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   Clrangcs in the  rates  of  gas exchangc  and  thc  amount  of  ribulose  1,5-bisphosphate

(RuBP) carboxylase  protein were  determined in the  12th leaf blades of  rice  during the

reproductive  stages,  RuBP  carbexylase  exhibited  a  large change  similar  to that  in the

assimilation  rate  at  2%  02  throughout  the  leaf's life, but its decrease during senescence

was  barely {'astcr than  the  decrease in the  assimilation  rate,  Censequently, the  overall

relationship  was  slightly  curvilinear.  By  contrast,  leaf conductance  decreased more

slowly  than  the  assimilation  rate  which  result ¢ d in the  intercellular C02  concentration

increasing during senescence.

   In order  to  cletermine the  maximum  activity  ofRuBP  carboxylase  at  the  intercellular

C02  conccntration,  the  kinetic parameters  and  their pH  response  were  determined  using

purified, and  complctely  activated,  rice  RuBP  carboxylase,  The  maximum  carboxylase

activity  at  the intercellular C02  concentration  was  linearly correlated  witlt  the assimi-

lation rate  at2%  02  Cr=-O.989), and  was  very  close  to that  needed  to account  for the
assimilation  rate.

   We  cqnclude  that  changes  in bpth the  amount  of  RuBP  carboxyiase  protein  and

Ieaf conductance  refleet  the change  in photosynthesis during the life span  of  the leaf,
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   Leaf photosynthesis in cereal  crops  during the reproductive  Stages sustains  seed  development

[see Murata  and  Matsushima  (1975) for a  review].  Therefore, changes  in the  photosynthetic
activity  during these  periods are  directly related  to crop  preductivity. It is important  to

maintain  a  high photosynthetic capacity  in the  leaves for as  long as  possible during seed  de-
velopment.  In order  to establish  the  improved  breeding or  cultural  methods  for enhancing

crop  productivity, we  first of  all need  to clarify  the  factors responsible  fbr the change  in photo-
synthesis  with  leaf age.

   Leaf  photosynthesis generally exhibits  large changes  with  leaf age.  As  the leaf develops

and  chloroplasts  are  assembled,  the  photosynthetic activity  increases to a  maximum  rate  just
after  fuIl expansion.  Thereafter, the  leaf steadily  loses its photosynthetic capacity  during
senescence.  These  changes  are  aflected  by a  variety  of  factors, such  as  nitrogen  nutrition,  water

stress, the  light interception, and  ether  physiological parameters.

   The  photosynthetic rate  in the leaves is controlled  by both stomatal  conductan.ce  and

   Abbreviations; DTT,  dithiothreitoli E, einstein(s};  RuBP,  ribulose  1,5-bisphosphate.
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mesophyll  capacity  fbr photosynthesis [see Farquhar  and  Sharkey (1982) for a  review].

Mesophyll  capacity  is considered  to depend,  in particular, upon  the  in vivo  regulation  of  RuBP
carboxylase  [EC 4.I,1,39] activity  in mature  leaves. A  biochemical  model  ofphotosynthesis  in
leaves of  C3 species  developed by Farquhar  et al. (1980) suggests  that  the  C02  assimilation  rate

is limited by  the  RuBP  saturated  rate  of  the RuBP  carboxylase  activity  at  lew CO2  concentrations

and  by the  rate  allowed.by  RuBP  regeneration  capacity  at  high C02  concentrations.  In

addition,  a  number  of  studies  on  the  enzymic  properties of  RuBP  carboxylase  suggest  that  the

amount  of  the  enzyme  as  well  as  the  degree to  which  the  enzyme  is activated  under  given field
conditions  should  be considered  as  regulating  photosynthesis [see Jensen and  Bahr (1977) for
a  review].  However, the  role  of  RuBP  carboxylase  responsible  for the change  in photosynthesis
with  leaf age  had  remained  uncertain.

    We  recently  indicated that thc amount  of  RuBP  carboxylase  protein can  be a  limiting factor
in photosynthesis throughout  the  life span  of  the  leaf based on  the fo11owing three  findings

(Makino et  al, 1983b). First, the in vitro  RuBP  carboxylase  activity  is highly correlated  with

photosynthesis. Second, the  specific  activity  of  the  carboxylase  protein remains  constant.

Third, the  in vitro  carboxylase  activity  calculated  at  the  atmospheric  C02  cencentration  is

comparable  to the  in situ  photesynthetic C02-assimilation rate  per mg  of  carboxylase  protein
during the  life span  of  the  leafi' This study  examines  whether  the  change  in the photesynthetic
C02-assimilation rate  can  be accounted  for by the changes  in both  the  amount  of  RuBP

carboxylase  protein and  leafconductance  threughout  the  Iife ofrice  leaves during the  reproductive

stages.

Materials  and  Methods

    Ptant materials-Rice  (Oryza sativa  L., cv  Sasanishiki) plants were  grown  to  the  ripening  stage

in a  greenhouse  by water  culture  method  as  reported  previously (Mae and  Ohira I981). The
basal nutrient  solution  used  contained  1 mM  NH4N03,  O.6mM  Na2HP04,  O.3mM  K2S04,
O.4 mM  MgClz, and  O,2 mM  CaC12, and  other  minor  nutrients.  The  so]utien  was  renewed  once

a  week  and  the  pH  was  adjusted  to  5.0 with  2 M  H.Cl. The  strength  ofthe  nutrient  solutien  was

varied  depending on  the  age  ofthe  plants as  descfibed before (Makino et  al. 1983b). The  age  of

all  the  plants was  checked  by marking  the  leaves on  the  main  stems  with  ink every  5 to 7 days.
Heading  time,  defined as  the  time  when  half of  the ears  on  the  main  stems  became  visible,  was

107 days after  germination (August 21, 1983).

    The  12th leaf blades on  the main  stems  were  used  as  samples  throughout  the  experiments.

The  tips of  the  leaves emerged  from  the  1lth leaf sheaths  on  the  75th day  after  germination.
Samples were  collected  26 times  for about  80 days from leafemergence through  senescence.  All

photosynthetic measurements  and  collections  were  made  between  10 a.m.  and  12p.m. (noon).
    PhoteEJ,nthetic measurements-The  rates  of  C02  exchange  and  transpiration  were  determined
using  an  open  gas exchange  system.  The  12th leafblade attached  to the  plant was  inserted into

an  acrylic  chamber  and  illuminated through  a  flowing water  filter by nine  500-W  flood lamps.
Light intensity was  adjusted  to 1,700 "E･mm2･s'i  (85 klux) at  the  upper  surface  of  the  lea£  Leaf

temperature  was  measured  with  a  fine copper-censtantan  thermocouple  attached  to the lower
surface  of  the  leaf and  adjusted  to 250C by controlling  the  temperature  of  the  chamber  watcr

jackets. Air was  passecl through  the chamber  at a  rate  ef63  mmol･min-i  using  a  precision flow
meter.  It was  obtained  from a  high pressure gas cylinder  containing  350  pa1'liter-i C02  and

2%  (vfv) 02  in N2  (Tanuma-Sanso) or  the  atmospheric  air  containing  340 to 360 ps1･liter-i C02,
and  saturated  at  16.70C with  water  vapor,  corresponding  to  19 mbar  vapor  pressure. C02
concentration  and  water  vapor  pressure in the  air  entering  and  leaving the  chamber  were

measured  with  an  infrarcd gas analyzer  (Hitachi-Horiba ASSA-2)  and  a  dew  point hygrometer
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(Ace model  AKD),  respectively.  The  measurernents  were  performed until  a  steady-rate  of  C02
exchange  was  obtained.  Upon  termination  ofthe  experiment,  the  leaf blade was  quickly cut  ofl

and  its fresh weight  and  leafarea were  measured,  then  the  Ieafwas  used  for the  immunochemical

assay  described below.

    Gas.exchange parameters  were  calcu]ated  using  the  equations  reported  by Wong  et al. ,

(i978).
    Determinations ofsetuble protein and  RuBP  carboaytase-A  fresh leafwas immediately homoge-
nized in 50 mM  phosphate  bufll:r (pH 7.5) containing  5 mM  DTT  and  12,5%  (v/v) glycerol at

a  ratio  ofleaves  to buffer ofO,  125 g･mlLl in a  chilled  mortar  with  a pestle and  acid-washed  quartz
sand  to ensure  complete  maceration.  The  soluble  fraction was  obtained  by centrifuging  the

hoMogenate  at  39,OOOxg  for 20 min  at  O to 40C, Soluble protein was  measured  as  the  N
content  with  Nessler's reagent  after  Kjeldahl digestion, using  trichloroacetic  acid  precipitate,
which  had  been washed  once  with  ethanol.  The  amount  of  the  protein was  calculated  by
multiplying  its N  content  by  6,25.

    RuBP  carboxylase  content  in the  soluble  fraction was  determined by rocket  immunoelectro-

phoresis (Laurell 1966, LKB  1978). Specific antibodies  against  RuBP  carboxylase  were  raisecl

in white  rabbits  (Makino et  al.  1983b). Gels of9.0 × 1O,5× O,l cm  contained  1%  (wlv) agarose,

74 mM  Tris, 25 mM  barbital, O.34 mM  Ca-lactate (pH 8.6), and  suMcient  antibodies  to allow

detection of  1 to 5 "g  of  carboxylase.  Serial dilutions of  RuBP  carboxylase  purified from  rice

leaves (Makino et  al. 1983a) were  used  as  a  standard  protein, Wells 3 mm  in diameter  were

punched  and  4 pa1 of  the diluted soluble  fraction or  the standard  protein was  placed in each  well.

The  electrophoresis  was  cenducted  at  10 mA  fbr about  5 h using  the Trislbarbital/Ca-lactate

bufer. A  standard  curve  was  plotted and  unknown  values  were  calculated  from  the  regression

line.

    Kinetic studies  ofcarboaytation reaction-The  kinetic parameters related  to carboxylation  and

their pH  response  were  determined using  the  RuBP  carboxylase  purified from rice  leaves (Makino
et  al. 1983a). The enzyme  (5 to 10 mgiml-i)  was  stored  at  O to 40C  in 50 mM  Na-phosphate

(pH 7.5), 1 mM  DTT,  O.1 mM  EDTA,  and  12.5% (vlv) glycerol. Prior to assay,  it was  pretreated
at  370C  for l h, and  passed through  a  Sephadex G-25 column  equilibrated  with  100mM

BicinelNaOH  (PH 8.3), 25 mM  MgC12, and  5 mM  Na2HP04.  It was  stored  at  room  temperature

in a  1.0-ml screw-capped  vial  and  activated  by iniecting NaHC03  solution  to a  finai concentration

of  10mM,i  The  maximum  specific  activity  of  this enzyme  preparation was  3.1"mol
C02･min-i-mg  carboxylase  protein-i when  assayed  at 300C and  pH  7.8.

    RuBP  carboxylase  activity  was  measured  at  250C by 
14C02

 fixation into acid-stable  products.
Enzyme  reactions  were  conducted  in 1.e-ml screw-capped  Micro V  vials  equipped  with  septa

ofTefion  rubbers  (Wheaton). The  vials  were  first flushed with  N2, and  ibjections into the  vials

were  made  with  precision microliter  syringes.  Reaction buflers were  prepared as  C02-  and

02-free as  possible by pH  adjustment  with  carbonate-free  NaOH  and  flushing with  N2 for 2 h

prior to use.  The  C02  concentrations  in the  assay  buflbrs were  calcu]ated  from the  NaHi4C03

i Under  this  conditien,  the  rice  leaf carboxylase  was  completely  activated.  This was  checked  by  perfbrming the
activation  kinetics as  described by  Lorimer  et  al.  (1976). Although  RuBP  carboxylase  is generally  considered  to

be fu11y activated  with  a  preincubation at  20 mM  MgC12,  10 mM  NaHC03,  and  pH  8.0 to 8.6 [see Jensen and  Bahr

(1977) for a  review],  the rice  enzyme  was  not  necessarily  completely  activated  under  this condition  (the amount  of

the deactivated enzyme  was  10 to 15%),  Therefore, Na2HP04  (5 mM)  was  added  to the activation  mixture.  It is

a  pesitive cffbctor  for promoting  enzyme  activation  which  is a  weak  competitive  inhibitor ef  catalysis  with  respect

to  RuBP  (Ki= 1 mM,  McCurry  et  al. 1981). Since it was  diluted 50-fold to a  concentration  ef  100 tiM in the  catalytic

reaction  mixture  and  the  concentration  of  RuBP  uscd  during catalysis  was  600 i-M (30 times  the  Km  for RuBP>,  thc

inhibitory eflbct  cou]d  be ignored (for details, see  the  legend to  Fig. 6),
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selution  added  and  the carryover  ef  HC03-  from the enzyme  preactivation solution,  using  the

Henderson-Hasselbach equatien  at  pK'  of6.37  (Lorimer et al, 1976).

    Tetrasodium RuBP  and  purified carbonic  anhydrase  were  obtained  from Sigma  Chemical
Co, and  NaHi4a03  from New  England Nuc]ear. All other  reagents  werc  from Wako  Pure
Chemical Industries, Ltd.
                                                                      .

                                    Results

    The  ]2th leaf blades emeTged  from the  llth leafsheaths on  the main  stems  75 days after

germination, and  became  fu11y expanded  8 days later. After 80 days  from  leafemergence,  the
leaves senesced  completely  and  all of  their parts dried up,  The leaf area  and  the  fresh weight
increased during leaf expansion,  and  remained  almost  constant  from fu11 expansion  until  late
senescence,  but then  declined with  drying up  (Fig. 1).

    Changes in gas exchange  Parameters-Rates ofphetosynthesis  were  measured  at  2%  and  21 %  02
in this study.  The  former assimilation  rate  is generally considered  to correspond  to the true

photosynthetic capacity,  and  the latter is apparent  photosynthesis observed  under  the natural

conditions.  Therefore, the  difference between them  can  be regarded  as photorespiration.

    Fig. 2A  shows  the changes  in the  rates  ofC02  assimilation  at  2%  and  21%  02  in the  12th
leafblade from  emergence  through  senescence.  Both assimilation  rates  increased rapidly  during
leaf expansion,  and  reached  maximum  about  lO days after  fu11 expansion,  then  declined steadily
during senescence,  The  ratio  of  the  assimilation  rates  at  2%  to 21%.02  rerilained  constant  at

1.37± O.07 throughout  the experimental  period (Fig, 2B). These  resiults indicate that  the  leaf
consumes  about  35%  ofits  photosynthetic capacity  by photorespiration threughout  its life,

    Fig. 3 shows  the  changes  in conductance  to  vapor  diflUsion and  the  intercellular C02
concentration  in the  12th leaf blade from emergence  through  senescence.  Only data obtained
at  2%  02  are  shown.  Leaf  conductance  exhibited  a  large change  similar  to that  in the  C02-
assimilation  rate  with  age.  However,  leaf conductance  declined more  slowly  than  the
C02-assimilation  rate  during senescence  (see Fig. 2A), and  consequently  the  intercellular C02
concentration  increased from  200 to  330  psI･liter71 during this period (Fig, 3B). These  results

indicate that  stomatal  resistance  is not  a  limiting factor responsible  for a  change  in phetosynthesis
with  leaf age  although  the  positive correlation  between  the  C02-assimilation rate  and  conduct-

ance  was  observed  (Fig. 5B). Similar results  were  recently  obtained  with  wheat  (Evans 1983).
    C7iange in RuBP  carbeop,lase  Protein-The amounts  of  RuBP  carboxylase  and  other  soluble
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soluble  protcins (O) in the  12th Ieaf blade on  the  main  stcm  of  rice  from
leaf cmcrgence  through  senescence,  The  leaf was  hornogenized in

50mM  phosphate buHler {pH 7,5) containing  5 mM  l)TT  and  12,5D,Y, (v/v)
glyccrol, After centrifugation,  the amounts  of  RuBP  carboxylase  in
the soluble  fraction were  determined  by rocket  imrr)unoe]ectrophoresis

(Laurell l966, LKB  1978).

during  the life span  of  the leaf (Fig. 4). However,  the relationship  between  the C02-
assimilation  rate  and  the  carboxylase  protein content  was  slightly  curvilinear  (Fig. 5A). Its
slope  declined when  the carboxylase  content  exceeded  about  20 mg･dm'2.  This was  because
the  degline in RuBP  carboxylase  content  was  slightly  faster than  that  ofassimilatien  rate  during     '
senescence.

    Kinetic PTqPerties ofPurijied RuBP  carbonytase  (PH response  of the kinetic Parameters)-In order  to

deterrpine the maximum  activity  of  the  rice  leaf carboxylase  at  the interceHular C02  concen-

tratioh  under  the  optimal  pH  condition,  the  pH  response  ofthe  kinetic parameters were  examined

using,the  purified carboxylase.  These  studies  were  conducted  using  completely  activated  enzyme

(Fig. 6). Although RuBP  carboxylase  is generally assayed  at  pH  8.0 to 8.3, the optimal  pH
for PTij,;ax ofthe  rice  enzyme  was  7.8. The  measured  Km(C02)  decreased with  increasing pH.
This'variation is a  
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(500 "1, final volume>  were  carried  out  at  250C  in ]Oe mM  HepestNaOH  (pH 7.0 to 7:8) and  BicinelNaOH (pH 7,8
te 8.6) containing  25 mM  MgCl2,  O,6mM  RuBP,  difllerent NaHi4C03  (1.0mCi･mrnol-1) concentrations  (O.2, O.5,

1.0, 2.0, 3.0, 5.0 and  10,OmM),  and  5 Wilbur-Anderson  units  carbonic  anhydrase  in 1.0-ml screw-capped  vials

flushed with  N2. Enzyme  reactions  were  initiated by  iajecting 10 "I of  enzyme  (8.5 "g  and  9.3 ptg), which  had  been
activated  with  1oo mM  BicinelNaOH  (pH 8.3), 25 mM  MgC12,  10 mM  NaHC03  and  5 mM  Na2HP04.  At  the  same

time,  1-iil solutions  ofcarbonic  anhydrase  wcre  added  in order  to  completely  equilibrate  between C02  ancl  HC03'

during the reaction,  After 1min,  the reactions  were  stopped  by adding  100 pt12M  formit acid.  The  slopes  and

intercepts of  the plots of  [C02]tvelocity versus  [C02] were  determined by calculating  the first-order regression  lines

from  the obtained  data, Allassays were  performed in duplicate. B, The  response  to  pH  ofRuBP  carboxylasc  activi-

ty  at the  physiological C02  concentration.  Enzyme  activity  at  the physiological C02  concentration  (8paMt=J
235 "1･literi, see  Fig. 3B) was  calculated  from the K.  and  VhTax shown  in this figure A  using  the Michaelis-Menten

equatlon,
   '

Fig. 7 In situ  rate  of  C02  assimilation  at  2%  (vlv)
02  versus  the in vitro  RuBP  carboxylase  activity  at

the intercellular C02  concentration,  Data  of  the

C02-assimilation rate  at  2%  (vtv) 02  are  obtained

from Fig. 2. RuBP  carboxylase  activity  was  calcu-

lated from the amount  ef  the  enzyme  protein (Fig.
4), the intercellular C02  concentration  (Fig. 3B>,

and  the  kinctic pararneters at  the  optimal  pH  [Fig.
6, K,. (C02) =::  14.4 paM and  Vhiax ;  1.79 units･mg

carboxylasc  protein7i at  pH  8,O and  250C], using  the

Michaelis-Menten  equation.  The  solid  line indicates

the  regression  line obtained  from  the  experimenta1

data (J;1.09x+O.38). Regression analysis  was  pcr-

formed  using  first-order kinetios, The  dashed line
rcprescnts  the  relationship  when  both values  are

completely  consistent  with  each  other.
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parameters shown  in Fig, 6A  (Fig. 6B). The  response  of  this  activity  shows  an  optimum  at  8.0
with  a  sharp  decline be]ow pH  7,8. This  optimum  is similar  to the  pH  that  observed  in the
chloroplast  stroma  under  illumination (Werdan et al. I975).
    T)6e C02-assimitation rate and  RuBP  carbeaylase  activity  at the interceUutar C02-The  maximum

activity  of  RuBP  carboxylase  at  the  intercellular C02  concentration  throughout  the  leaf's life
was  calculated  from the  amount  of  the  enzyme  protein (Fig. 4) apd  its kinetic parameters  at  the

optimal  pH  (Fig. 6). It is important to  note  that  the  enzymic  properties of  RuBP  carboxylase

are  unchanged  during  the  life span  of  the  leaf, Previously, we  have  found  that  the  specific

activity  of  RuBP  carboxylase  ("mol C02･minLi-mg  carboxylase  proteinmi･) remains  constant  in
rice  leaves from  emergence  through  senescence  (Makino et  al.  1983b) and  comparable  to the

activity  of  the purified carboxylase  (Makino et al, 1983a). In addition,  RuBP  carboxylase  is
synthesized  en  masse  during leaf expansion  and  persists, with  little or  no  turnover,  until  se-

nescence  (Mae et  al. 1988, Makino  et  al. 1984), Thus, it is reasonable  to conclude  that  its
enzymic  properties a're unchanged  throughout  the leaf's life.

    Fig. 7 shows  the  relatienship  bctween  the  C02-assimilation r'ate at  2%  02  and  the  maximum

activity  ofRuBP  carboxylase  at  the  intercellular C02  concentration.  The  calculated  carboxylase

activity  was  linearly correlated  with  the  C02-assimilation rate  measured  in situ  (r=O.989), and

was  very  close  to  that  needed  to account  for the  assimilation  rate,

Discussion'

    Our  previous work  suggested  that  the  amount  ofRuBP  carboxylase  protein can  be a  limiting
factot in photosynthesis throughout  the  Iife span  ofthe  leaf(Makino  et al. 1983b). As shown  in
Fig. 5A, however, the  relationship  between the  C02-assimilation rate  at  2%  02 and  the  RuBP
carbexylase  content  was  slightly  curvilinear.  The  slope  ofthis  relationship  declined significantly
when  the  carboxylase  content  per unit  leaf area  exceeded  20 mg･dm'2.  Similar trends  are  founcl
by oyher  investigators (Friedrich and  Huthker  1980, Uchida  et al. i980, 1982), While the

imp9rtance of  the carboxylase  is recognized,  these  results  indicate that  RuBP  carboxylase  protein
is ngivthe  sole  determinant  responsible  for the  change  in photosynthesis with  leafage. Here, it is
impQr.tant to note  the change  in stomatal  aperture  with  age  since  the  Km(C02)  value  of  RuBP
    'carboxylase

 is close  to  the  atmospheric  C02  concentration.  Altheugh the  change  in leaf con-
ductance per se was  not  closely  related  to the change  in the  assimilation  rate  (Fig. 2 and  3),
the RuBP  carboxylase  activity  calculated  at  the  intercellular C02  concentration  was  tinearly
correlated  to the  C02-assimilation rate  at  2%  02  (Fig. 7).

    A  biochemical model  of  photosynthesis in C3 species  developed by Farquhar et  al.  (1980)
suggests  that  the  C02-assimilation rate  is limited by  the  RuBP  saturated  rate  of  the  RuBP
carboxylase  activity  at  low  C02  concentrations  and  by the  rate  allowed  by RuBP  regeneration

at  high C02  concentrations.  In addition,  ven  Caemmerer  and  Farquhar  (1981) suggested  that

the  latter limitation depends  upon  electron  transport  capacity.  It is important to note  the

transition  from limitation due to RuBP  carboxylation  capacity  to one  due  to  electron  transport

capacity  to regenerate  RuBP.  The  C02  concentration  at  which  the transition  occurs,  depends
upon  the  ratio  of  electron  transport  capacity  to RuBP  carboxylation  capacity  (Farquhar and

von  Caemmerer  ]982). It seems  to vary  with  irradiance, temperature,  and  to a  lesser extent  02
concentration  (von Caemmere;  ancl  Farquhar 1981). von  Caemmerer  and  Farquhar  (1981)
reported  that  the  transition  at  2%  02  occurred  near  200 pa1･literLi C02  at  20eC  and  near

320  pt1･literLi C02  at  28eC  in mature  kidney bean leaves under  saturating  light, In our  case  with

rice  leaves (at 250C), the intcrcellular C02  concentration  increased from 200 to 330 ps1･liter-i
during senescence  (Fig. 3B). As  the  change  in the  transition  with  leafage was  not  examined  in
this study,  we  cannot  conclude  whether  the  limitation due  to RuBP  regeneration  capacity  came
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into play during senescence.  However, since  the  decrease in RuBP  carboxylase  activity  during
senescence  is much  faster than  the  decreases in electron  transport  activity  (Camp et al. 1982),
Chl and  membrane  protein contents  (Makino et al. 1983b), the ratio  of  potential electron

transport  capacity  to RuBP  carboxylation  capacity  may  increase during senescence.  Therefbre,
RuBP  regeneration  probably  cannot  be a  limiting factor responsible  for the  change  in photo-
synthesis  with  ]eafage. Ifthis limitation had occurred  significantly,  the  results  in Fig. 7 should

have  been curvilinear  and  the  RuBP  carboxylase  activity  calculated  at  the  intercellular C02
concentration  should  have been well  in excess  of  the  assimilation  rate.

    Recently, Evans (1983) reperted  that  the  initial slope  of  the  C02-assimilation rate  against

the  intercellular C02  concentration  varied  nonlinearly  with  RuBP  carboxylase  activity.  He

discussed that  this was  due to a  finite wall  and  liquid-phase conductance  to  C02  diffiision which

causes  a  drop  in C02  concentration  between  the  intercellular spaces  and  the chleroplast  stroma.

Considering this C02-diflUsion model,  howevcr, RuBP  carboxylase  activity  at  the  stromal  C02

concentration  is insuMcient  to account  for the  measured  C02-assimilation rate.  The  finite
wall  and  liquid-phase conductance  to C02  diffusion is complicated  by the  fact that  carbonic

anhydrase  exists  in both  chloroplast  and  cytoplasm  (Graham et al. 1974). Since carbonic

anhydrase  promotes the equilibrium  between C02  and  HC03-  under  given pH  conditions,  this

enzyme  would  function to  reduce  the  drop in C02  concentration  between the  intercellular spaces

and  the  chloroplast  stroma.  Farquhar  et al. (1982) concluded  from considerations  of  observed

carbon  isotope fractionations that  the  C02  concentration  in the  chloroplast  stroma  is only

marginally  less than  that  in the  intercellular spaces,

    Friedrich and  Hufllaker (1980) observed  that  the mesophyll  conductance  decreased rapidly

during leaf senescence.  However,  since  its decrease during  senescence  is accompanied  by

decreased COxassimilation capacity,  it would  not  cause  a  significant  C02  drop  in the chloroplast

stroma.

    The  in vitro  RuBP  carboxylase  activity  calculated  from  the  kinetic parameters  at  the  optimal

pH  was  never  suMcient  to account  for the in situ  C02-assimilation rate  at  2%  02  (Fig. 7), al-
though  the kinetic studies  were  conducted  using  completely  activated  enzyme  (Fig. 6). This

was  not  due to incomplete extraction  of  RuBP  carboxylase  as  no  carboxylase  was  detected in the

pellet fraction I'ollowing SDS-polyacrylamide  slab  gel electrophoresis  (data not  shown).  Pre-
sumably,  this was  mainly  attributed  to slight  overestimatien  of  the  true  catalytic  Km(C02)  of

the  carboxylase.  Despite stringent  precautions, it is diMcult to completely  eliminate  con-

taminating  C02  from buflbrs for the enzyme  assay.  We  estimate  this inevitable C02  to  be at

most  2 "M, using  the  kinetic equilibrium  constants  for activation  ofthe  enzyme  (data not  shown).

Therefore, the  maximum  activity  at  the  intercellular C02  concentration  would  be only  just
suMcient  to account  for the  in situ  assimilation  rate.

    A  number  ofstudies  on  the  enzymic  properties of  RuBP  carboxylase  suggest  that  the  amount

of  the enzyme  protein as  we]1  as  the  degree to which  the enzyme  is activated  under  given field
conditions  should  be considered  as  regulating  photosynthesis [see Jensen and  Bahr  (1977) fbr

a  review].  The  in vivo  activation  state  of  the carboxylase  responds  to limiting light (Sicher
and  Jensen 1979, Robinson  et  al, 1979, Perchorowicz  et al. 1981, 1983). However,  whether  all

of  the  enzyme  in the  leaf can  be maintained  in a  completely  activated  state  under  saturating

light has yet to be elucidated.  Therefore, the important  point to emphasize  here is that  we

used  completely  activated  enapme  in order  to  determine  the  kinetic parameters. Although  the

molecular  mechanism  of  activation  of  the  enzyme  is largely understood,  the  in vivo  regulation

ofit  remains  less clear.  Ifone  subjects  the  in vitro  enzyme  to the physiological conditions  (7 to
10 psM C02,  5 to 10 mM  Mg2+,  pH  about  8,O), the amount  of  enzyme  in the  activated  state  is
only  20 to 30%  (Lorimer et al. 1976, Hatch andJensen  1980). Several chloroplastmetabolites,
such  as  NADPH,  6-phosphogluconate,  and  fructose l,6-bisphosphate, stimulate  enzyme  acti-
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vation,  and  seem  to fu11y activate  the  enzyme  under  the  above  physiological conditions  (Hatch
and  Jensen 1980). Considering here the  physiological aspects,  however,  the  fo11owing three
contradictions  must  be recognized.

    First, since  these  metabolites  interact with  enzyme  at  a  catalytic  site  fbr RuBP  (Badger and

Lorimer  1981, McCurry  et  al. 1981, Jordan et  al. 1983), an  enzyme  molecule  cannot  be simul-

taneously  catalytically  competent  and  activated  by one  ofthe  metabe!ites.  Second, the  amounts

of  these  metabolites  within  stroma  are  not  necessarily  surncient  to account  fbr that  of  RuBP

carboxylase  active  sites (3 to 4 mM,Jensen  and  Bahr  1977). Third, the  substrate  RuBP  decreases
the  steady  state  level of  the  active  ternary  enzyme  form by binding te the  deactivated enzyrne

(McCurry et al.  1981). The  RuBP  bound  to the  deactivated enzyrne  is not  released  during

a  1-h gel filtration (Paech and  Tolbert 1978), However,  mechanisms  that  preclude the  binding

of  RuBP  to  the  deactivated enzyme  have yet to be fbund. Nevertheless, the results  in Fig. 7

suggested  that  none  ofthe  enzyme  remain  in the  deactivated state  in vivo,  The  linear correlation

between the  assimilation  rate  and  the  maximum  activity  of  RuBP  carboxylase  calculated  at  the

intercellular C02  concentration  (Fig, 7) suggests  that  activation  of  the  enzyme  cannot  be a  limit-

ing factor responsible  for the  change  in photosynthesis with  leaf age  and  that  the in vivo  enzyme

can  be in a  completely  activated  state  throughout  the  leaf's life.

    We  conclude  that  for rice  leaves during the  reproductive  stages,  changes  in both the  amount

of  RuBP  carboxylase  protein and  leaf conductance  refiect  the change  in the  photosynthetic
assimilation  rate.  Activation of  RuBP  carboxylase  is not  a  limiting factor responsible  fbr the

change  in photosynthesis and  the  in vivo  enzyme  probably  can  be in a  completely  activated

state  throughout  the  leaf's life.
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