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   The  biphasic reaction  course,  fal]oyer, of  carboxyla-

tion eatalysed  by riblllese 1,5-bisphosphate carboxylasefox-

ygenase (RuBisCO) has been known  as a characteristic  of

the enzyme  from  higher land plants. Falloyer consists  of

hysteresis in the reaction  seen  during the initial seyeral

minutes  and  a  very  slow  suicide  inhibition by inhibi-
tors formed  from  the substrftte  ribulose-1,5-bisphosphate

(RuBP). This study  examined  the relationship  between oc-

currence  of fallover and  non-catatytic  RuBP-binding  sites,

and  the  putative hysteresis-indllcible sites  (Lys-21 and  Lys-

305 of  the large subllnit  in spillach  RuBisCO)  amongst

RuBisCOs of  a wide  yariety  of  photosynthetic organisms.

Falloyer could  be detected by fol]owing the course  of  the

carboxy}ase  reaction  at 1 mM  RuBP  and  the non-catalytic
binding sites  by  a]]eyiation  of  fallover at  5mM  RuBP.

RuBisCO  from  Euglena gracilis showed  the same  linear

reaction  collrse  at  both RuBP  co]centrations,  indicating an

association  between an  absence  of  falloyer and  an  absence

of the non-catalytic  binding sites. This vvas supported  by
the results of  an  equilibrium  binding assay  for this enzyme
with  a transition  state  analogue.  Green  macroalgae  and

non-green  atgae  contained  the  plant-type,  fa)lover enzyme.

RuBisCOs  from  Conjugatae, Closterium ehrenbergii,  Gona-

tocMgon monotaenium  and  IVbtrium digitus, showed  a

much  smaller  decrease in actiyity at 1 mM  RuBP  than the
spinach  enzyme  and  the  reaction  courses  of  these  enzymes

Abbreviations: CABP,  2-carboxyarabinitol 1,5-bisphosphate;
RuBP,  ribulose  1,5-bisphosphate; RuBisCO,  ribulose  1,5-bisphos-
phatecarboxylaseloxygenase,
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at  5 mM  RuBP  were  almost  linear. RuBisCO  of  a primitiye
type Conjugatae, Mlesotaenium  caldariorum,  showed  the

same  linear course  Ht  both RuBP  concentratio"s.  Sequenc-

ing of  rbcL  of  these organisms  indicated that Lys-305 was

changed  into arginine  with  Lys-21 conserved.

Key  words:  Conjugatae -  Fallover -  Non-catalytic sub-

strate-binding  sites  -  Photosynthetic organisms  
-

Ribulose 1,5-bisphosphate -  Ribulose 1,5-bisphosphate

carboxylase!oxygenase  (EC 4,1.1,39).

   RibuLose 1,S-bisphosphate carboxylasefoxygenase

(RuBisCO; EC  4.1,1,39) reveals  its activity after the previ-
ous  activation  of  the enzyme  by  C02  and  Mg2+  (Lorimer et
al. 1976, Andrews and  Lorimer 1987). The  activated  en-

zyme  from  plant sources  shows  an  apparently  biphasic reac-

tion course  with  time in the presence of  1 mM  or  less ribu-
lose 1,5-bisphosphate (RuBP) comprised  of  the  initial burst

which  slows  down  gradually  in several  minutes  and  a subse-

quent  course  where  RuBisCO  loses its activity much  more

slowly  compared  to the  initial burst (Andrews et  al, 1990,

Edmondson  et  al. 1990a, b, Robinson  and  Portis 1989,

Yokota 1991, Yokota  and  Kitaoka  1989, Zhu  and  Jensen
1991a, b). The  biphasic reaction  course  has been  called
"fallover".

 It has been proposed  that the  initial rapid

decrease in activity  is due to reaction  hysteresis accompany-

ing a change  in protein conformation  of  RuBisCO  (Yokota
1991), The  latter is the slow  inhibition phase where  suicide

inhibitors including xylulose  1,5-bisphosphate is formed
from  RuBP  on  the  catalytic  sites  of  the enzyme.  Hysteresis

is always  accompanied  by the subsequent  slow  decrease in
activity  by  the  suicide  reaction.  Fallover has been  seen  in

RuBisCOs  from  C] and  C4 plants. Lys-21 and  Lys-305
from  the large subunit  of  the  spinach  enzyrne  have  been
identified as two  of  the residues  involved in a change  of  the

protcin  conformation  in hysteresis (Yokota and  Tokai
1993). The  activity  after  the fallover increases about  50%
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in the  presence of  more  than 1 mM  RuBP  (Yokota 1991}. It
has been proposed  that  the increase is due to the alleviation
of  the decrease of  the  activity in fallover through  the bind-
ing ef  RuBP  to the non-catalytic  RuBP-binding  sites

(Yokota 1991, Yokota et  al. 1994, 1996), The  non-catalytic

RuBP-binding  sites  have  been designated as the  regulatory

sites  affecting  the  enzymatic  activity, RuBisCO  showing

fallover and  the  characteristic  of  the regulatory  sites will  be
described as the fallover-type enzyme  in this paper.

    In contrast  to the enzyme  from higher land plant
sources,  RuBisCOs  from green microalgae  including Eug-
tena gracilis {Yokota 1991, Yokota and  Kitaoka 1989),
cyanobacteria  (Andrews and  Ballrnent 1984, Asami et al,

1983), and  a  photosynthetic bacterium (McFadden 1974)
do not  show  fallover, Residues 21 and  30S which  are  lysine
in the  spinach  enzyme,  are  other  amino  acid  residues  in
RuBisCOsofgreenmicroalgaeandphotosyntheticbacteria

(Yokota and  Tokai 1993), RuBP  of  more  than  1 mM  does
not  increase the  activity  of  the  Eugtena  enzyme  (Yokota
1991). This type  of  RuBisCO  will  be grouped  as  the linear-
type  enzyme  here.

    It is of  interest to know  at which  evolution  step  and

how  RuBisCO  evolved  from the linear-type enzyme  to the
fallover-type. To  this end,  we  analyzed  the courses  of the
carboxylase  reaction  with  time  for RuBisCOs  from  a  wide

variety  of  photosynthetic organisms.  It was  found that
RuBisCOs  showing  the biphasic reaction  course  were  ac-

companied  by the  occurrence  of  the  non-catalytic  RuBP-
binding sites.  Distribution of fallover in RuBisCO  arnong

photosynthetic organisms  followed the  phylogenetic tree
for the  evolutien  for the  gene  ofthe  1arge subunits  of  the  en-

zyme,  Comparison  of  the reaction  courses  and  amino  acid

residues  at  the  sites  in question suggested  that Conjugatae
might  be the transition organism  in the  evolutien  of  the
RuBisCO  functions in the photosynthetic organisms  con-

taining  Chl a  and  b,

Materia)s and  Methods

   Mbterials-The  cultured  cells  of  Atcatigenes  eutrophus  were

obtained  from Saibu  Gas Company  (Fukuoka, Japan). Chloro-
phyceae,  Bt:yopsis mexima,  was  a  gift from Dr. S. Miyamura,
Tsukuba  University, and  Charophyceae Chara  fragilos was  frorn
Dr.  T. Bando,  Kyoto  University of  Education. Axenie strains

ef  Charophyceae, Closterium ehrenbergii  M-16-4a(+), Gonate-
aygon  monotaenium  LB12S3 UTEX  (strain of  University of

Texas), IVletrium digitus Ned-1 (strain 41-13 of  Dr. S. Ohtani,
Shimane  University) and  Mbsotaenium catdariorum  IAM  C-309
(strain of  Tokyo  University) were  cultured  with  CA  medium

(Netrium) and  C  medium  (the others)  as  reported  (1chimura 1971,
Harnada  1978). Cryptophyceae Coptomonas  tetrapyrenoidosa
was  grown  in the VT  medium  (Provasoli and  Pintner 1959) and
Protofiorideophyceae  Potphyridium cruentum  and  O'anidium
caldarium  in the EMS  (Watanabe et al. 1988) and  Allen's media
(AIIen 1959), respectively.  ChloTophyceae Chlamydomonas  rein-

hardtii C-9 was  cultured  in the 311O HSM  medium  (Sueoka et al.

1967). These cu}tures  were  bubbled with  sterile air uncler  illumina-
tion at 80"molm-2s'''. Sea-water Florideophyceae Gelidium
amansii  and  Chlorophyceae Ulvapertusa and  Enteromorpha  tinza
were  collected  at the sea  shore  near  Iwaya of  Awaji lsland,

Hyogo, Japan on  May  15, 1992. These were  stored  at -800C after
brieflywashingwithdistilledwater,EScherichiacotiJM-109trans-
formed with  pCV-23  carrying  rbcA-rbcB  was  grown  as  reported

(Viale et al. 1990). All of  these organisms  were  stored  at 
-80"C

untir  use.

   RuBP  was  from  Sigma Co., and  other  chemicais  were  of  ana-

lytical grades. 2-Carboxyarabinitol-1,5-bisphosphate (2-CABP)
was  synthesized  and  purified as  reported  (Pieree et al. 1980).

   Preparation  of extracts-Geiidium,  Ulva, BryQpsis and

Enteromotpha  were  ground  with  a  chilled  mortar  and  pestle in
O.1 M  Tris-HCI buffer {pH 7.8) centaining  1 mM  EDTA,  1 mM  di-
thiothreitol, 2%  (wlv) polyvinylpelypyrrolidone,  1 mM  phenyl-
methylsulfonylfiuoride,  and  10"M  leupeptin. Closterium, Gonato-

v,gon. Netrium,  Mesotaenium,  Chtamydomonas,  Cmptomonas,
Potphiridium, C),anidium. and  Atcatigenes were  disintegrated by
sonication  for 2 min  in all in the above  buffer devoid of  polyvinyl-
polypyrrolidone.  The  homogenates  were  centrifuged  at 1O,OOO × g
for 1O min.  The  supernatants  obtained  were  used  for the  RuBisCO

assay,  since  falSover can  be  well  followed  with  leaf extracts

(Yokota et al. 1990) and  the  chloroplast  strema  (Yokota and  Tsuji-
rnoto  1992). Induction  of  the RuBisCO  genes  in E. coli  was  done
with  isopropyl fi-D-thiogalactepyranoside as reported  by  Viale et

al. (1990). The extract of the E. coli  cells was  prepared  as  reported

(Viale et al. 1990).

   Purijf('ation of RuBisCO-RuBisCOs  of  spinach  and  Eug-

lena graciiis Z were  purified as  reported  previously, and  were

reactivated  with  dithiothreitol before assay  (Yokota 1991).
RuBisCO  of  Netrium  was  purified as  following, The  supernatant

obtained  by sonication  and  centrifugation  mentioned  in 
"Prepara-

tion of  extract"  was  precipitated with  polyethylene glycol-4000 be-
tween  10 and  20%  in the presence  of  10 mM  MgCli. Precipitates
were  dissolved in a  smatt  velume  of  50 mM  HEPES-KOH  buffer

{pH 7.6) containing  1 mM  EDTA  and  1 mM  dithiothreitel, and

farther purified by  a gel-filtration chromatography  on  Superdex
pg  as  reported  previously (Uemura et al. 1996).

   .tlssay  ofRuBisCO-RuBisCOs were  assayed  by the  method

reported  previously (Yokota 1991), except  for the en2yme  of Chro-
matium  that was  assaycd  by the method  of Viale et al. (1990). The
protein concentratien  in the reaction  mixtures  was  adjusted  so

that lcss than  O.1 mM  RuBP  was  consumed  in 10min, The data
peints [n the time  eourse  experiments  were  the average  ef  two
determinations. The  reaction  courses  in the  individual figures are
representatives  of  severat  repeated  expeTiments.

   Equitibrium binding assay-Equilibrium  ligand-binding

assays  with  the carbamyiated  form  of  spinach  and  Eugtena
RuBisCOs  were  done  as  reported  previously for the spinach  en-

zyme  (Yokota et  al.  1991}.

   Amino  acid  sequence  analysis-Total  DNA  from Netrium,
Closterium  and  Mesotaenium  were  isolated as  has been deseribed
by  Sekimoto  et al. (1994) and  1,O"  bp fragments of  rbcL  were

amprified  by  Tkeq polymerase-mediated  PCRs. Two  primers  cor-

respond  to positions 1-24 (5'-ATG(GT)C(AT)CCACA(AG)AC-
(AGTC)GA(AG)AC(TA)AA-3') and  1011-987  {5LC(AC)CCT-
TC(AT)AGTTTACCTACAACAGT-3')  were  designed based  on

the reported  sequences  of  rbcL  of  Spirogyra mexima  {Gen-
bank:  Lll057),  Chtamydomonas  reinhardtii  (Dron et al. 1982)
and  Mbrchantia  polymorpha  <Ohyama et al. 1986). Arnplified
DNA  fragments were  purified by electrophoresis,  and  were  direct-
ly sequeneed  using  the 7kiq dideoxy terminator  cycle  sequencing
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kit (Perkin Elmer)  and  a DNA  sequencer  (Perkin Elmer;  rnodel

373A). Six primers (above two  primers, and  primers correspond  to

positions 207-190 (5'-CACAGTAGTCCATGTTCC-3'), 787-806
(5'-CCTATTATTATGCATGACTA-3'), 715-731 (5LTACCTA-
AACGCTACTGC-3')  and  158-140  (5LGCTTCTTCTGGTGGT-
ACTC-3') were  used  for nucleotide  sequencing.

   Measurement ofprotein-The ameunt  ef  purified RuBisCO
was  measured  by the  dye-binding rnethod  using  purified spinach

RuBisCO  as  the standard  (Yokota 1991). The  bulk  amount  of  pre-
tein was  measured  by  the same  method  with  bovine  serum

albumin  as  the  standard.

Results

   The  activity  of  RuBisCO  from spinach  decreases with

reaction  time to about  50%  of  the initial value  when  the en-

zyme  reactien  is started  at 1 mM  RuBP  or less (Yokota
1991, Yokota  and  Tsujimoto  1992). The  loss of  the  activity

in fallover is repressed  about  50%  in the presence of  more

than  1 mM  RuBP  (Fig. 1a). This is because RuBP  at  the lat-

ter concentrations  binds to the  regulatory,  non-catalytic

sites to repress  the  loss of  the  activity  in fallover (Yokota
1991, Yoketa et al. 1991, 1994, 1996), Accordingly, we  are

able  to examine  the  occurrence  of  fallover by  analyzing  the

reaction  course  at  1 mM  RuBP,  and  the  presence of  the  reg-

ulatory,  non-catalytic  binding sites, are tested by compar-

ing the  reaction  courses  at 1 and  5 mM  RuBP.
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Fig. 1 Courses  of  the carbexy]ase  reaction  of  RuBisCOs  from
spinach  (A) and  Eugtena (B) with  different concentrations  of

RuBP.  The  concentration  of  RuBP  was  1 (clesed circles)  and  5
mM  (open circles).

   RuBisCO  from Euglena  showed  quite similar  linear
reaction  courses  with  both 1 and  5 mM  RuBP  (Fig. Ib),

The same  was  true for the Chlamydomonas  and  Chro-
matium  enzymes  (data not  shown).  This indicated an

absence  of  both  fallover and  regulatory  sites  in these

RuBisCOs.  The  absence  of  the regulatory  sites  in Euglena

RuBisCO  was  confirmed  by measurement  of equilibrium

binding of  the  transition  state  analogue  2-CABP  (Fig.2).
The dissociation constant  of  the catalytic sites of  activated

RuBisCO  for 2-CABP  is near  to 10"3  M  and  RuBisCO

forms a  stable  quaternary complex  with  2-CABP  in the

presence of  C02 and  MgM  (Pierce et  al. 1980, Schloss
1988), Increasing concentrations  of  2-CABP  caused  addi-

tional binding of  2-CABP  to spinach  RuBisCO;  totally 16

molecules  ef  2-CABP  bound to 1 melecule  of  spinach

RuBisCO  in the  presence of  saturating  concentrations

(over 100pM)  of  2-CABP.  This indicates that  the  quater-

nary  complex  of  spinach  RuBisCO  with  2-CABP  still binds
one  more  2-CABP  per protomer  in the  presence of  more

than  100 ptM 2-CABP,  as  reperted  in Yokota  et  al.  1991.

This extra  eight  2-CABP-binding  sites  also  bind RuBP  with

much  higher dissociation constants  than  the  catalytic  sites

(Yokota et al,  1994). On  the contrary,  Eugtena RuBisCO
bound eight  molecules  of  2-CABP  per 1molecule of

RuBisCO  even  in the presence of  150uM  2-CABP  (Fig. 2).

Since Euglena  RuBisCO  forms  a  stable  quatenary complex

with  2-CABP  using  its catalytic sites like the spinach  en-

zyme  (Yokota and  Canvin  1985), the  absence  of  the  bind-
ing of  eight  more  2-CABP  indicates that the Euglena en-
zyme  does not  possess the non-catalytic  RuBP-binding  sites

or the sites are  hidden not  to bind extra  sugar  phosphates.
These observations  support  the kinetic results  in Fig.1.
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Fig. 2 Equilibrium binding of 2-CABP  to the carbamylated

form of  RuBisCOs  from spinaeh  (closed circles)  and  Euglena

(open circles).
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Fig. 3 Reaction eourses  of  RuBisCOs  of  green  macroalgae,

Enteromotpha (A), Ulva (B), and  Chara (C). Symbols were  the

same  as  in Fig. 1.

   RuBisCOs  from green macroalgae,  Enteromotlpha  and

Uiva showed  a  40%  and  a 43%  decreases in the activity,

respectively,  at  1mM  RuBP,  and  these  decrease was

alleviated  by S mM  RuBP  as  in the  spinach  enzyme  (Fig. 3).
RuBisCO  of  Bi:yopsis was  also  fallover-type (data not

shown),

   In the phylogeny  of  green microalgae  to the land
plants, Charophyceae locates between them  (Picket-Heaps
1975, Graham  1993), Chara which  belongs to Charales,
the  most  developed order  in Charophyceae,  contained

follover-type RuBisCO  (Fig.3). A  Conjugatae  Closterium

which  belongs to more  primitive order,  Conjugatales, in
Charophyceae, had RuBisCO  the activity of  which  de-
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creased  only  15%  in the  carboxylase  reaction  at 1 mM
RuBP  (Fig. 4). The slight loss of  the activity was  removed

at 5 mM  RuBP  and  the course  was  nearly  linear. RuBisCOs

of  other  Conjugatae  IVletrium and  Gonatov,gon  were  quite
resembled  the  Closterium enzyme.  This was  the same  when

purified enzyme  from Nletrium was  used  for the reaction

(data not  shown).  The  RuBisCO  from  the  most  primitive
Conjugatae  examined  in this study,  Mesotaenium,  showed

the completely  linear-type course  both at 1 mM  and  5 mM
RuBP  like the  Euglena  enzyme  (Fig. 4),

   The  results  presented above  clearly  show  that the  reac-

tion course of RuBisCO  is closely  related  to the evolution

stage  in photosynthetic  organisms  haying Chl a  and  b. Pho-

tosynthetic  bacteria and  green microalgae  had the linear-
type enzyme,  and  green macroalgae  and  land plants con-

tained  the  fallover-type enzyme,  RuBisCOs  of  Conjugatae
may  be the  intermediate type between them. In this con-

text, it is interesting to analyze  the reaction  courses  of

RuBisCOs  of  organisms  having other  auxiliary  pigments

than  Chl b (Fig. 5). Unicellular, primitive red  algae,  Oani-
dium  and  Potlphyridium, and  red  macroalga  Gelidium  con-

tained  the fallover-type enzyme.  Cryptophyceae, Ct:ypto-
monas  also had  fallover-type RuBisCO.  In addition  to

these non-green  algae, Atcatigenes eutrophus  also contain-

ed  the fallover-type enzyme,  Fallover of  these enzymes

was,  of  course,  accompanied  by the  occurence  of  the  regula-

tory, non-catalytic  RuBP-binding  sites,  as  inferred from
their responses  to 5 mM  RuBP.

   Our next  step was  to cornpare  the reaction  course  and
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Fig. 4 Reaction courses  of RuBisCOs  of Ctosterium {A),
IVbtrium  (B), Gonatoevgon  (C) and  Mbsotaenium  (D). Symbols
were  the same  as  in Fig, l.
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Fig. 5 Reaction courses  of RuBisCOs  of non-green  aigae  and  a

chemolithotroph,  Cryptomonas  (A), Porphyridium  (B), Gelidium
(C) and  Alcaligenes  (D), Symbols were  the same  as  in Fig. 1.
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Fig.6  Alignment of the deduced amino  acid  sequences  of

RuBisCOs  around  Lys-21 and  Lys-305. The sequences  of

RuBisCOs  were  from  following sources:  Spinach and  other  land
higher plants, Chtamydomonas  reinhardtii.  Euglena  gracitis,

S,nechococcus PCC6301  and  phetosynthetie  bacteria (Yokota
ancl  Tokai 1993); BryQpsis maxima  (Kono et al. 1991); ChloreUa

eVipsoidea  (Yoshinaga et al. 1988); Anabaena  7120  (Curtis and

Haselkern  1983); Cryptomonas F (Douglas et al. 1990); Cyani-
dium caldarium  and  Ottsthodiscus luteus (Fujiwara et al . 1993). Se-
quences  of  RuBisCOs  of  Chara  connivens  and  Gelidium  ameri-

canum  were  obtained  from GenBank, accession  number  L13476
and  L22459."Lys-21  is changed  into arginine  in alfalfa  in the land
higher plants,

the  occurrence  of  the hysteresis-inducible sites amongst

RuBisCOs  of  a  wide  variety  of  photosynthetic organisms.

To this end,  we  determined nucleotide  sequences  of  rbcL  of

the  organisms  included in Conjugatae and  deduced the
amino  acid  sequences.  The  deduced amino  acid  sequences

near  the sites hysteresis-inducible in spinach  RuBisCO

(Yokota and  Tokai  1993) are  aligned  with  the sequences

of  the  enzymes  of  other  organisms  in Fig.6. Lys-21 and

Lys-305 (this numbering  of  the residues  are  for spinach

RuBisCO)  are  conservecl  in RuBisCOs  of higher land
plants except  alfalfa (Yokota and  Tokai 1993), Both sites
are  changed  into arginine  in such  green microalgae  as

Euglena  (Gingrich and  Hallick 1985), Chlamydomonas

(Dron et al. 1982) and  ChloreUa (Yoshinaga et al. 1988).
The  intermediate-type enzymes  of  the  organisms  included

in Conjugatae conserved  Lys-30S but the  site  correspond-

ing to Lys-21 in the spinach  enzyme  was  arginine.

Discussion

    There have been three ideas for the mechanism  of

fallover seen  with  plant RuBisCO. One is that  the decrease
in the  activity  is due to the suicide  inhibition by tight bind-
ing of  inhibitors including xylulose  bisphosphate which  are

formed on  the catalytic  sites  during reaction  from  RuBP  by
the  enzyme  itself (Andrews et al. 1990, Edmondson  et  al,

1990a, b, Robinson  and  Portis 1989, Zhu  and  Jensen

1991a, b). RuBP  itself has been inferred to be a candidate

for the  inhibitor (McCurry et al.  1981, Mott  and  Berry
1986), since decarbamylated inactive RuBisCO  forms a

stable, inactive complex  with  RuBP  (Jordan and  Chollet
1983). The  third idea is that  the  change  in the protein con-
formation of  RuBisCO  from  a  high- to low-activity form  in

the course  of  the reaction  (hysteresis) and  the subsequent
suicide inhibition is the cause  of  the  partial loss of  the  activ-

ity in fallover (Yokota 1991, Yokota  et al. 1996). Hysteresis
has been known  in many  other  enzymes  (Neet and  Ainslie
1980). The  exact  mechanism  has received  a  strong  atten-

tion, but is still under  a  subject  of  debate (Hartman and
Harpel 1993, 1994).
    Two  lysine residues  have been identified to be involved

in the hysteretic protein cenformational  change  of  spinach

RuBisCO  (Yokota and  Tokai  1993). Surveying the hy-
steresis  sites  and  occurence  Qf  falleyer among  RuBisCOs
of a wide  variety  of  photosynthetic organisms  may  give us

an  answer  for the debate, Lys-21 and  Lys-305 of  the large

subunits  are well  conserved  in RuBisCOs  from  higher

plants, but are changed  into arginine  or  proline  in the en-
zymes  of  green microalgae  and  some  photosynthetic bac-
teria (Fig.6). The  present study  clearly  showecl  that

RuBisCOs  of.`llcaligenes. aJtptomonas, Cyanidium, Por-
phyridium  and  Getidium were  the fallover-type enzymes

(Fig.5). The two  lysine residues  are  also  well  conserved

in RuBisCOs  of  these  organisms.  RuBisCOs  of  7-purple
bacteria, cyanobacteria,  green microalgae  including the

primitive Conjugatae, Mesotaenium,  were  linear-type.
Ctosterium and  several  other  organisms  included in Con-
jugatae contained  interesting RuBisCO,  in which  the activ-

ity was  slightly  decreased in the course  of the reaction  at 1
mM  RuBP  but a  higher concentration  of  RuBP  strongly

eliminated  fallover (Fig, 4), In other  words,  the  enzyme  of

this Drganism  was  an  intermediate between the  fallover-
and  linear-type RuBisCOs.  These results  strongly  suggest

that fallover was  aquired  during the  evolution  of  RuBisCO

in green organisms,  In RuBisCOs  of  Conjugatae, Lys-

305 was  conserved  but Lys-21 was  changed  into arginine

(Fig.6). Green  macroalgae  Chara. Bilyopsis, Ulva and

Enteromorpha  contained  the  fallover-type enzyrne  (Fig. 3).
RuBisCOs  of  the  former  two  organisms  conserve  Lys-305
but the  Lys-21 site  is arginine  as like the enzyme  of  Con-

jugatae (see Fig,6 for references).  It is reasonable  to

deduce  that these lysine residues  are important for occur-
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rence  of  fallover or  in the  hysteretic conformational  change

of  RuBisCO.  However,  there  must  be additional  sites  in-

volved  in fallover as reported  reeently  (Lee et al, 1993),
These additional  sites  may  be more  critieal  residues  in in-

duction of  fallover in alfalfa and  cyanobacterial  RuBisCOs,

where  only  one  of  the two lysine residues  is conserved  al-

though  the  reaction  courses  of  these  RuBisCOs  follow the

above  criteria discussed above,

   RuBisCOs  that  showecl  fallover in the  reaction  course

responded  to a  higher concentration  of  RuBP.  The  re-

sponse  is due to the binding of  RuBP  to the regulatory,

non-catalytic  RuBP-binidng  sites  (Yokota ]991, Yokota  et

al. 1994), The  sites  also  bind a  transition  state  analogue

2-CABP  (Yokota et al, 1991) and  6-phosphogluconate
(Yokota et  al.  1992), in addition  to RuBP.  On  the  other

hand, the  linear-type Euglena  enzyme  did not  bind any  ex-

tra 2-CABP  (Fig. 2), The  precise relationships  between the

protein structure,  fallover and  the non-catalytic  binding

sites  is being examined  in this laboratory.
   Through  the present study,  we  encountered  interesting

questions as  to why  and  how  the fallover sites  were  ac-

quired by  RuBisCOs  of  green land plants in the evolution

from green microalgae.  Why  do all RuBisCOs  of rs-purple
bacteria and  non-green  aigae  have the fallover-inducible
sites  and  exactly  show  fallover? The  phylogenetic tree

Fig. 7 Phylogeneticrelationshipbetweenoccurrenceoffatlover,
amino  acides  of  fallover-inducible sites and  enzymatic  properties
of  RuBisCOs.  The  lines of  the tree  do  not  depict the  exact

phylogentic distances between  organisms,  but only  their  phyloge-
netic  relationships.  Relative specificities  for RuBisCOs  of  diatoms

and  a  purpie bacteria (type tl) were  from Read  and  Tabita  (1994}
and  Andrews  and  Lorimer  (1987), respectiveiy.  Those  for the  en-
zymes  of  other  organisms  were  from  Uemura  et a}. (1996, 1997).
See the  text for other  details,

for the  evolution  of  the  gene for the  large subunits  of

RuBisCO,  rbcL,  has been  well  accepted  (Ueda and  Shibuya

1992, Zetsche and  Valentin 1993) (Fig.7), The putative

ancestral  rbcL  is thought  to diverge into three  main  bran-

ches;  (1) a-purple  bacteria (type II), and  (2) a-purple  bacte-
ria (type I), B-purple bacteria and  non-green  algae, and  (3)
7-purple bacteria, cyanobacteria,  green  algae  and  plants,

In the last branch, the  large subunits  of  RuBisCOs
have  over  70%  homology  in the amino  acid  sequences

(Kobayashi et  al. 1991). Occurrence  of  fallover and  the  reg-

ulatory,  non-catalytic  RuBP-binding  sites  well  followed the
sequence  of  the  adaptation  of  photosynthetic organisms  to

the terrestrial habitat or  the increase in the relative  specifici-

ty of  RuBisCO. It might  be conceivable  that fallover is a
consequence  of  the adaptation  to the terresterial enyiron-
ment,  at  least in the  evolution  of  green organisms,  In this

context,  it is interesting to recall that RuBisCOs  of  the de-
veloped  organisms  in Conjugatae  were  the  intermediate-

type  enzyme  and  the  enzyme  of  the primitive one  in this
order  did not  show  fallover. These organisms  may  have
evo}ved  from  an  ancestral  aquatic  organisrn  which  ap-

peared when  RuBisCO  was  evolved  to adapt  to the  ter-

restrial environment.  Exceptions for these  considerations

are  RuBisCOs  of  green macroalgae,  Ulva, Entromorpha

and  Bo,opsis. These RuBisCOs  resembled  plant RuBisCO
in the reaction  course,  although  these organisms  have been
often  thought to be close  to green microalgae  in the distri-
butions of  the  glycolate-oxidizing enzymes  and  the  superox-

ide dismutase isozymes (Schnarrenberger et al. 1992).

   Another interesting point is the reason  for occurence
of  the hysteresis-inducible sites in fi-purple bacteria and
non-green  algae.  The  simplest  idea is that when  the
ancestral  rbcL  was  diverged into three  major  branches, the

ancestral  rbcL  of  this branch  incorporated the sites  by

chance.  The  sites might  have been transferred to the

present organisms  in this branch without  any  further muta-
tion  on  these  sites.  Recent  findings that the relative  spe-

cificities  ef  RuBisCOs  of  the  non-green  algae  are  larger

than those of the C]-plant enzymes  (Read and  Tabita 1994,

Uemura  et al, 1996, 1997) may  support  the above  idea
on  the  relationship  between the  relative  specificity  and

fallover. Fallover may  be an  important function for the
RuBisCO  showing  a high relative specificity.

   The  complex  between  RuBP  and  inactive RuBisCOs

of  Rhodospillirum rubrum  (Jordan and  Chollet 1983) and

Synechococcus (Smrcka et al. 1990) is relatively  easily  con-

verted  into the  active  form  of  the enzyme  in the  presenee of
saturating  C02  and  Mg2  

i
 compared  with  the plant enzyme.

It is known  that  Synechococcus RuBisCO  is much  less sus-

ceptible  to the  inhibition by xylulose  bisphosphate than  the

enzyme  from plant sources  (Smrcka et al. 1990). The severe

inhibitions ef  the  plant enzyme  by  RuBP  and  xylulose  bis-
phosphate  have been  deduced  to be the  cause  of  fallover

(Andrews et al. 1990, Edmondson  et al, 1990a, b, McCurry
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et al.  1981, Mott  and  Berry 1986, Robinson  and  Portis
1989, Zhu  and  Jensen 1991a, b). However,  the  reported

much  stronger  inhibition for RuBisCO  of Chlamydomontzs
(Roesler and  Ogren  1990) is not  consistent  with  this deduc-

tion, since  this enzyme  never  showed  fallover, RuBisCOs

of  non-green  algae  are  also  relatively  insusceptible to the in-
hibition by  RuBP  (Newman et  al. 1989, Read  and  Tabita

1994) but showed  clear  fallover in the  present study

(Fig, 5), It may  be reasonable  to conclude,  from these con-

siderations,  that fallover is not  simply  due to the  inhibition

of  the enzyme  by RuBP  or  suicide  inhibitors, but the  ex-

istence of  hysteresis-inducible sites including Lys-21 and

Lys-305 in RuBisCO  is indispensable fer fallover. How-

ever,  still we  have  to  wait  for further studies  as  to how  the-

se residues  lower the activity during the reaction  and  why

the  green plants acquired  the  sites.
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