through  their rnajor  decarboxylasft f]'on] that  of  their less active

deearboxylation thi'ough NAD-ME.

    In the  C4 pathway  of  photosynthesis the  decarboxylation of  C4-dicarboxylic
acids  in ieaf bundle sheath  cells  is facilitated, depending  upon  the  species,  by specific

decarboxylases: NADP-malic  enzyme  (NADP-ME), NAD-malic  enzym ¢  (NAD-
ME), and  phosphoenolpyruvate  carbexykinase  (PEP-CK) (6, 13). Although
C4  plants have been subcla$sified,  based on  their major  decarboxylase, into NADP-
ME  type, NAD-ME  type  and  PEP-CK  type  species  (3, 4, 7), we  detected sub-

stantial  amounts  of  NAD-ME  in all  the C4 types, the activity  being highest in the
NAD-ME  species  (3, 4, 10). It is still uncertain  as  to wh ¢ ther  the decarboxy]ation
of  C4 acids  in C4 plants is carried  solely  through  their major  decarboxylase or  in
combination  with  NAD-ME  (10). C4 plants preferentially synthesize  either  malate

or
 
aspartate.

 Whether  only  the  rnajor  C4 acid  fbrmed or  both malate  and  aspartate

are  transported  from mesophyll  to bundle sheath  cells and  decarboxvlated to scrve
as carboxyl  donors to the  Calvin pathway  in bundle  sheath  cells  1'n a  given C4
species  needs  to also  be considered  (1, 10). Presently we  are  concerned  with

elucidating  specific  decarboxylase systems  operative  in plants representing  the

   Abbreviations; 3-MPA,  3-mercaptopicolinic acid;  DCMU,  3-(S,4-dichloropheny]) 1,1-dimethyl-
urea;  CK,  carbexykinase;  ME,  rnaiic  enzyme;  PEP,  phosphoenolpyruvatc,
t
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three  C4 subgroups  (10, 12, 13), Inhibitors ofthe  C4 acid  decarboxylases are  used

in the present study  as  a  means  to identify and  differentiate between  decarboxylases
in C4 plants.

                        Materials  and  methods

    Plants used  in the  present study  included Digitaria sangecinalis  (NADP-ME
type),  Panicum miliaceum  (NAD-ME type), Brachiaria xantholeuca,  Eriochtoa borumensis,
Panicum melle  and  Ch'ochloa bulbodbs (all PEP-CK  type)  (3, 4), Bundle  sheath

strands  were  isolated by  pectinasc-cellulase digestion of  leafsegments (8, 12), and

the chloroplasts  were  isolated by disrupting the  bundle  sheath  strands  in a  grouncl
glass homogenizcr as described previously (10, 12).

    AII assays  were  run  in a  standard  reaction  mixture  consisting  of  O.3 M  sorbitol,

50 mM  N-tris (hydroxymethyl)methylglycine at  pH  8,5, 1 mM  MgC12, I mM  MnC12,
2mM  KH2P04  (except O.2 mM  KH2P04  for chloroplasts)  and  3mrv{ sodiurn  iso-
ascorbate.  Other additiens  were  as indicated for the  individual experiments.

The  reactiens  were  run  at  870C  in a  final volume  of  O.I5 ml  fbr lO min,  AII reactions

were  run  in the  light at  intensities at  the surface  of  the vials  of  80 nE･cm-2-sec-i

(400-700nm). The  
i4C02

 fixation by bundle sheath  strands  was  assayed  as

previously described (11) in the  prcsence of  6 mM  NaHi4C02.

    Decarboxylation of  C4  acids  at  thc  4-C position by bundle sheath  strands  was

fbllowed directly using  10mM  L-(4-i4C)  aspartate  in the  presence of  10mrvr a-

ketoglutarate, and  1O mM  L-(4-i4C)  malate  in the prcsencc of6  mM  3-phosphoglyceric
acid  (12, IS). Decarboxylation reactions  included 25mM  D,L-glyceraldehyde  to

prevent refixation  of  released  
i4C02

 (lbr details see  ReE  13). The  reactions  werc

stopped  by ibjecting 50 psI of20%  (wlv) trichloroacetic  acid,  
rl'he

 released  i4CO2

was  trappecl  inte O,1 ml  of  1.0 M  hyamine  hydroxide placed in a  ccntrally  suspended

one  half of  a  gelatin capsule  (No. O, Eli Lilly Co., Indianapoiis, IN, U.S,A.) with
a  paper wick  and  counted  by scintillation  spectroscopy.

    The  eflect  of' oxalic  acid  on  C4 acid  decarboxylation activity  of  bundle  sheath

strands  was  studied  by incubating bundre sheath  preparations with  oxalic  acid+

the 
i4C4

 acids  in the  light for 2 min  to allow  the  binding of  inhibitor te the  de-
carboxylase  (fbr detaiis see  re £  f5), The  rcactions  were  $tarted  by adding  6mM
3-phosphoglycerate (fbr L-4-i4C  malate  decarboxylation) or  10 mM  a-ketoglutarate

(fbr L-4-i4C  asparatte  decarboxylation) in the light. A  control  reaction  (2 min
preincubatien with  oxalic+L-4-i4C  malate)  indicatcd the  residual  malate  de-
carboxylation  in the  presence of  oxalate  in Fig. 1 with  D. sanguinatis  was  due  to
decarboxylation occurring  before starting  the  reactions  with  8-phosphoglycerate.
In i4C02

 fixation studies  with  oxalic  acid  the reactions  wcre  also  preincubated  2
min  in light befbre initiating the  reaction  with  6 mM  Hi4C03L.  With  3-mercapto-
picolinic acid  reactions  were  initiated by adding  the labeled C4  acids  or  Hi4C03-,

    Chlorophyll was  determined according  to  Wintermans and  Dc  Mots  (16),

Results  and  discussion

    Distinction between difflerent decarbexylase systems  was  made  in the present
study  by  the use  ofspecific  inhibitors of  the  three  known  C4 aeid  decarboxylases in
C4 plants,
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Table 1Pg.g.lz.tfa

 Group  and  species

 NADP-ME  Type

   Digitaria sairguinalis

 NAD-ME  Type

   Panicum miliaceuyn

 PEP-CK  Type

   Eriochlea borumensis

Inhibi[ors of  Ca  acid  decarboxviases          - t 96,･-)

opct ofoxalate on  i4C02fixation  and  Q  acid  decarbox.;,lation activities  ofbundge sheath  strands  of Ci

  
J･gcg.e.gi.pg.[.}.....

 
....d.g!,i.)bCg.,i.a,.t.}f3.ti.g.n-..

 dg,g:p,a.i`,ai//e,i,p.

Control +Oxalate  Control +Oxalate Control H-Oxalate

40

177

42

173

294

176

40

173

79

842

74

362

                    203 i95 405 413  256  249

E'Experiinental
 con-d'l'lt'io'A'g"ttild subslrE[{'Eo'ncentr5'tlons-IIEI/i-{"Ere  as  described iu Material$  and

methoels.  Oxalate,O.4m}f,

The  rates  are  expressed  as  ,ttmolcs ]4C02  fixed or  C4 acid  decarboxy]ated/rng chl'hr,

See ReL  3, 4 for the basis of'subdividing  the  C4 species  into three  groups,

    Oxalate has been  shown  te be a  potent inhibitor of  NADP-ME  in potato tubers

(15). Fig. 1 shows  that  oxalate  at  a  concentration  of  100 ptM almost  completely

inhibited malate  decarboxylation by isolated bundle sheath  strands  of  D. sairguinalis,
an  NADP-ME  type  species  ;. whilc  it had no  efihct  on  the  i4C02  fixation and  aspartate

decarboxylation activities,  Also, oxalate  at  100"M  had  no  effbct  on  the i4C02

fixation and  C4 acid  decarboxylation aetivities  of  NAD-ME  and  PEP-CK  species

(rliable I). Based on  enzyme  iocalization and  (:4 acid  decarboxylation by cells

and  chloroplasts  we  previously proposed  that  in NADP-}v[E  species,  malate  is
decarboxylated through  NADP-ME  and  aspartate  decarboxylation is carried

lhrough  NAD-ME  (10, IB). This suggests  that  oxalate  specifically  blocks malate

decarboxylation in D. sanguinalis  through  NADP-ME.  The  iack of  oxalate  in-
hibition of  aspartate  decarboxylation in D, sanguinalis  (Fig, 1 and  Table  1) further
suggests  the  decarboxylation ot' aspartate  through  a  decarboxylase other  than
NADP-ME,  possibly NAD-ME.  Mesotartaric acid  at  concentrations  of  30 mM

Fig. I, lifbct ofoxalate concentration  on  
i4C02.tixation

(O-C)), matate  (--X) and  as.bartate  (A-A) decar-
boNytation bj bundie sheatlc  strantts  of Digitaria sangui-
nalis,  an  Ale<Dt]-illE mpe CZ4 sPecies.  Thc  experi-

mental  cenditiens  and  thesubstrate  concentrations

were  as  dcscribed in Materials  and  methods.
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'I'able
 2 opct ofDCA4Li, tnalate  and  oxata.te on  !4C02Jixation  aetivities' of' Digitaria sanguinalis  bntndle

stteatie strancts

         coldit'loils'1' (,.,;'Itti'9;a,i.fi//i,`hiff'".1.l" 

''''

       a), H14C03-  40

       b> Hi4C03-+DCMU  O

       c)  Hi4C03- ± Malate  140

       d) Hi4COa--{'･rL･falate-I-DCI]VfU 100

       e)  Hi4C03L+Oxalate  41

       f) Hi4C03-+Malate+Oxalate  44

       g) H14C03LT)v･Ialate+Oxafate-F-DCrvlU  5

a
 
i4C:02

 flxatioii was  foUowed  as  described in RefL  11, Substratc concentrations  used  were  6 mM

NaH14C03,  ]O Tm{  malate,  1 ","t DCMU,  and  100 ,tt]i exnlatc,

inhibited the decarboxylation ofboth  malate  and  aspartate  by about  50%  in bundle
sheath  cells ofD.  san.auinalis,  suggesting  both NADP-ME  and  NAD-ME  are  partially
inhibited. No  further inhibition was  apparent  even  when  the  inhibitor concentra-

tion was  increased 3-4 fold,
   We  have further examined  the  interaction between  DCMU  and  oxalic  acid

in inhibiting photosynthetic functions of  bundle sheath  cells  ofD.  sanguinalis,  The

low C02  fixation capacity  of  the  bundle sheath  strands  ef  D. sanguinalis,  when

compared  to  NAI)-ME  species,  has generally been attributed  to a  deficient phote-
system  II in their ¢ hloroplasts (5, 6, 9, 13). Thc  malate  stimulation  of  

i4CI02

fixation by bundle  sheath  strands  of  D. sanguinagis  (Table 2) can  be explained  on

the  basis that  the  NADPH  generated during malate  decarboxylation by NADP-ME
in the chloroplasls  is utilized  fbr the  reductioR  of  additional  3-phosphoglycerate

(2, 6), DCMU  (1 ptM) completely  abolished  the  
i4C02

 fixatien in the  absence  of

inalate  apl]arently  by inhibiting NADP  reduction  during  non-cyclic  photosynthetic

Table  3opct  e.f  3-il4PA on  14C02fixation  and  C4 acid  decarborp)lation activities  of'bundle strands  ofQPiants 
"

                 
i4C02

 Fixatien
Group  and  spccies  ----------- -- ---- -

               Control +B-]vlPA

NADP-ME  Type

 Digitaria sanguinalis  31 81(C})

NAD-ME  Type

 l'anictttn miliacefini  140 IZ6(S)

PEP-  CiK Type

 Brachiariaxantholeuca 75 74(l)

 Erioehloaborumensis 241 2S9(1)

 Panicunz molle  66 64(3)

 LJroentoa bulbedes 141 148(O)

a '

rnethods.  3-MPA,O.2mM.

ptfalate decarboxylation

Contro] +3-MPA

  Aspartate
decarboxylation

C;ont'rol+3-MPA

176

220

17S(2)

223(O)

l65 0(100)

502 O(100)

ll7 O(100)

2S5 O(100)

Expcrnnental cond{Lions  aT!d  subgtrate  concer:trations  usedwere

56

353

179281139208

as  described  in

57{O)

345(2)

     24(87)

     6S(77)

     25(82)

     37(82)

Materials  and

The  rates  are  expressed  as  
,uTnoles

 
i4C02

 fixated or C4  acid  dccarbexylatedtrng chi･hr,
'I'he

 v:.tlucs in parentheses indicate perccnt inhibition by 8-ptiPA.
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electron  transport.  However,  2n the presence of  malate,  DCMU  partly inhibited
C02  fixation roughly  in proportion to the rate  of  C02  fixation with  bicarbonate
alone.  

'i'his

 is expected  if DCMU  inhibits photochexnical production of  NADPH
but noL  NADPH  generated from  NADP-ME,  Oxalic acid  did not  inhibit C02
fixation with  bicarbonate alone  but gave  substantial  inhibition of  C02  fixation in

the presence of  ma]ate  (Table 2). The  inhibition is proportional to the  malate

dependent  stimulation  of  C02  fixation suggesting  that  oxalate  inhibits by  preventing
malate  decarboxylarion as  a  source  of  reducing  power, When  both  oxalate  and

D()IMU  were  added  together,  conditions  which  should  prevent NADP  reduction

either  through  NADP-ME  or  photochcmically, there  was  iittle C02  fixation by the

bundlc sheath  strands,  These  results  suggest  that  the  NADPH  supplies  by phQto-
system  II and  NADP-ME  are  independent  and  additive  in their eflect,

    Recently evidence  was  presented that  3-mercaptopicolinic acid  (3-MPA) is
a  speeific  inhibitor of  PEP-CK  in C4 plants (I2, I4), Table  S shows  the  effbct  of

3-rvIPA on  ihe  photosynthetic activities  ofthe  bundle sheath  strands  of  various  types

of  (]4 plants. 3-M?A  had no  eflect  on  the  light-dependent 
i4C02

 fixation activities

of  the bund]e  sheath  strands  from  species  representing  the  three  C4 groups. 3-
MPA  did not  afllect the  C4 acid  decarboxylation activities  of  bundle sheath  strands

of  NADP-ME  and  NAD-ME  type  C4 species.  IIowever, in PEP-CK  species,  it
completely  inhibitcd the decarboxylation of  malate,  while  causing  only  a  77-87%
inhibition of  aspartate  decarboxylation by bundle  sheath  strands,  3-MPA  also

almost  completely  inhibited the  decarboxylation of  malate  by the  bundle sheath

chloroplasts  of  PEP-CK  species,  while  it had  no  eflect  on  the malate  decarboxylation
activity  of  bundle  sheath  chlQroplasts  from  NADP-ME  species  {data not  shown).
rl'here

 was  no  C4 acid  decarboxylation activity  of  aspartate  or  malate  by  bundle
sheath  chloroplasts  ef  NAD-ME  species,  and  there  was  also  no  aspartate  decarboxy-
lation by the  bundle sheath  chloreplasts  o{' any  of  the  species  examined.

    The  complete  inhibition ofmalate  decarboxylation by 3-MPA  in bundile sheath
chloroplasts  indicates that the  decarbox>rlation was  through  PEP-CK  only  and  is
consistant  with  the  chloroplastic  localization of  PEP-CK  (10). A  77 to  8796
inhibition by  8-MPA  of  aspartate  decarboxylation by strands  of  PEP-CK  species

suggests  that  in these species  from l3 to 28%  of  the aspartate  decarboxylation is
threugh  an  alternate  decarboxylase, probably  NAD-ME.  These  results  support

our  earlier  observation  on  3-MPA  inhibition with  E. borumensis suggesting  about

750/, ofth ¢  aspartate  decarboxylation is through  PEP-CK  (i2). Considering malate

and  aspartate  together  it fo11ows that  about  90O/, ofthe  total decarboxylation capacity

of  bundlc  sh ¢ ath  cells in the  PEP-CK  species  exarrtined  is through  PEP-CK,

    That aspartate  decarboxylation by bundle  sheath  strands  of  D. sanguinalis  and

E, berumensis which  is insensitive to 3-MPA  or  oxalic  acid  rnay  be through  another

decarboxylase such  as  NAD-ME.  Alternatively, with aspartate  conversion  to oxalo-

acetate  there may  be some  nonenzymatic  decarboxylation of  oxaloacetate,  
rlio

further clarify  the  relative  roles  ot'  various  decarboxylases in C4 species  a  relativcly

specific  inhibitor of  NAD-ME  would  be quite usefu].

                              Conclusions

    Oxalate and  3-MPA  appear  to be specific  inhibitors of  NiXDP-ME  and  PEP-
CK-dependent C4 acid  decarboxylations in C4 plants respectively.  The  inhibitors
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help to distinguish diflerent decarboxylase systems  operating  in C4 plants. It is
conciuded  that  in PEP-CK  species  malate  deearboxylation and  75-90Of･6 of  aspartate

decarboxylation is through  PEP-CK.  About IO-25%  of  aspartate  decarboxylation
in PEP-CK  species  is thus  suggested  through  their  NAD-ME  system.  In NADP-
ME  species  malate  clecarboxy].ation is solely  through  NADP-ME,  while  aspartate

decarboxylation may  proceed through  the NAD-ME  systcm,  In NAD-ME  type

C4 species  both malate  and  aspartate  decarboxylations may  occur  only  through

NAD-ME  as  no  other  decarboxylase has been found in this C4 .crreup.
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