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ABSTRACT

Plant, -ribulose.. bisphosphate carboxylase  (RuBP
carhurkylase; o0 41.139) - displays: . several
physiclogical. and putritional “roles - Indeed, . the
furndumental - intportande of Ih.i&’ mzvms derives niot
snly from its e on photosynthéals, whese it gatal}*sas
the fnitial yesotion of the Calvin cyide, bw alse beoause
it exhibits. two, - imporiant, - inevitable  chemical
constrainty that are inherent, properties. of the. cnzyme
maleonie: (1) the ability to catalyse the intttal reaction
of -photorsspiration,. generaily mg:adcé a5 the main
metabolic constriction on plant productivity. (i) The
extremely low rate of catalysis; to grow af convenient
rates, plants need to synthiesize hupe amounts of the
enzyms, making it the most abundant proteln in nature,
Nevertheless, when the sirategy Is survival rather then
grawth, plants may nse the BuB? carboxylase pool 8s a
follar storage of carbon, nitrogen snd sudphor,

“The concentration of PuBP carbosyviase, as of
prokmk in genersl, is determined by the vontrailed
balance  betwesn synthesis, and  degradation. A
congiderable amownt of fumation hus acownilated in
what zoneerns jts mechanism of synthesis. However,
fimdaroental gaps sl gxist i the knowledge sbout the
catabolism of this enzyme. v

e molecular mechaiisn responsible for RuBP
cirboxylose catabolismy resneing  Jawrgely enkuows
Recent reports suggest that the soyme i first oxidised
info 3 xat&iytiwi}y ingctive form and polvmerized into
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very large molocular mass aggregates. Intersction with
a meanbrane snd subsequeny proteolysiz complete the
puenover cyale of the engymie.

The conditions that trigger the dr‘gmxiauon of RuBP
carbosylase we now- relatively well known Uinder
normgl - métabolic ‘conditions, RuBP carboxylase is
spparently suljected 1o contingons turmwver 9 rates that
differ. widely - with the apeaizs ~oonsidered. The
metabolic. fates ~of - RuBP: cabosylase way be
tomatively. provped o S cutegories depending on
the plant’ specizs. vnder study Uand ithe " phivsiclogival
conditions considered: (1) stress sifuations thie do not
induce degradsation of structural changes ju the enzyme
molveade; (1) siveas situstions that cmme non-disulphide
oxidation followed by polymerization of the emxyme;
(i} stress situations that produce enzyme degradation
B PUEHRSE iedchm o plans deithy (v} stress situations
that - originete “reversible”™ enzyme o proteolysiz in g
provess that does nod lead to plant death.

ABBREVIATIONS

CALP  2Carboxy-O-arabinitol Tphosphate
L.SU : Largs sohonit of RuBiP carboxyiase
BuBP : p-Kitwloge 1.5-bisphosphate

A817; Sl subunit of BuBP carhoxylase

INTRODUCTION

Ferms gnd definitions

Ribuose bisphosphate eathoxylase was given the
code mumber EC 4.1.1 39, It i n lyaxe, with the
systernatis name 3-phospho-Dglvierate earbugy-lyase
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{dimerizing), that catalyses the frst reaction of the
Calviiy cyehe:

p-Ribulose 1,5-bisphosphate + 00, + H
2 3-phospho- Doglyserste

in the presemce of oxypen, the enzyme will also
inevitably catalyse, hoth i sive and in. vivro, the
oxygenation of ribulose 1,5-bisphosphate (RuBF) [11,
the Frat reaction of photorespiration:

0, + Mg™
pRibalose 1 5-bisphosphate + 0, Lo
S-phosphe- D-glyezrate + 2-phospboglysolate

For this reason, the enzyme iz also comnunly termed
ribulose  bisphosphate  carboxylase/oxygenase. Old
desigrations - include - fraction. - [ protein.  and
carhoxydismutase, Three shorter versions are currently
widely used in the scientific [iteratwe - Rabisco,
RuBPCase and RuBP carboxylase. - In this review, we
have:adopted: RUBP carboxylase’ beoause it follaws
closer “the general guadelines -used  to form - enzyme
trivial names,

CAriasand. coamhm» jmm‘&é out in 1949 nm a
certain somfusion exists in the Htersture concsrning the
use ofbihe terms . tomover and  degradation - {2]
Subseglrently, Dravies {3] teported several definitions of
FREVEr that are often endountéred in the literatiwe,
such as Fthe provess of renewal of 2 given substance”,
“the: fioe- of amine acids through protein™, or
hydrolysis of itrace}ular proteins to thelr component
amino acids”. Inievestingly, 8 private pool indicated
that, 1o most bicchemists, the terns turnover implied the
degradaiive process: more than the synthetic procass,
regardless of which s the larger.  Therefore, prot i
turnover i offen wsed to denote prodein deg
particularly in studiea concerning plants and bactria
In this review, “tunover” is used fv denote ihe
comtinones and  simultaneons ocourrmniee of potein
synthesis and Jegradation. In this contedt, degradation
i defined asx the hydredysic of proteins with the
corresponding relesse of thelr coroponent Amine acids.

Distribation

RuBP carboxylaze is fmumd in chemomotaphic
bacteria ad in almost 42? photosyathetic orpanisms,
including photosy nthetic annhacteriz,
and plasts. A sumber of special cases are Known,
reflecting the huge diversity of life forms that ocour in
auture. Bome pehuitive bacterie {2g Hulebocioriim

halobiwmy are photosyathetic in the sens that they
ohtain engrgy and redociag power frem the sunlight but
they do not fix carbon dioxide by the Calvin eyele {(In
other words, they do not possess RuBPR cwrbowylase},
ame’x{iing on the consmpiion of orgenic compounds
fran the surrounding mediam. On the other ke
chemolithetrophic bacieria are not photsynthetic {they
in energy from the oxidation of inorganic
mmymunds} bt gse RuBP carboxylase and the Calvin
cyele 1o fix earbon dioxide [4] RuBIP carboxylase is
preses, for example, o nonchioropbytis o karyotes, 8s
is the case of the chromophyie (Hirthadizeus luteus,
and in the unusual prokaryetic green algae, Prochicron,
which grows symbiotically with the corslyesf ascidian,
Lizsoelivonn potelhan {5, 5],
T the photosynthetic tissaes of higher plants, RuBP
carbixylase occours in extravrdinary abundance as a
maior soluble protein that iz loealized in the chioroplast
sirorna. Ris re‘:portcd fo comprise 23 10 65% of the
aoluble leaf protein in Oy plants {7, B, 97 and between 3
23% an-Cy ;siazm; [i{.tj. The concerration of the

afsproxxzzsatrix’ %) 5 4 2?0 mymlb {11, 12) ’i"izi‘s
s identical’ to that obgsrved in soms
crysials ,>¢ e Qum’ carhoxylase —type 1 »ry%ﬁe‘dsz for
exaraple, contain-266 mg protein per ml {2 31 The
enzyme dISi: womprises a :ra;ur fraction of the total
IR Fes pbmeswih di gnd aul Ot"i’??u e prokaryotes,
va }ues an high an 4095 being - reporied for
whram (141 Becaoss of the dominance
' the ghviifohoignm and the fdgh cawentration
i i hi«:mpiac‘ic, RuBP varbouvluse is
o be ;‘be most abunidant protein in nature {121

z)f the

welieved

MGL}ZCU LAR PROPERTIES OF  RuBPp

CARBOXYLASE

Malevnlar structure  and  other phesicochemical
properties
n g‘h stosynthetic cubaryotic o
d and mogt photasyatt ju :
{itxciudmg evanohacteria), the RuBP  cwbosviase
holoenzyme is 2 hexadecamer, composed of elght large
{8158 M}A L%L; aru zmhz spadt (12418 kg, SYLL
12 “mm‘ soylase) 3. l”h:: exyme
: mAss ki

o

}5 wver, not all Bull carbo 15 m WIS Qe
conposid o Uﬁiﬁv armd 5 i

enhacteria and dinoflagelats
eontain RuBP »‘drb(}?s,jf ase hcim’.mj«m{)s comypri
large sabonit dimers (Ly; from 1T RuBP oz
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[15, 187 it is the case, for sxample, of the enzyme from
Rhodospivittumn rufraen. Rwme bateria {eg.,
Rhodobacier- sphuersidesy possess the two forma of
ReBP - carboxyluse.  Therefore,  photosynthetic
prokeryotes mmy oonteln plani-type  hexadecwmmeric
holoenzymes, homodimerie sasymes comprised of
LSUT homedogues or both [17].

Ia forme 1 RuBP carhoxvlase, LSUs construct an
cight subunit core organized as a tetramer of dimers
distriboted sround 8 four-fold axis of symmetry. Four
- BSTiare located close (o cach pole of the axis, making
extensive interactions with the LU dimers to stabilizg
the Ly core, Although thers are two active sites per
L.S1Y dimer, sach active stz is shared bebween eloments
of heth subunita of the dimer [1§], Therefore, sach
active site is formed by the C-terminal barred dowsain of
oue LSU of the dimer with the N-terminal domain of
the ather.

Large subuunits shere po aming acid  ssgquence
homology “with the small subursts. LS from
different’specien show considerable homology with-ous
another: Forexample, they are about 90% identical in
g;j{()p plants, and those residues that interact with the
ansiion  state  analog carboxyarabindtel 1,5
bisphosphate are 100% consereed [12, 19), Among ?hs,
499 sequences of the L8U of seed plants assombled by
Chase o gl {20}, of the 476 aninn and restdues, 105
(2254 dornot show soy variation at all. An additional
118 residues have been modified in only oue of the 499
spesies included dn the dutabase [151 Bven comparing
the seguenoe | of - the evolationarily most  distant
eukaryotic LAY (Uhlamgdonmome versus Zea mays)
reveals greater than 85% hommlogy in a total of 475
residnes [21] However, the homology betwean the
LSE from form | oand form [T RaBF cabexylases is
approximately - 25-3 ] i contrast to large
subunits, smatl subunits are qudie divergent - crop-plant

Us share abowt 70% sequence identity {12, 191

8%

sontaing  no  dejeciable
25, prosthetis proups or any salions
wther than magnesiom ions [12] Howevsr, covalent
postiransiational modiffcations, including sceylation,
tom,  phospborvlation  and - possibly
ghitiraination, have been deseribed for plant and
cyanchactarial ReBP carboxyiuses, but & vorvelution of
thene modificationg with enzyme funclion or siability
has yut o §:>. demonstrated [23]

Lsis & some plant species (e, Noofiana
s setiviem,  Lyeopersicon escudentun,
e wmo and Soluwwain tubsrosupty we timeshyined
Lys-14, whereas others (like those of Spinoces

RoBF  corboxylase
bohydrae restin

sleracen, Trivicwn aestivum and Chloswvdomonasy sre
not |24, 28] The responsible methyhransferase bas
beery purified - from - Flaumr - sativany-and - Nieotian
tabaowm - and s gene olomed . and seguenced.
Purthormore, Spinscen oleraces RuBP carboxylase, net
normally methylated st Lys-14, can be specifically and
efficiently methylated at Lys-14 by the purified Pivum
sativign o - Nicotkana  wahacum  methyltransferase,
although the - biochemical signifivance ©of " such
mathvlation remains to beelovidaed [18]. Other known
covatent modifizations of RuBP carboxylase inslude
acetylation of LS at Pro-3 and methylstion of 85U at
Mei-1 [24-26]. ) »

Ohiher . physicochernical . properties of plant RuBP
carbioxylase inchide the iscelectriz point, for which
vatues varying from 4 5t 7.0 {Holoenzyme), $2 10 6.9
(LB, and 4.5 o 7.5 (8810 have heen reported [271
The extinction wefﬁ fent (B'%40) of the enzyme has
b indicated s 154 for Lewvwr minor, 144 for
Tritfcum estivam, 215 for Zea mays {unpublished
ddm} and 14.1 10,182 for Spinacea e;’emce& 14.3 10

7.4 for, »ama, 14.3 for bo&m,mz taberazum,
i ympw wlentum, . Nigottgna | tabocum  and
Gossypum M rsumm,, and 16.7 mr Cliteus sinensis {27}
?adnm:;gtafl()n soefticients (5% W} varying from 17.6 10
21.0 have been z:snmaac\i for the enzyme from seversd
plat  species, wﬁh p‘.ma} gpecific  vohmmes | of
a;)proximai'ety 073 mbdg |

Rofe of «sre?;zzmas

The phservation that E:mdmrmz‘i:mz subewn Ruﬁi’
cirboxylase, which lacks $5Us, undergogs sctivation
by - €Oy and - catalyses  both  carboxylation  asd
axygenation, demmotstrates that none of thesy processes
te absolutely dependent on the mresencs of 385U {Z1]
Farthermore, the effscts of certain sugar phosphates on
the Ly enzyme are similar to those on higher plant
COEYRIES {‘28} Algo, 8BS can be separated from the
octamer of L8, and the enzyme s st} abe to bind
OOy and O but with mach seduced officiency 1291 The
large subunit core of dnacystis nidufans, for example,
satalyzes both the carbovylase and oxygenase reactions,
%m gt shout 0.6% of the vate of e holitoryme,
'3(}551&35’ reflecting an intrigsic, but swy low, calalytic
pontizl of the LSUs by thomsslves, However, the
specificity factor (v, defined below, indivates the ratio
of carbosylation o oxypenation) remsing unchanged
{30] It folfows that the presenve of 85U does wot affect
the value of 1, which is determuned solely by LBUL
Therefore, the LEU of the fomm { ervime containg the
site of activation by 000 and Mg™, the binding sie for
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RuBP and other sugar phosphates, and the catalyiin site
for both the carbosylase and oxygenase reactions. Tn
addition,a region-has- been ddentified i LSU that
interacts with RuBP carboxylase activase {seg below)
{31]. )

o specific role has yet bean assigned to the %8,
whose precise function remuains unclear. Fossible roles
indtially sugbc,stﬁzé include g regulatory funetion and #
role. in oaintaining the holoenzyme in a2 stable
conformation capable of being sctivatzd o the
vatalytically competent form (211

Studies on the role of SYU have boen hampersd by
the inability to dismantle the gusternary shucture of
phart RuBF carboxylases and separate LU and 58U
withot densturing the engyme dmeversibly. L8Us
isolated from the plant énzyme are highly inscluble in
the absence of added deferpents or denaturants.
Therefore, after dissoviation  imio monomers by
dematuring conditions, the separated subunits will not
répatare or reassocimie even sfter removal of the
denaturing agent [32]. The same odcurs’ “with i,sug‘
synthesized from  plan Lsy g,t:’&‘ea expasqnd
Eschwrichia coli. Howaver, LSU ‘octamers °sumiec
fronn prokarvotic RuBP cwrboxylase exhibit solubility,
albeit limited, after removal of the S8Us. For - this
reason, © hus been suggested that SRUS may help
maintsining  the  solubility  of the ﬁ’k\ii”‘tcﬁ}%t’"}i
complex in plant RuBP carboxyluses,

Pxperiments performed with & eyanobicterial RaRP
carhoxylase from a Symechveocous species involved the
sracdual removal of 88Us from the holoenzyme to
obtain LKL octamers depleted of S8lJs. These
experivnents showed that the resulting catalytic activity
was directly proportional to the degree of saturation
with S50 - implying the regubemeng of S8U for
satalysis. Revonstitution was a} ways secumpanied by
TELURE Csf vatalytic competence [33] Undersaturation
with % does not affect the © parameter, as partially
ampped preparativas of RuBP cwrboxylase alway
axhibited the same varbowylase/ovygenase activily mitlo
as the undissociated enzyme.

The - construction - +f  subunit  bebrid  RoBP
carhorviases has provided further insights into the
functions of the enzyme subunits. Hybeide comstructad
with L.8Us and S5Us from Synechacoceys, Frochioran,
and dphancthece, in all possible senses, produced
active holoenzymes {3, 341 An identical result was
obtained dor the RuBdP warboxylase subuait hybrid
constructed . betwesn  Symechecoceus LS8Us and
Apfnavea oleraces SSUs [35] In all vases, foreign
‘mu’s bound Iwss rghtly and promoted lower Vi

3

s
w

activitics, lnserestingly, the © parameter of the hybrid
{prokaryotic/enkaryotic} enzyme is the same that of
the native Syechococony enzyme [33], indicating that
partitioning  between  cwboxylase and  oxygensse
functions are determined entively by LSU. Furthermore,
expression . of a  cyvanobacterial  LEU  gene in
Escherichia coli produces a cyanobacterial L&U-
octamer wmit which exhibits vary little catalytic activity
bt g ¢ value identical 1 the wild-type enzyme [351

It seems now well sotablished that the presence of
851 does ret gffeus the value of ¢ but sharply increases
the catalytic rates of the resctioms catalysed at the
active site {an Ly core displays inevilably a residual
catalytic activity of only <1 o 3% of tha of the
hoteenzyme). Even though 381 doss not contribuie to
the stractire of the active site dirsctly, the consinction
of - shimeric RuBP  carboxylese  chzymes  and
mutagenesis studies have shown that S8 is capable of
shifting the vonformation of the active site enough
affect substrate specificily and the catalytic efficiency
ot the molecnle [15]. Therefore, it is assumed that the
sohancement of catalytic rate by 8SU can only be
mediated through induced confarmational changes in
LRU{IS 18,25

Isspection of the © values of RuBP carbuxylase froms
g wide manjge of organisms provides an explanation of
why two tybes of subunits are wsually required in the
enzyis when one wounld clearly do, at leagt insome
SiFciitances, The valoey of 1 of the frm 1T RoBP
carbiosviase (<20} are much lower than those of the
fortn 1 eoymes (5300, Ferhaps, 88L7s have allowed

RuBP carbos(yﬂ&e t svolve in ways thal bave
incieased Bt amounl, activity, or gpercmcxiy i ke
poor or (h-rich enviromments o7, in other words, ag
LY peaived to waximize BAVE Do0OIm
dependent on the presence of S8U {19, 361 In this
aense, the 88U may enable 2 mome clfective
diserimination against £,

KINETIC AND CATALYTIC PROPERTIES OF
RuBP CARBOXYLA

Activation

Experiments porformed fn eiira with purified RoBP
carboxylass mm‘ﬂxuk ed that carbanmylation of o specific
L84 is an essoniial requirenient for
{37, 38}, This reacton oocurs
me §s jncubsied in the

cwizdytia sompeien
sponts aaus}y when me
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conserved lysine residue {Lys-2013 in the active site of

esch LSV This activating COy is distinet from the €O;
substrate and remains bonnd to the enzyme through
muiﬁpk catalyiic cycles. & Mg ton {or other divalent
cationy ig auhsz:quenﬂy coordimaied with the rarbamate
and stebilired by Asp-203 and Glu-204 [15], o form

the catalytically active, ternary complex, wapable of
catalysing both-the sarboxylation and oxygenation of

RuBP {39, 40]. Formation of the carbamylated
complex  is accompanied by oz change in the
conformation of the enzyme. The divalent metsl ion
coordinaied fysvl carbamate plays the vole of g cofactor
{411

Axtivation by O and Me™ is a property common
o all RuBP carbosylases regardless of their taxonomic
origin, Indeed, the CO; activator binds to a highly
conserved region of the LEU p«f}ivpﬁpttdﬁ {21} Form Il
RaBP La;rboxy age can sccomodsate Mg®, Ma™, Fe
Ca”, G, Cd® of Gd™ as ax;tzmtzng metal § ions. \'?g
NI, o', Fe¥', Mn®, Cu¥', Cr* and Ca™ hawe al
bcez* reported o af*twafe: turm U RuBP carbogylase
{32]. Substitwtion of “Mi® for other eationa is known to
alter the specifisity factar, T (see below):

It is well known that Teaf lhanination leads 1o g high
sctivation state of RuBP carboxylase. This irradiancs

response of the suzyme activation state was mmaﬁy
attributed. 10 the effects of stromal pH oand Myt
concentistion  on  the sponfaneous  carbamylation
reaction (42, However, major discrepanciss occur
herween the carbamylation requirements of the enzyme
in virro and the high activation state achieved in vivo,
Furthermore, the decarbamylasted form of  RuBP
s exhibits g very high affinity for RuBP (K~
M3 431 The preforentinl binding of RuBF 1o the
desarbamylated form of the eizyme makes & significans
degree of spontanecus enzyme cwrbamylation in the
Heght (i.el in the presencs of BuBSP) newrdy Impossible
{441 '

A major breskthrough towssd  explaluing  this
disorepancy was provided by studying an Arabldopsis
thaliare saatam (termed ree) that i sedously defestive
with respest o acdvation of RuBF carboxylase. The
muiant reguires CO; supplamentation for growth. In the
mulant, 2 strotnal chioroplast protein is oot z‘.}zgresaﬁd.
Thix protein, termed RuBP carboxylese sctivase {or,
more often, Rubisco activase), was discovered by
Ogren and his rolleagues {431 It ocowrs in
concentrations {~ .04 M) that are several-fold less
than the concentration of RuBP carboxvlase {~ 4 nidd
i active sifex) and promotes RuBP carboxylase
activation &7 vive o in vifre at phisiclogizal conditions

in a reaction mixture containing buffér, Mg™, €O,
ATP, RoBP, RuBiP cmbnxnaae: and - the activase
protein.

The acivase I8 GDdf;‘d for in the nuclear genome,
gymthesized as a precursor on oytosolic ribosomes,
imported fnte the chioroplast and provessed into the
mature protein [23]. It appears ublquitous smong higher
plants and oocurs i algas as well sctivase genes have
alio heen detécted In some, but not all, cvanobacieria
{231 ‘

RuBP carhaxylase activase sppears to finction 5 a
chaperonin, changing the donformation of the enzyme,
w remaves vig ATP hydrolysis, the RuBP that binds
tightly to snactivated RuBP carboxylass etive sites,
therehy freeing tizese sites for -spoatanenns getivation
by OOy and Mg {45, 47} i“he activase 15 alan
mesponsible  for removing  the - natwab-occurring,
siion-state  analog  Z-carboxy-p-arabipitel  1-
phosphate (CAL-P, st below) and possibly - ather
inhibitors (much as p-xilulose 1,5-bisphosphate (XuBP)
and . 3-keto-p-arabinitol - 1,5-hisphasphate formed  as
side reactions of RuBP carboxyluse [48]) that bind to
carbamylated RuBP carboxylase sctive sites {36} Thus,
the activase facilitated the release of inddbitcas that
impede carbimylation ot catalysis (48], In this way, the
activase ix-a regulatory profein which' not only
facilitates RuBP carbémylase gctivation i vivo (hy

accelgrating the vate and extent of acthvation of initially

insctive RuBP carhoxylagse — RuBP complexex as well
as by prventing inactivation of csbamylated BuBP
carboxvlgse), but also regulstes enzyme activity in
regpunse 0 rradiange and other factors [44],

. & model has been proposed for the 2 vivo regolation
af ReBP wwbosylase by ReBP varboxyinse sotivass
{451, socording to which the sctivase shifly the
preferential bindiog of RuBP from desctivatzd 1o
sotivated RuBP cathorylase. In the dark, RuBP binds
tightly to deactivated RuBP  satboxylase. Upon
ithunination, the activasy (stongly funhibited by ALY in
the dark) ix activated (presumably by an increased Jevel
of ATFY and destabilizes the engyme — RuBP complex
pronwiting the release of RuBP, The free enpyme van
subsequently underpo rarbamylation and be stabilized
hy the binding of RuBP,

in the wvighties, experiments performed i visw
showed that the RuBP carboxylase activity oblained
with extracis of darkned leaves was systemativally and
considerably Tower than that predicted from the enzyme
concertration,  However, v»imz the  leaves were
thaninated before extraction, wo such disparity was
foaged, This apomaly lead o the discovery of the
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nocturnal - jubibitor CAL-P {50, 51} CALP is a
structural analog of the. RuBP carboxylase reaction
intermediate [32], Tt fnhibits RuBP carbuxylase activity
by hinding tightly (a Ky of 32 nM} o carhamylsted
sites-on the engyme, themby blocking BuBP binding
{441 The roncentration of CAI-F in the chiloroplasts i
negatively correlated with iadisnce, photosynthetic
rate and RuBP carboxylase activation state. It is slowly
synthesized over & period of hours in the dark or under
tow frradiance, and rapidly and completely degraded by
dephosphoryiation to Z-earboxy-D-arabinitdl within o
few minutes of expoyure 0 high iradiance [44,.511

CALE ocours in chioroplasts o concentrations that
vary with the species, with no ohvious taxonomic
patiern. Some plants, incloding Glveine max, Selanim
therosum and  Nicetina fabacym, possess enough
inhibitor in the dark to Bock 50% of RuBP carboxylase
active sites. Other plants, such as Phasecius vulgaris,
produce excepionally high levels of CAL-P {with the
concentration of inhibiter exceeding the concentsation
of RuBE carhosvlase active sites), whereds others, like
3(;marm aleraced, Tritivum aestivum and Arabidopsis
thaliona, wre  apparemtly - Incapable of  synthesixing
sipnificant quantitivs of the inhibitor {44, 531

Interestingly, CAL-P may be cousidersd a positive
effertor of sctivation  because it stabilizes the
ca{%\mviamd snzyme, However, the net conse quence is
hition of catalysis because zt p};ymm;?v Joeupies
f’m active -site. of the enzyme. The miix%)ztof iy
funetion priroarily as a regelator of meteholite binding
in the durk orather than a modulator  of RoBP
carboxyiase aczivity,in the Hght [44] (zes below, under
metabolite buffer role for RuldP mtbcxyl 5.

A gumber of stidies heve shown g decrease in ah&
activation st of ReBP  carbosylase  undi
pwmrcagzmom conditions. The data obiained suggest
that ghvenlate, ghyosylate ur glycine may bethe felors
responsible for enzyme desctivation, sithough the
mechamiams nvolved remain unslear {34]. A decresss
i the activation state of the ecnzyme decréases iQ
catalytic activity by reducing both pholosynth sudd
phct@n”sp"mtmn fand so de soreasing the fux Uiou :
photorespiratory pathway), rather than bv affveting the
value of 1.

Catnbysiy

RuBP carbosylase ratalyzes four chemical reactions,
all of which cocur at the same active site and have the
same initial seps, Le the binding of RuBP and the
senergtivn of the snedinlate Imermediate, Two of the
reavctions exhibit great bislogical significance: the

sarboxylation of RuBP and the osygenstion of RuBP.
i‘he cther two are gide regctions that produce D-xifulose
I 5-bisphosphate or  3-keto-p-arsbinitol 13-
biaphosphate [351 These compounds arg %wnmr}if{tm
and tight-binding inhibittrs of RuBP carboxylase
thelr refease fr vive. reguires the presencs of Ru}ﬂ’
rarboxylase activase [536],

The twn mein reactions catalysed by BultP
varboxyluse are shown in Figere 1 In the cwboxylase
seaction, the emuyme catalyses the combination of a
carbon atomm from atmosphieric €Oy with the five-
sarbon sugar ribulese - 1,3-bisphosphate. The unstable
six-carbon  compound  thus  formed, bresks down
immediately - to produce  twoe  molecules of 3
phosphoglvesrate. 1t is the first reasting of the Cabvin
eyele, being responsible for virnally alt life on earth.

In the exvgenase reaction, the enzyme catalyses the
combination of ane atom of oxygen from O with the
sugar bisphosphaie, leading t¢ one melenule of 3
phosphoglycerate and one of 2-phosphoglycnlate
Phosphoglyeerate procesds through the Calvin ey
However, T-phosphoglycolate, the ’(0“{5“ product of
gsygerase reaction {2-phosphuogiveolate is a - fur!
potent . inhibiter - of  the Calvin eycle  enzyme
triosephosphate isomemse), cammot be utilized ifx the
Calvin vyele and is ssiwyz& albeit inefficiently, in the
photorespiralory pathway (seg below). This rraction is
o side~effect of an. oxygensied atmosphere, - iself
reflecting ~the Hiological success of photosynthetic
organdsms {151

A dedline In BuBP earboxylase activity detected in
virg during the course of the assay ;:. apparently
observed with all higher-plant enzymes. This deciine,
termed fallover {571, is due to the sccumudation of
inhibdiors that resull frome enedio side
eacticons, producing either the siabilization m: thi nea
carbamylated ~enzyme o the. inhibition of the
salytically competent enzyme [23,38)L
B 3,

te-de
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which occurs
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Figure 1. Proposed biochenical mechanismy for the resctivns catalysed by RuBP carhoxylase. - after binding of

RuBP w the activated form of LSU, the sozyme mediates the formation of &
with..cither: £y to forn two. mefecules of phosphoglyceeate of witl

phosphoglycerats and woe of phésphoglysalae [36].

ketoenarabinitod 1,5 -bisphosphate;

enolization are common steps. in both reactions that
before the interagtion of ‘the enzyme-snediol
complex with. the pasesus substrates. indeed, 3 proson
ig abstracted frm the bound sugw w0 form the 2,3-
enedivlate of RuBP; wnbonnd 0, and (O then compate
for this. subsirate. On the other hand, the six-carbon
intermediate of the carboxylase reation and the peroxd
mtermediaie of the omivgenase reaction do not exhibit
the fendensy @ revert fo enolate and gaseos sirates,
Lo ouce the ensdiolate has rescted with cither of the
panen, the enzvme is commtitted to form products,
i fore, it may he conchuded thet the specificity of
the enzyme for U0y and Oy, Lo the “deeision” in euch
instant for the enzyme 0 work as a carboxylase or 85 an
oxygenass is determined at the stage of resction of the
enzyme-enediol complex with the gaseous aubstrates
1381 Murzover, the OO0 and Gy appeay 10 react directly
with the snzyme-boasd snedinlefe Imernudiate sinos
o formal binding sites for U0 and O bave besn

¥ Ribulose ‘1,5~5§9;§hosphate; 2~ ciz-2,3-Enediofate form of ribulose 1,5
arabinitol 1.5-bispbosphate; 4 ~Z-Carboxy-p-amabinitel 1,5-bisphophate; § -3-Phe
i § =2-Beroxi-D-arabinitol 1,5-bisphosphate; 4 —2-Phosphoglyenlate, ~¢

eocdiod inmtermediate, This con seact
iy O to protuee ore molecule of

arboxy- 3-Keto-1-
ho-p-glyesrate; & ~2-Peroxi-3-

sphophate; 3 -

identified on the protein [36}

The ides that the oxygenase activity of RuBp
carboxylase s simply an dnaviddabls sopsequosce of
the chemsical nature of RuBP carhiékvlation is now
ely accepied  [36, 605 The enzyme-shedid
complex, ap obligatory intermediate of the carboxylase
i anavoldebly susceptible fo oxidation by
mulecwiar  sxygen {61, 521 I wother words,
phosphoglyeohate s formed az an inovitable beeprastoct
of the carboxylation reaction a5 long az Oy is present (in
this sense, the exygenation of RuBP is just 4 chemieal
corseguence . of  the  cxistence of “oxygen in  the
stmosphered.  This . atactive - proposal,  though
impossible o prove, - is sapported by '3 number of
observations 361 (1) There is no ohvicus fimcfion fiw
the oxygensse activity despiie its ubtquitous expression
by sl RoBP  carboxylasgs.  Indeed, all RuBP
cark s exbibit oxygenase acivity i placed in
contact with molreulsr oxygen, regwrdless of thelr

K
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faxomomic origin. Hven the enzyme extracted from
photosynthetlc anserobes possess a high oxygenase
activity, even though this activity has no physiclogical
rolz berause molecular oxygen is never present in their
patral hebiats, () Oy plants evolved the rether
complex  and  multicompartmentad  pathway  of
photorespiration to melabolize wapidly and salvage 75%
of the carbon of 2-phosphoglyrolate, the toxic produst
of the oxygenese reaction (see below) (i) szBi’
carbosylass from o plafits, algac and cmmmce*
which  evolved mechanisms fiw  gansporting and
concentrating U0 n the vicinity of the enzyme, exhibit
very low levels of oxygenase sotivity under pormal
atmospheric concentrations of oxygen.

Shuggish catalysy

One  fundamentsl  intrinsic  festwe  of RuBP
carboxylase is that it iz a shuggish catalyst. Under
cenditions of saturating verbon dioxide, the cmtalytic
sctivity of the engyme is approximately 15 molecules
of carbon dioxide fixed per secomd per molecule of
protein, Under netural conditions, with sub-saturating
carbon dioxide copncerirations, that velue decreases to
ahoot 3. A similar Jow mits of catalytic activity has been
reported  for the  enzyme from prokeryotes. {12}
Probably, an  unknown. chenseal constraint  has
prevenied eves. prokaryotic cells, which are subjected
o severs selective pressure, i%“m evnlving & hetier
catatyst.

The specificity facter {0
As mentioned before, the ratio of RuBIP carboxylase
carhoxylation to oxygenation {v,/v,) varies with COy
and Oy concentrations. In a series of studies, Jordan and
QOgren {53, 54] showed fhow the eszyme’s relalive
substrate specificity is simply velated to the kinstic
omstants of the enzyme, Le.

R A% % (5 N (.3 0y
Vo o o B {0 G 77 IO

The proportionality - constant, 7, commonly temued
specificity  factor or welative subsirate specificity,
represents the partiiondng ratio between carboxylation
and oxygenatits that occurs al equal concentrations of
COy and- Oy {381 o, in other words, the matin of the
kinetie properties of the two activities. The bigher the
vaiué of 1, the higher the carboxylase efficiency and the
higher the relative specificity for O,

The ratio of carhoxylations to oxygenations at egal
FCORT and {O4] s vonstant for a given ensyme and is

highly dependent on both the natwre of the activating
metal {on and the source of the enzyvme ib5§

Replacement of the active-site Mg® of RuBP
carboxylase with redex-aciive matals with grmtw
af@nii%es for oxygen or hydroperoxide, such as M
o™, enhances the specificity of the ENZYME for
OXF, gs,nutmn {23} Thus, substitution of Mp™ as the
activating metal jon for Ma® drops the value of v from
80 s 3 for the Spinacea oleracea enzying and from 15

1.3 for the }u;m}‘\;?z?’{f!ézm rwrum sprymie (641 The
tansition metals Co™ and Ni*' produce  similar
responses  [66].  Interestingly, R rufrum RuBP
carboxylase sctivated with Co™ fanctions as an
oxygonase but not as 8 carboxylase [32L

RuBP carboxylases from differsat sources exhibit
intrinsically distinet values of 1, ranging fHom a
wuinimum value of 9 to 15 for certain photosyrthetic
bacteria, to about 50 for cyanobacteriz and up to about
B0 for many higher Uy plants {871 Bevaral sukaryotic,
nongreen algas have t values that are even higher (~
100) [68]. It is easy to valonlate that at air levels of C0;
and Oy (at 25°C and 1 atm, 8 solution in equilibrum
with a gus phase containing $.033% wv €0 and 21%
wiv O coroprises about 10 gM C0; and 280 b O,
RuBP carboxyiases with ¢ values of 10 and 80 spund
approximately  71.5% and 23.8% of their ime
functioning a5 nxygenases, respectively. Thevefore, if a
phetosynthetic bacteria with 2 vpeciﬁc:iay fackw of 10 i
monhated &t air levels of €Oy and Oy the rate of 00

~release will be higher than gross COq fixation. Such a

negative varbon balance s, of course, inconsistent with
fife under present-day atmospheric conditions, totally
justifying the organism’s anagrobic hfestyle [32]
Cyannbacteriy {1 ~ 50}, ehibiting an aerobic lifestyle,
would not be able to fix carbon dioxide afficientty if &t
were nwot for the adapiative ability to fix the gas
internally: [69). Within Iigher plants, the highest valuss
of 1 are obaerved in Ci species, where 1 has bren
clearly subieet 1o evolutionary variation {54}, although
natural selection for the epecificity factor may otill be
under way. Meverthelpss, the v vhwo ratio of
carboyylation (vg) 10 ckygenation {v,} for a typlesl €
plant 33 311 to &1 {70 Consequently, the pxygenass
gotivity of BultP carboxylase deoresses substantiaily
the overall rate of pholosyathesis and bencs, plant
produetivity {211

The ratic of carhogylation {0 oxygenstion is slso
dependent on temperatore. Under natral conditions,
tezrqe;:-.samm, through ts direst and indirect effects on
L0, anid O conventrations, is one of the main facius
influencing the rate of oxygenation and hemwe of
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photorespiration.  The blochemical basis for the
ohserved . decrease in . the ralio carboxylafion
foxygenation with increasing temperature is due in part
i the kinetic properties of RuBP cwboxylese {t
decreases with increasing toxpperstue) wd inpan
changes in the relative solubilities of 00 and Oy (60}
Indegd, the [ 1C0,] ratia of a solution in equilibrhun
withs air’increases with Increasing temperatire %’C\ﬁh“"
the temperature coefficients of the solubiliies of the
fwo gases differ {JE 723 The ratio of photosynthesis to
pho‘mzq piration in it ks approgimaiely 10 a1, 3.3
at 40°C or even lower for low  imrevellular
concentrations of O3, 88 mey ocour, for example,
during a dry, hot summer day [54]

Enginvering u better RuBiP carbaxylase?

it js swrprising thet a single enzyme should catalyse
the pmm?r} steps of two major, bt diamewically
mppnsmg, metabolic pathways [21]. Indeed, the relative
fluxés of carbon through the competing pathways of
phf}tozzynth&sza and phoigrespivation e determined by
the kinetie properties of { RuBp cmbcxyiasa The mumal
competition of CO; and Oy af the sétive site of BuBP
curbowyluse and the intrineie low rate of cafalysis
siakes this snzyme a major target for biotechnological
manipulation, in an attempt to dcvak@ ¥ ant protein
w*th improved catalytic properties, Le. a monamt that
isees wn ncrease i net CO; fixgtion at the COy,
an& Rulbl oncentrstions encouttered by the enzyme in

vive, Hewsver, the aim of increasing £0% sesimilation
caten in lesves of Oy plants i vive must be ‘achicved
without firther increases in the amount of the already
slnindant BuBP carhoxylase protein. Becmise the
carhoxyiation and oxygenstion toansitiop stales are
ssstmed 1o be guite similar, eliminating oxygenase

would lkely eliminate carboxylase as wall [19}
Ideally, a miutant engyme Wwith an incresesd aflinity
wmwards  COubdorreased  sffinity sowards (}2 weonitd
prove of gren value, Howsver, in the strategy followed
o modify BuBPF carboxylase, it iz imporant that any
fncrrase i a})@&if'ﬁi{v facior is mot schieved st the

expense of a decrease In catalytio rate.

A large number of RaBP sarboxylase mutants, both
from  prokaryies and  eukarynles, either  maturally
oecurring or produced by site-directzd nunagenesis, has
been obtained and studied. Mutents have bean produced
swith altered Ko, snd Vs values for BuBE, Oy anl Oy
and with altered aﬁinitics toswarids inhibitors. However,
stiemps to increase the speeificity of the enzyme have
generally not worked. ?vios' mtants exhibit either no
catalytic activity at sl or have shifted the specificity in

favor of oxygenation, Some authors bave. abiersd LS

in Anacystis widulans and Swnechocaccus sp. by
substituting residuss found in }ng‘m plants  and
obtained the few recurded cases of incrgased U0y
specificity (which e only slight increasssy, without
always adversely decreasing fhe rate of catalysis.
However, i no cese has specificity of a low
{bacieriall erryme . attsined that of a highev (higher
ylm"z enzyme, - nor has the smmixcxw of any

ANEIOSPe 23

erm RuBP carboxylase been fucrzesed {15, 2
Several LELT amino acid residues have already beu‘x
identified ihat influspce the specificity factor of the
plant enzyme. For example, 2 mutation of Val-331 w
Alg in RuBF cwbogylase from the g&ca slgus
Chlgmydomonas  reinfurdtii veduce  the  engyne
spocificity factor by almost 40% {73}, Changes in Ala-
340 or Thr-342 alse decrease ».xgmzxoaml*v the vatue of
 relative to the unaltered, wild-type enzyme [56].
Genetic  engineering of  higher  plant RuBip
carhosyiase would be facilitated by its expressionin a
suitable’ prganism, sach a8 Escherichia coli, Zicswcwr,
despite. the - progress with ' prokaryotic engymes, all
atteropts 1o obtain aclive cloned BuBP car'm\ylaw
using L3U genes fom aukzxjyoixc organisins have been
a%mmﬁafw This is surprising eonsidering the high
degree of '%*rwiagy hetwesn  Higher pizm& s
L)’Aﬂub‘ﬁﬁiﬁfld L8Us aml the observaticrd that
cyanmhacterial ’;‘§U~ can asseroble with higher plant
QSUis in Escherivhia coli {671 A possible f:x;ﬂanauon
roay be given by the nvolvement of chaperonin 60 in
the aswmiviy of higher plat RuBP carboxylase (see
below under synthesis of RuBP catboxylase). The
hybrid RuB¥ carboxylase, composed of eyanvhactarial
TAale and higher plam 387 exhibits the same
specificity value s the cyanobacterial holuspzyme
(351
The specificity faﬂw' i not bometable, s observed
in the natirsl varistion in the cnzyme from species
species and in- the sitered specificities efferted by
replazement of the active-site metal, random and site-
direcied  mumagenesis, chemicsl  modification, and
hybridization of heterologoue subunits {231 In fact
natural selection for the specificity facter may still bw
Vx,:mmmug_,. It is reasonable to suppnse ‘that an optitnal
chemical structurs of the active siie that maxinizes the
value of 7 may be designed or discoversd or,
afternatively, may already have been atiained by naturad
evidution, It has been suggested that the Jmprovement
in speanc“v tbai has been oblained with naturs!
selention Haw been schizved at some cost since there
appears io be & negative vorrelation betwern v;%ccn‘“ city
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fuctor and maximum carhexylation. rate. Ve (S5
Indesd, further increases in v are not beneficial if they
oceur at the expense of a significant decrease n Vi
or ¥ouudMawon [74) In other words, carhoxylation
rate and ¢ ranst both be vonsidered in the design of u
better catalyst [75].

Based an current knowledge, no theoretical limit to 1
ix known. On the other hand, v and VoK are
not netessarily inversely related. Admiiting that the
2pt comprmnise buteeen these two parmneters has
not yei been reached, it may be possible to tmprove the
snzyme from Oy plante {32]. However, if we consider
that RuBP carbosylase bas been under selecticss for
showt 2.5x10° vears, it seems wnlikely that further
improvements may  rexult - from single smino acid
changes, - which  weuld  prestumably  already  have
evolved naturally, Funler improvements from present-
day RuBP carboxylaze may requirs mere extensive
chianges, pertiaps ivolvipg the sipullanesus (with any
single alteration being possibly harmful} alteration of
piltiple residues iy both types of subunits. I this is the
cage, the development of o betier enzyme. may be
exiremely zmpmi:mb?e gither by namral vvolution or by
genetic engingeting.

Becauss the world iwd supply - depends  almost
entirely on carbon fixation by RoBP varboxylase in a
Hndted - nomber  of | crop. plants, even - slight
improvements in OOy affinity  could originas
substantial incroases in plant  produstivity {76).
Heowever, if thers is a limit to the specificity factor,
other possible mprovements are s6il possible - 1 is
only cne measure for catalytic efficieney. For example,
art increase in CQO; affinity for the ensyme to operate at
a gromter pereentage of its maximal velocity, even if 1
remaing comstant, should still be advantageous {66}
Alternatively, the evolution of g different mechanism of
O fisation may dmprove the carbon balance of the
phard. Indeed, ﬁz:ﬂmr inoreases in the efficiency of
carbem dioxide fixation were achisved by the nabwal
evoiatton - of ~ different varlants  of phuoscsyathetic
metabolismy that led to inereased coucentrations of
€03 in the vicinity of RuBP. carboxyluse active sites —
it 15 the cass, for exumpe of the wmergy-driven
scoumudation of 0% n 2y plants and the suorgy costly,
inorganty warbod roncentrating mechanism found in
wdeellular algae that result in the virtmlly complete
gappression of RudP oxygenation.

€, plants are able to suppress the oxygenase reaction
Wy incrasing €Oz comventration in the vinicity of
RuBP carhoxylase. The Cy pathway ix rather elaborate,
requiring differentiation of chioroplasts in two cell

types  with  both  meiabolic md  suwaphological
differences that no_molecular biclogist would dare 1o
engineer, It may be supposed that if there wepe an
easier way 1o sliminats the oxygenation of RuBP planis
winild hove selecied it sather than evolving the complex
oy pathway [67] Of course, naturst selzetion s not
abdiged to obey our roles —~ otherwise, # would seem far
simpler for 4 plants to forget ell abowt RuBP
carbemiyviase, with all s m’mcaie and complex
probloms, and just fix COs intw o soids by the far
simpler phosphoenofpyruvate (PEP) carboxylase, rather
than going through the apparently useless ayele of
decarboxylation and refixing by RoBP carboxylase.
Algar use a different strsdegy o concgalrate
morgsmde carhon o thedr eolls {77 4

Mutanis of
Chiamydonenas deficient in this mevhanism zxerete
large amounts of glyeolate [67].

The energy costa of these pathways snd the
temperatare  dependence of  the  carboxylation
Joxypenation ratio (ses shove) may have prevented
these COpuccumulation mcch‘fﬂusms tmm beoummg
pmiversally sccepied in namm {321 o

Some msthors argue thal COF concentrating
mechanisms cvolved hecause no further benefivial
changes in RuBP cuboxylase were possible {191
Present evidence and evolutionary considerations do
oot support the hope that the selectivity of RuBP
carhoxyvigse can be improved. B i tempting o
speculate that enginegring a better RuBiP carboxylase
may be an bmpogsible task, sloce watare sy have
renched the maximum possible value of . If this is true,
there are chemical restrictions that prevent | the
development of a better satalyst, te nature of which
remain unknown, '

i Andrews and Lorimer’s {33} words “Hew can 1t
Be that an eneyme that st have been subject to the
maost intense kind of seleetion for catalytic specificity
and turnover ratz is unable o distingnish botwoen the
substrate of photusynthesis, €Oy, and its product, Gy,
and is such @ show cgtalyst that photosynthetic cells
must imvest one quarter or mowe of thelr prepious

strogen budgel in this one enzywe? The dublous
ogt abundant protein
catalytic

distinetion of being the wod' s m

is wply & consequence  of s

meffectivenasz.”

PHYSIOLOGICAL ROLES OF PLANT RuBP
CARBOXYLASE

Cataberie rede in phetosynthesis
The major reason for the huge effort centered o
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RuBP carboxylase research stems from the fact that this
CHZYIE ALY be regarded as the starting pobet for two
major metabaedic p"l’.h‘?yd}’s o ogreen plant ik
photosynthetic C0; assimdlation snd pholovespiration.
The enzyme catalyses the first reaction of the Calvin
cycle, the rate-limiting step of pholosymthesis, and
therefore, the metabodic route that accounts for the vast
snajority of the carbon input into the Mosphere ;
PuB? carhoxyviase in Us plams s clewrly a ymdm
of major nportance i agriculture.
Ph dus}fnﬁ)esis in those plants increases when ambient
COy s ircrensed at high Bght imtersitics. ncreased
phistosynihenis achieved by (h enrichment led, in
Glyeine sux wd r field conditions, to an ncreused

dof 88% [66]

RaBP carboxylase constitutes the ouly quantitatively
significant lnk bepween the pools of inorganic and
"a;'h'm in the bif)cpbﬂre &lic»m“@' be: net

}0 g oof uu"t)orz
dinxide are converted m {}mam:c mafcm} by the process
of photosyn s anm lv ail of the warbon in tlv
humah body as well 48 that present in f6od, fuel and the
clothes we wear has passid, st ong ties or anm}xm
through the setive sites of RuBP dathoxylase Ml

dhsx,df:

Catalytic rele in photorespiration

o Oxygenation-of RuBP leads o the
voand redusing powsr and LW tose of fixed CQO;
Pty through. the seemingly . snergy-wastzful
gradative. . oxidation = of  ReBP - the
photmsmmmrv pathway. This reastion compromises
the efficiency of the photosyuthetic carbon assimilation
thatwould otharwise ;,rcmii mducing the nosmal net
vate of phﬁm }mham bv 3w “’5{}% in most plants {79,
801 Therefore, ered as the
Hght-dependa » and

¢ cz«;‘-i;:(; %)m.&umtf t..'i)g is released by
1 k own of ph oglyesiaty, Is regarded by
many  plant: physiclogists a3 the wost buporiant
metabolic congiraint on ;*-iam productivity
o 1“3 ' .

. cmi 0 31» B
cted,  te ;Vd ucing. oqul arzé :’&71’
sumed during ph@' z‘sspi* it i
i Lﬁwincs of photosy € 31" tm omcr
se with w hi
an &{ie‘:-uaie'c

DA TN

consungiion of

smaller stommtal apertures, a3 obaerved in Cy plants)
and -an jmproved efficiency of nigogen use (by
allowing 2 emaller investment of nitrogen in ihis
pmteiﬁ) . .
if photorespivation is & wasteful procesy lending 1o
Aeda ed rates of photosynthesis, how could. it bave
evolved and still exist in a world where natueal
n{’} setion - i comstantly - shaping | life. forms  and
sHminating unfit organisms?

e plavsible that RultP varboxylase aross

once in the evohstion of life, presumshly appeoring
with the first chemolithotrophs, more than 3.5x100
vears age {(hefure the genesis of even the oldest micks
821 In this context, it 18 reasonable th aseunne
that the Talvin Syole evolved shortly after the origin of
iife, when the supply of orgaic eompounds became
insufficient for the needs of an increasing biomass of
priv fermentative bact (601 Most mobably,
RuBP cmboxylase 2xhibited the capacity to catalyse the
QRYgenaAse reaction right “from' iz first “Apprarance
duunb *«o?um; ) }%dwevﬁr iy thusc {ia‘ys 'hﬁ

aunos

Ru}'i? Lzzmm
carboxylase aauviﬁy
enviromment, I

With the advent of x‘sx?ge%ﬁic photosynthesi

prwd of these organisms hwoughout the aguatic
habuaas of the garth, CO; concentrations dectingd: amd
owygen was gradually - meledsed ands stanied
accumulate 38 the atmiosphers. Thrée 'najar
CORSEQUOT for the subseguent evolution of e on
earth followsed: (33 the butld up of an szone Jayer which,
ém 0 g sirong

o

H

S

fapaut*' io sbsorb solar LIVAB and
£ deuizoﬁ allowed e forms to spread from
fats 1o Jand envirnnments. {3y The evelution
{ aerobiz metzbolic pathways, most niestably the clirie
aoid evele and the mitochondrial electron  transport
chain, charscterized by 2 higher level of oxidation of
their end-products, and hemee by an . incrzased
efficiency in  extracting  fron sunergy  frome the
ferwr substrates. (1D The ratio of atmaspheric
OO started to incrense, from w vaine close fo
5, i the preseni~day value of 430, Tt is coneceivable
16 assums that,
carbosylase started to fim .
forming the potent inhibitor. 2phosphoglyeciate, o
componnd that may be reganded the reselt of an
enzyme malfimction, The positive carbon balance of

N

tion as an OWgen
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photosynthesia was probably threatened with the RuBP
xyiw. T vaiw;s that are thmght to have ocrurred

cfmatramt was to inhibit 2~phnsphagl ywme pm{imhm
by selecting anserobic environments. Indesd, by Hiving
ungder anserobic conditions, photosynthietic hacteria had
1o need to improve the value of T of their eneymes, and
thig {s probebly the reason why they exihibit the lowest
present-day values for the specificity factor, However,
for all those orgenisms expused Yo oxygen, ways of
disposing of the. waste product evolved., As a first
approach, siruple dephosphorylation and exeretion may
have safficed, $o that this capability iy atil] retained by
certain present-day algse [80] However, the loss of
reduced  cwbon. associated with  this  1sechanism
drastivally reduced the efficiency of the CO,-fixing
FEOCCSE,

I iz thought  that  the . complex  and
muliicompartmented  pathway of vzmmwxpammm
evolved specifically in plants to rapidly metaboliz
phosphoglycolate. and simultaneously to salvage 7’€
of its carbon {in the form of 3.phosphoglycerate) back
6 the Calvin cyele, The carbon dioxide relvased resulls
inthe ‘loss of one-quarter of the carbon from 2-
phospheglveolate and . decreases the  efficiency of
pimmsvmhexzs

c%mnges started to oceur mmaiiy in the: strocture of
RuBP varboxylase 50 95 o gradually increase its value
of v. The sppearance of S8Y woay have enabled & lavgs
increase in . v This longterm evohaion of RuBP
carboxylase resulta from {ts adeptation to an invreasing
{0, J00;) atmaospheric ratio that it, self, has largely
caused. High values of v are shserved in the enzyme
from C; plants, which possess no meanings of reducing

the RO s o the vicinity of RuBF-

carboxylase. The more recent ovolution. of O
concentrating mechanisms (as chserved in C4 plants} as
a way o suppress the oxygenase reaction under
presentday  atmospheric  conditions  abolished  the
pressure o increase the value of 1 of their ReBP
carboxylases.  These  organisms,  which exhibit
mtermediste values of 1, may be fmproving certeln
kinetic parameters, such 38 Ve 8t the expense of the
not s impartant 1.

it is pensrally considered that RuBP carboxylase
was remarkably unrsspoasive to this extrame seluctive
presaurs. The evolation of v values) while enwrmously
signifivant ‘at the physiologival level, s very Hmited
when mmvmred w0 the extraordinanily selestivity of
many o&m peymes 32]0 TyrosylMBNA synthetase,

- phosphoghvectate

for example, exhibits a relative speifictty for t}mvm
as compared 1o phanylalanine, in exvess of 16 {83}
The only difference betwern the two substraies is a
hvdroxyl group and it i is absence that the enzyme
recogrizes. Rather than a drametic change in RaBP
earboxylase, adaptations appear 10 have peourred In the
engyme metabolic  cavironment, sueh sz the
development of photorespiration sud the evolution of
203y coneentrating mechanisms,

The resuaining steps in the photorespiratory pathweay
offer  no advaniage o the plant Thurefore,
photiwespiration cecurs as a salvage mechanism that
anly partly compensates for the exygenation of RuBP,
itaelf an unavolduble chemical comsequence of the
existence of oxygen in the simosphere. In this context,
photorespiration st be regarded exclusively as an
adaptative response to RuBIP oxygenation under cursend
aimpospheric conditions {32}

it is significant that.all known naturad mechanisms
fur the suppwession or inhibition of photorespiration

achieve their.effect by éc:trcasmg the ratie {0 }{CO]
in the proximity of RuBP carboxylase. All ‘known
substances  that ;}f,dz‘_cé phosphoglyeolate  synthesis
inhibit photosynthesis as well. The only effective
method known to man 1o feduce photorsspiration s to
reduce the ratio of the gases In enslosed growing aress,
in the ar sum}uﬂding the - plants -so as 10 inhibit
synthesis. - U0peavichment  of
greenhouses by"zsmr:mié wood or eoal way widely
practiced Tong before the photorespiratory provess was
fnown, This COy effert was then atiributed o the
provision of addittonal substimie for photosynthesis. A
five-fold reduction in the normsd [OuJ{C0,] ratio of the
atmosphere elimingles the bl of photorespiration and
brings about maximal oorpases in the vate of
photosynthetic dry matter accurnulation (801

For a munber of years, the debate abowt the function
of photorespiration revolved amumd the fimdamental
question of whether the procesa Is esaential or merely
unaveidable [607. it appears now that photurespiration
s both essential and weavoidable, but only when
oxygen 15 prosit - usavoblable because RoBP
carbooylase catalyses inevitably the oxygesation of
RuBP in the pressnce of oxygen; the process becomes
essential only afier the reactivn of with RuBsP.
Photasynthetic snacrobes lack this pathway whersas Cy
phants, with low levsls of photorespization sad of
photurespiratiny enzymes, groww better than O plants
wnder  sppropriate  conditions.  Furthoomuws,  ne
deleterions wffects on plant growth are observed when
5 plamts sre incubated uwnder {RJPH0R] conditions
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inhibdtory for phosphoglyeolate synthesix, as they ocour
natwrally o €5 snd alpae species. For these reasons,
photorespiration is neither ungvoidable nor essentivd in
the absence of oxygen.

After  cstablishing  clearly  the reasons  why
photorespiration evolved In plants, scigntists have
fooked for possible additional metsbolic wies for thin
pathway, The cepacity of photorespiratory mutants to
gew  normally  as long  as  photorespiration s
suppressed by high OOy andfor low Oy levels fther
suggests that there is no essentiad secomdary role for
photorespiration. An interesting moutant of drabidopsis
thaliong oxbibiting low levels of phosphoglyveolate
phosphatese  activity {the photwespiratory  enzyms
espunsible for converting  2-phosphoglyechite ine
glveolate) was produced 841 The rutarg displays
stunied growth and subsequent death as a result of the
inhibition of carbon metabolism caused by high levels
of Dphosphoglyeolate. The (% sonsivity, which
exacerbates the deletericus effeets of the oxygenase
activity of RuBP carboxylase, can be overcoms by
jricubating the miutant under an ammsphere enrivhied in
€Oy The growth of the mutdnt is indistinguishable
from the wild-type when grown dt 1% (v/v) Oy, when
the oxygenase sctivity Is almost somplately <upprcwexi
These experiments indicate  that gzhotoms;)zmtmn ix
essential cndy to process she Z-phosphoglycolme
produced in the oxygenase resction. Therefore, the
photossepisatory pathway is necessary only if the
usgygenase reaction oocurs, but s dispensable n iig
absents.

The evidence presented above suggests that
phmores;:»zmﬁm constumes energy for e apparent
wefnd purpose and mey be copsidered 8 wastefill
protess. The lack of an obviows fuwction for
photoregpiration has proved to be one of the most
enduring enigmas encountersd in the course of plant
research, It continued existencs and the veason why
RuBP oxygenation was ot ellminated during natural
evolution remoing 8 nIveTEry.

Nevettheless, scme  sguthors sill  argue  that
photorespiration {end therefore RuBP oxygenation}
may, fulfil seconddary roles in plant metabolism.
However, fow of them, If any, seem io be valushble
enough o justify the clabnemte machivery of the
photoreapiratory  process  and  the reduction in
phirtosynthests which it causes {80}

The proposed rofe that has atiracied more attention
in receny years suggests thet photorespiration may act
a5 & Casafety valve” o dispose  the  surplus
photosynthetic  enprgy  generated  nnder  cartain

envivonmental conditions. The efficient consumption of
ATP snd reducing equivalents by photorespiration may
ailow i lo - pwetect- against photoinhibition. [BS5. 86]..
Indeed, in the sbsence of photorespiration, the
acourlation of sregssive photochemical energy may
lead. to  dissipation resctions  that  damage  the
photosynthetic apparatus and reduce the photosynthetic
capacity. Thiz may be puarticular evident under
copditions of hot and dry wheather, as. may oceur
froquently  during a summer sy, Under  these
comditions, the dc»don*zzrmt of a severe sater deficit
may Induce dayiime stomatal closure which limits the
intraceilular availability of CO,. In addition, the energy
costs of photorespiration increase with temperatare for
the two main reasess almady mentioned. With stomata
closed, the operativat of photoreapivation can provide a
sink for the slestron transport pathway, not oaly

evatne. 3t consumes ATP and NADPH but also
bovauss the libersted (0, may be refixed by RuBP
carboxylase, allowing the vontinuing function of the
photosyisthetic apparatus [87].

Obviously, the proposed role.of phcti)r{:spmmm as
an energv»dmszpatmg mechanism for . the refief of
phustoinhibition in Cs planis s not at all an’ adequate
explanation for its evolution and continued- existence,
since this motive does not cover the whole range of
organisms that exhibit photusspiration [60]. Therefore,
the hyputhesis that phetorzspiration. has svolved to
protect plants Against photolnbibition is not scceptable
for varions reasons {601 {1 As mentioned sbove, nn
deleterinus efferts on plant growth are defscted (on the
contrary, the plants grow betters when (a plants are
prown under: JOR)C0L] conditions that totally inhibit
photorespiration. (i} Photosynthetic  eukaryotes
possessing U0y concepirating mechanisms, including
{4 plants and phuotosynthetic algae, wshibil fow levels
of photorespiration and of photomspirstory enzymes
hut are  spparently  mo move  susceptible
photoizhibition under natural conditions thay C plants.
(1) PuBP cawrhoxylase vannot bave wrisen its inheremt
oxygenase activity in regponse to selection pressure for
an adeptation to photoinhibition becsuse 1 ocours in
pﬁatoaym};etic {which live in the abssnve of oxygem)
an fo some nczzvpbuwe»nwehc hacteria (which obtain
enerpy from the oxidetion of inorganic commipernds), fn
these organisms, the presence of oxygenase activity is
of nr value in protecting them from O damage under
conditions of high Hght intessity and low CO
concentrations.

Photurespiration seay play a role in othsr metabolic
processes £94], It may fead 0 the synthesis of fmportant



¢

photosynthetic  end  products {8} howsver, o
photorespirastory imtermediates are known to be major

branch - points. Photorespimtion may’ generste ATP

outside the chloroplast. Although the chloroplast
envelope 1 not permeable to ATE, the ghveine o serine
conversion in the mitochondiis could be reganded as an
indirect way of exporting ATP from the ehleyoplast,
Howsgver, this is not an efficient way of encegy-transfer
atross a membrang, since the plant needs fo expend
redusing power and several ATP molecules for each
ATE molvoule exported from . the chloroplast [801
Photorespirgtion could fanction as'a way of exporting
fised’ carbon from the chloroplasts: or to syuthesi
glycine and serine in the oytoplase [80]. However,
cells possess mose wfficient mechanisms o export
sreanic carbon from chluroplasts ?Jwt are pot Hght-
dependent [84],

“For many years, photorespiration was considered
almost exclusively in terms of Céu‘bi‘l’l metabelisn It is
aow  known - that - the sate of - My - relzase  in
photorespiration equals the rate of COy relzase, which
makes it 8 major pathiway in plant niteogen metabolism
{87, “88]. ~ Phetorespisatery - NHy - issubsequently
gificiently - refixed through - the phaiorcspszory
nitrogen cycle {881 The rste of COy release in
photerespiration is about five tmes the rate of sormal
wickhonylie acid oyele activity {541 On the other
hond; glidaming synthelase and ghitamate  synthuse
Fofiy thHe MH; relsassd by photorespiratinn &t ratss upio
ten times higher than primary WH: assimilation: {34].
Therefore, the phetorespitatory  pathway.may .- be
gnvisaged as a ‘way by which plants interrelate thelr twa
mest important metabolisms -~ those of carborn and

nitrogen: ‘

As poimed out by Hoy {671, it should be kept i
il that atiempts to diminish photorespirstion by
modifving RuBP carboxylase might nun op againsl
regnlatory mechanisms thet are adapted 10 maintaining
@ curtain  metabolic flux  thmough this 'mihwa_}
Furthepmors,  prescat kuf;v»}uug,e about  plant
biochemistry and metabolism may be ifisufﬁciem $i
predict  acoumately  the  sonssquences  of  RuBP
carhosylase penetic manipulation. In this respect, the
mates of photorespiration are known fo by dynemis,
changing with Hght, 00, and temperaturs, and many of
its meiabolites se shared with ether mmabolic
processes, There is evidence that the pathway functions
in a fexible way, allowing the use of wrino acids from
the cycle or the diversion of carbon nte uther organic
acids. These diversions of carbon ot of the
photorespiratory cyele are probably gquite mingr {541

Also, the photorespiratory nitvogen oyele was originally
pur{rﬂym a3 being completely  selfcontained, e
without - any - necssary - inleractiony of the oyele
metabolic ca:mpcmcnm with the general nitrogen
metaboiinm of cells, More recently, however, it was
suggested that photorespiratory nitrogen eyele internets
ot only with the generad sohdble nitrogen metabolism
of the celf, but alse with the oxidative mitochondrial
processes of dark 1e¢wa’sexz 1891 &t hus also been
supgested  that cortain photorespiratory imermediates
{plyvemvinie, glycine and oxalatsy may play g ol
regulating suesingte metgbolism [0

Non-vaselytic rele as a sterage protein

The quantity of RuBP csrbosylase pressnt fn the Jeaf
tssues of planis accounts for ifs other non-catalytic
functions. o

The primary function of RuBP carboxylase is no
doulst the catalysia of the intial reastion of the
phomsmdzcm pa(hwx) it i3 now well established that
plarts posaess huge. amounts of RoBP carboxylse to
compensate for the intrinsic low catalytic activity of the
enzymée and the  oxygemase activity, To grow at
appropriaty mies, planis med i invest heavily in RuBP
cathoylase fo sustain high rates of photosynthetic
carbon ssstrtlation. If the enzyme operates in vive at
optimal fevels because its COy affinity is limiting,
and if the chioroplasts are capible of spplying RubP
at an adequats rate, then more RoBP catboxylase per
chloroplast {or resction cemter) should reault I more
photu\)nmms J661, Therefore, the synthesis of RuBP
(/di’m\k'sﬁaos represents a significant pait of the nitrogen
budpet of the plant and a Iaw e investment in carbon,
nitrogen and sulphur, The enzyviae accounts for up 1o
309 of the wotal witrogen in a typical Ty Jeaf grown
swith a&aqufﬁe aitrogen [98]. Qo the other hand, the
enzyie constinaes s large pool of carbon, nitroges and
wlphu.r. hs speoific degradution and the consequent
seusifization of thesz zlerments through the tomover of
the enzyvue and the mobilization of IS amdne ack
Juring teal senescence or strevs-induced Wydrolys
plays a fundanental role in the nutritional balance of
plants 1541 In this sense, understanding the catabolic
mechanism of RoBP hosvlase and Enowing the
crditions that trigger the enzyme for dogradation are
required 1o establish sn optimal tise of lea? nitrogen as
the major woinge scid Source for the tuild up of
pitrogenous reserves essential in the begluing of the
next cyode of growth — either in seeds (u orops sueh as
cereals and legumes) or i the hark of perenniad plants,
The escepticnal amount of sitrogen (» sparcs and
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@ swib-limiting elewent for most sutolrophs; 91

Saered”™ im this emiyme i3 gventusily re-utilized
whenever theve is o physiologizal demand for nutriends
that cannot be salinfied by other means, specially i the
photosynthetic apparsius becomes non-fucticesl or
superflunug. This happens, fir instance, during leal
sensscence, Approximately, balf of the nitrogen which
evertually 15 used in Q,vn'(’ms;s of grain profeins in
Ghwine s is first stored in the Jeaf preduminamly as
RuBP carbosylase and snbseguently transfhrred 1o the
developing beans during-leaf senescens it has
been valvulated that meore than %% of the nitrogen
used for spring growth in Mafus pumila trees derives
RuBF carboxviase mobilized (and stored as
amine acids) in the bark tissues duting antumnal |
falt {931, For thess reasons, RuldP carbogylase nimover
assumes  significant  physiological and  economical
importance in cultivated crops.

When the plant is faced with an advorsy vondition,
the strategy o follow i stavival rather than g,mwm or
reproduction” In-this sithatien, the plant miay degrade
part of' ity RaBP varboxylase pool and utilize this ke
reservelr 43f \,m{wn, THTORER ‘mﬁ mﬁphm for the s
cmt};e af ¥ :

sense, RuBP carb ,ayime ma}( bx. COns
%;mlrv prmw’n every time thc '“daﬂ faﬁas S hazzvy At

fu}’la. o A5 8 u.a& oii}}“ug(, T"(LXIx
The enzyme exhibity some chiracieristics that it
well inte its” classification as 8 storsge polymer. It
ocenrs in very lare amouns in photosyuthetic
particularly in the case of {3 plents. In tmes of nred,
the euzyme san provide the plant with amine acids (its
aming acid composion i3 well balanced; [7), carbon
skeletons, mitrogen andfr sulphar, The pumber of
cyutsinemethioning residues, which equals the muaber
of solphng stoms, in the RuBiP &rtdx‘,iav\ moler uk
bas  been reported fo be oammnd 200:
Chlamydomonas reinhardiit, 2 v Fea gy
i Nicotiana rbacuns {94, 851 '\avlfiar‘ng 5
carboxylase concentration ef 0.5 1
stromma, it i3 eusy to caloulate tha this ene
rcm{mv’ah: For an approsimoate HE md entration
i nside the chloroplasts, and far mews carbon
a,r*d r?tm' en. ( iw:opla ts contain 70 10 80% of the cell

ein in this orga
fation hetw ; ey
5 and their I\u%’ "mbovy ase u}m::m {97,
sever, in the case of Triticuar gesiivam, no such

cogrelation was found {99, 10}

initial studies perfonmed in the seventies related the
{i¥high concentration of RuBP-carboxylase inleaves of
i ;;ew s wm ¥ wrdezzm Wigz?rc (bo‘(h ".;

y its m‘?}l pwimlycw G,uAmg SOIARECENLE

These ossr.:rr vations led several muthors to classt Y Rnﬂ?
zarboxylase as a leaf storsge prosein {104, 102, 103L
Howsver, this hypothusis was based on studivs using
single 1 1 testest only for a
Bruted | : : hased . on
sxperiments invoiving senesy sens that
o el death:

tes initially considersd by Hoffaber
> e RuBP vw‘mxyim: a5 & lgaf
st:zo,g pr{hsm {101, 102, 103] may now be anedwed
s wrderstanding o factors that trigger
?b s enzyme iy dC' wdation. () The presencs «31 ‘ugh
€ ~==rxm*zox‘v of " yma‘in the feaf tissues of
ticalar) for catalytic reascus is
2 enzying 15t h conzidd

\amw}w JfM, m} af ;,rcm ‘}mt poewr I 1 i
ampuiits and do not c&m{*it a Bovage function (e:g), the
Higtones, DNA-binding proteins in sekaryotys; [105])

{1y The high saab 5
c:a%}.iox';.%&s@ p.fim n senghcence of Yri .
and Hos gare teaves observed by v and
Coanthors miay ix, attribaned o the single Jabelling
techuiques wiilized in their experiinents. Degradation
rates conld well have been “masked” and therefore
underestimated by the veeurrence of amino aeid
4, 10
olis of this enwyime under norma! wetal
s sppesrs 0. be specios speaific. Thus, while
Lemng minor and Oryea satieg dooma degrade the
is heing synthesized {Et‘*g HB iR m’wr
ap are wm:z uousty  deg
{Triticurs aestivasn, Sea mays and ‘wrﬁmm mmza;)
1113131
Uhaing {7F

&

grossly

, Mare recent wink has shown that

v %mdazm"z <? RuBE‘" carls &}‘vias
\ie*e;mwca in Oryen sative {3 leave z{m thie
in PN content; this study failed to detect
éugmc.a,mn of the enzyme. in the voung expandt
feaves {108, 1091 More revently, using & donbie
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labeliing method 1o messure prolein turnover, it was
found that onder normal metabolic conditons, the
ds,g;tadation charscteristies of RuBP..carboxylese. are
species specific in a way suggesting that they do not
depend on the type of phetosynthetic metsbolism of the
species vomsidered (Cy or ©4) {113} In tiis study, Fea
mays {Ce) showed a faster rate of RuBF curboxylese
degradation then of the fotal seluble protein, whereas
Triticunt aestivum (C33 and Sorghum  bicolor (C)
showed similar rates. Interestingly, the Lemng minor
{3} enzyme appears 1o wndergs no degradation when
studied by an identical methodelogy, while exhibiting 2
measummble rate of total soluble protein degradation
[110L
O (Y The sapid proteoiysia of RuBP carbonylase
zim% senescence observed by Huffaker's group has
been confinmed by 8 mumber of other workers, such ag
the work reported by Femelrs and Davies [114] in
Lemna minpr. However, senescence is a pmgmmm«,d
phv«miowca provess. that. Ieads to cell death, Of
course; the enzyme could function as a morag,e form 1o
i}zca mui nntrient, zmr‘,atwn conditions, Nevertheleas,
being. pamw}axl} xich - essential elements  lke
mtrc&én sl »ulp}xw it seems Hkely to admit that ifihe
enryme is o perform a. storsge fanction, then it must be
prc:w emiu}iy degradexi (z & edniszt a hzghf:r sate of

emh of stch xzutnents

A drartic incresse in profeoiysis bas besny wided
reported’ for RuBP . carboxylase during senesvence,
involving rapid and preferential (L. at a faster rale than
other. proteins of the chlvroplast) degradation of the
enzyme [92, 93, 102, 115-1171.

Leno minar, & O3 plant, rapidly and preferentially
degrades iis RuBP cwboxylase when deprived of
sulphur {1181 but dogs not sesn to degrade the enzyr
at all when submitied to nitrogen deficioncy [114]
Farthermore, the enzyme exhibits # remarkable stability
when Leramg fronds  are  deprived  of some
macronuttients (besides nitrogen, slro phosphoroas,
potassinm and magnesium), probably reflecting that
this aquatic plant bad 1o evolve in a way to cope with
frequent  shortages - of such  elements [114, 18]
Triticun gestivam, ancther. Cy plant, enbanses the
degradation of BuBP carboxylase when deprived of
nitrogen and particadady of sulphur, but only slighely
shove the degradation of the total soluble protein {11%].
Zea mays and Sorghuey bicolor, both €4 pianm exhibit
a different response. When deprived of sulphur, the
degradation rate of the total soluble protein is enhanced
but not that of RuBP cwrbosylase 119 B may be

sonsiderad strange thar under conditions of suiphur
deprivation, Zeq maws and Sorghum bivolor degrade
their RaBP Larm}x;«use ata rate slower than thet of the
total soluble protein. Considering the high contut of
RuBlP vorboxylase in sulphur, the relatively lower
sbundance of the eaxyme in Cg plants when corapared
to Cy plants, and the eszential nature of the enxyme for
plant groseth, this result may be tentatively explained if
the strstegy of the Oy plants is 1o protect their RuBP
carboxylase, and 80 emsure plant growth, under
sonditions of sulphur defichmey. Under conditions of
mitrogen Starvation, the degradation of Zeg mays and
Sorghum bicolor BuBP carboxviase paraliels that of the
totsl spluble protein [1191.

Using & vew snd accurate methed o guamify RuBP
rarboxylase, & study was undertaken in our lahoratory
1o determine the awwany of enzyme present in the
leaves of Triticum asstiviem subjected 1o nitrogen,
sulplag,  mwpguesium,  phosphorous or  caleiom
starvation, The results obtained indicate an incresse in
enzyme catabolism in all cazes {especially during
sulplaar deprivation). However, whereas sulphur and
magnesiun starvation induced. n stong preferential
degmdation of the enzyme, phosphovous and calohiny
deprivation priniuced mild preferential degradation wnd
nitrogen did not induce any prefersmtinl degradation -
indeed, slthough the enzyme is imtensely degraded
during nitrogen starvation, the total soluble protein is
degraded at an even lugher rate (unpublished results),

Garcia-Ferris and Moreno {1230} su bf:sted that
RuBP carboxylase acts a5 a nitrogen storage in Fuglena
gracilis. Thess authors observed that the suzyme I
rapidly and selectively degraded under conditions of
nitrogen deprivation. &fter 12h of starvation, when the
amount of RuBP carboxyiase s reduced 1o 40%, the
proteclysis of the enzyme  slows  dows while
degradation of other proteins starts at g similar pace.

In sunweary, two basic nonromalyiic, storuge roles
may be assigned to RuBF carbosylase. It is generally
avcepted that during semescence ov  stregs-imluned
senescence {a physiologioal process that leads to teaf
cell deathy the enzyme unda;gocw hydrolysis to provide
amine acids for the huild wp of storage protd
slsewherg, to be wsed in the next cycle of growth.
However, the studies performed o date guestion i
BuBF garbosyiase can inded be congidered a grnessl
teaf storage protein in those physiological conditions
that do not el 1o leaf death ~ in sther words, 3t is nat
known  whether  the ewyme & selectively  or
preferentially degrz’xd&d to supply & missing mriens or
to liberate awdoo aclds roguired for the local synthesie
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of ‘& new emcyme complement sssentied for survival,
Farthermore, currently, there is no evidence thet RuBlP
carboxylase plays the same storage rofe’ i all
phososynthetic enkaryotes. S

Consider two  aquatic, eukaryme ~phetorynthetic
organisms, Lesma milnor {2 Bigher plant) and the protist
Euglena gracilis {(a-uvsicelinlar flagelate grean algas).
They  both reduce  photosyuthetic “activity . if a
conveniond carbon source (.., sucnse o pyruvate for
Lemm o Euglena, re.xgz@c,tzvcsiy} s preserd in the
growth medinm and they both survive sfter losing all
chlorophyll when grown for severs] generations in the
dsfk Therefore, they may be comsidered farulative

mitotrophs., Nitrogen starvation indures & very ,myyfi
and prﬂfm*mml degradation of RubBP carboxylase ju
Eyglena but not in Lemna {114, 120,

A pasticular pattern appears to emerge from the data
reported in 3. comparative study on the degradation
characteristics. of ReBRP carboxylase- in € and Cy
'speues wlphur starvation seems Yo exert a. much
Stronger. effect op Fg BuBtp caxboxviast: dcg,radamm
thasy nitrogen deficiency, with the nppcs;tc being: trae
for Caplants {11 3 EW}

Crverall, the a‘miabﬁc evidence seems o indicyte
that Bulip. c&rbm;ia«e way il & storage rale under
conditions that do pot: Jead to lzaf death but only in
some. plant speciss or mzdvr wpmfic physiologic or
na’rhniogm conditions (g, sulphtr stavation in €y
planis_or nitrogen deprivation in £ feng and i Uy

plants), '

N:}mmtabz‘tc role s metabalite haffer

The active sites of RuBP earbosylase are present i
the chioroplasts in concontrationa {~ 0.5 mM x g =~ 4
oy that T excend those of thely subsirates - carbon
dinxide is prosent at ~ 1 ubd wheress RuBP levels

normally range frovd 42 4 $ombd depending on
e:xpmzm:ntai conditions {1211 T}}L:« unusoal since
conditions normally sssumied for m/w’sm catalysis
ivolve substrate- concemtrations in -excess of the
SREYINE COROCHIation

1t ras Iong been knows thet many of the components
of the - Calvin oyele, Bncluding sugsr phosphates,
adenosine phosphaies and NADPH, bind 10 RuBP
_garboxylase at the }{x&%}’ binding site. Becmuse the
enzyme affinity for its subsivate is higher than for most

stier sastahnlites, ReBP sceapies the vast majority of

the geailable sites fn vivo, in the ight. However, in the
dark, v vivo, the cventration of RuBP is rauch fower
and the hinding of metsbolitey e BUBP carboryiane
may assurne physiofogival significance. The possible

~ perturbations phamg»mhe

allssteric regulation of the enzywe by metabolites such
s Buo .msc 1.5-bisphosphate, sedoheptulose 1,7~
hisphosphate and NADPH (which bind to the sctive site
of RuBlP tarboxylase) is also rendered difficnlt because
the - comentrafion -of the copyme ‘setive sites s
significantly” preatée then the - conceéntration of the
pmms&ﬂ effestors {1, 391 Thus, it all the frintose
1 G-hisphosphate of the chivroplast {~ 0.4 ‘mM) was
boxm<§‘ to Ra}BI’ carhoxylast sctive sites, most of the
olztules wiould still vot be affected,

Na,i}xc;* shan beingv moda}aged by 2 munber of
m;zabeiitvs, ”Aéhtm z‘i"" t{:as;zné:d that RuB?

c,fiecmvs T h s proposed roic for Raﬁ? wréxxviase; was
subsequently corroboraied by Furbank and cotleagues
{1231 Considering that those metabolites exent
profound offeets on the photosynthetic cell metabolism,
Ashton [122] postulated the influgpce  of RaBP
carborylase. upur; the nmictabolism of the effectors and
proposed a ole for RuBP carbogylase 3s 2 migtabolite
baffer. Tndeed, the erzymie con potentially bind s large
proportion of  the” total’ chiorog}ast' fructose  1,6-
bisphosphate, wdohwmimc .7 bzspmsphdta and
NADPH, which would cffz cfzvc:tv redoee the free’
séncentration of the mctabolites by & factor groster than
i way, RuBRP carbowyloss cm mandulate the
}_};.m, rogintatning  steady-siate
wid | fluxes  doring. transient
8.1 can he calculated
that in the absence of RuBP, 98.9% of fmctcoe 1.6~
bzsp} osphate (Kp 40 1My 400 pM in ‘sdroma), 97.6% of
sedoheptulese 1,7-bsphosphate (Kp 8‘? THY N m’%n‘
simmzﬂ ar 97.7% of NADPH: (ié;; 70 uM: ~- T mMois
strormis) iy be o buimd g RuBP Larboxyiase.
Eonsidering the stovaltancons “interactions of other
metaboliies in chloroplusts, thoss values decling to
§2.0%° gfmctnse Sn L S-bisphosphate), 70.7%
{sedobeptulons Fisphosphatey and  T21%
{(NADFEH), inthe cnmmmﬁ abwere ol RuBP {133
However, KnlP can effectively displace the other
metzholitex from dhe sctive sites ~ incressing the
substriste concentration progressively increases the free
mnu:ntm* (Jehe at the uﬂm lgands so- that when the
concentration  of ¢ substiate  matches  the
concentration of act 'é siigs, the free pond of the oiber
metabolites iy = 90% of the toril metabolite poel {122
i other words, the capacity of RuBP carbogylase 10 st
45 metabolite buffer, and henve fo modulate the free
mmem{mwzun of -~ thisse  mugabolites - is - sivongly
ey correlated with e conventration of Rulip,
Qf cowrse, this Buffering capacity is alen dependent on

phetosynthetic ‘metat
mutabodiie . levels
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the K value ~ the higher the Kp, the less matabaodite
buffering is expected to cotur.

In this  fopothesis, the RuBi’ produced afler
Humination of & leaf will displace the sequestered
fructase  1,6-hisphosphate and  sedoheptulose  1,7-
bisphosphate. Therefore, the metabolite buffer capacity
of RuBP carboxylase mey be largely sholished after
henination of intact leaves {1221

Apan from fructese | 6-bisphosphate, qeéohepw}ose
1,7-bisphosphate, and NADPH, RuBP carboxylase is
known o bind a nunther of other compounds, inchuding
S-phosphoglucinste, ribose S-phosphate and fructose &
phosphate [124-126), the significance of which remains
tiy be elucidated. All these metaboliles seem to bind at
the Rupp bmdmgv site in the active ceuter, which may
exhibit different affinities for each ligand, depénding on
the activation statt:

AP may play a role in the proposed. metabolite
buffer function suggested for RuBP carboxylase. In the
dark ov under low zrmdxmcﬁs when RuBPR levels are
low, L8U sites are free to sequester ‘.hlompiast
metabolites unless CAL-P i present W ocoupy the site.
It is conceivable that some plant species may synthesize
CAL-P in'the dark 1o prevent RuBF carboxylase from
s&qmatermg metabohim nexded fc:r metaboliv activites
in the chicroplast {44}

" Other eompounds, such az the auxins, have been
rcpnmé 1o bind to RaBP carboxylase at a site distingt
from the ReBP binding site) It was subsequently
pmpczmd that the enzyme may play a wle in
sepestering these plant hormones {3”7 1281

Impw{ancc iez animal nutrition

Due to its natursl abundance, RuBP carboxylass is
the main protein sowce for cuitle and g selevant
component In the human digt, As the majer profein
constituent in leaf Hasoes, it becomes the major protein
in forage crops and for grazing livestock [66]. The
aming avid commposition of the protein in generally well-
bakaced, with smounts of easential smine aclds which
equal or exceed FAOQ recommendations [7] This
praportion of essential amino acids is mwrs favorable
from the natritive point of view than that of many other
foods. Reésearch has been undedteken on RuBP
sarboxylase for 18 uze a3 o human food supplement,
with some patents alresdy issued [66]. With intense
cultivation of srops Bke Nicotiong rabacum, Medicags
sagiva, Glyeing max or Beta vdgaris, an ha of land van
vield over 300 kg of the tasteless, odourless: BuBP
varboxviase if the leaves are harvested while young. In
Douilfard and Mathan 27} words, if leal protein and,

maore generally speaking, leef wracking have s futre,
RuBP carhosylasge is part-of this fnture. A large numbey
of studies have been puldished- on food technology of
RuBP carboxylase. Methods for the prepuration of Ieaf
protein concentrate and the subsequent axiraction of the
eneyme have bren desoribed. In addition, the fimetional
properties of the native or modified proteln have been
arplysed, especially in what concems drving and
edissolving, water- - and  fab-binding  cepucities,
foaming, eroulsifivation properties and gelation [27],

TURNOVER OF RuBP CARBOXYLASE

Most celtular proteins are in 2 continuous state of
turnover, Steady-state levels of different proteing
represent 8 balance between thelr synthesis and
sssembly on the one hand, and their degradation on the
ather. Mechanisms of synthesis, assembly and catalytic
activities of RuBP carboxyluse have heen extensively
studied {21, 129].-but only Hmited information is
available on the friggering mechanisms that calse
RuBtl carboxylase degradation in planss.

An understanding of the catabolic meshanismds) of
RuRP carboxylase during sencscence and a varety of
stress situations is important net only o determine the
nutritive value of green vegetables; ng alst o establish
the optimal use of leaf nitrogen as the major aming acid
source of batk gnd seed storage protﬁmﬁ, all of which
are physivlogically mndamentai for the onset of the
next oyvle of growth,

Initial studies pecformed on lesf RuBP corbogylase
turnover suggested that the bulk of synthesis and
degradation may occur not simultaneously, as with
most other prodeins, but essentially separated in tdme.
The patiern of RoBP cwboxyiase twnover in plant
ieaves has heen shown to depend on the physiclogical
state of the leaf Under nommal metsboliv conditions,
the enzyvme. is predominmﬂv synthesized during leaf
growth and. exparsion and reaches its maxinuam,

cemceniration seon after full expansion. Therzefier,
éuring leaf  senescence, RuBP  cwbonviase s
predominantly and gradually degraded in leaves and itz
nitrogen is remobilized and randorsted injo growing
organs, Therefore, the catabolisny of RuBP cwrboxylase
during  leal senmescomee paraliels the changes in
photosynthetic capacity and is closely involved in the
niteogen economy of the plant. Alternatively, the
catabolizm of the snzyme may be Induced by s number
of environmenial stresses, with the 11 aminge acids
being niilized for the adaptation oy survival of the plang,
1o the darmage buposed by the stress.
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SYNTHESIS AND  ASSEMBLY OF RuBP
CARBOXYLASE
Prokaryoies have either a single rbel, gene {for the

form 11 enzyme) or they have acquired an {féd&: zong o
form an rheliBbeS operon (for the form I enzyme)
[133]. The genes for LSU 2mci S8U from prokaryotic
fron 4 RuBP catboxylases ocvnt conseentively on the
shromosome wd < constitute a single operon {32} o
-franslational prmessmas or assgmbly merhanisms
have, been reported for the prokaryotic enzymes. In
addition, synthesis and assernbly of hoth I and Lo,
RuB¥ carboxylases from pmkzmo‘ms and. rhodephytic
algac are eyigsolic events {231,

Om the contrary, the synthesis emé assznbly of
cukarvotic  RuBP  carboxylase s exwanrdinadly
complex, involviag the coordinated participstion of
hoth-the nuslear and the chloroplastic genomes. Both

subunits have an smins-terminal fragment m*m»ed at
some stage in the sssembly process {321

Thete have béen reports that both LSYT sad S8U are
enzoded by chloroplast “DNATin ' somet noik-
cmmmhym w}\ar;wtzc algae; alihough the ted ar»‘ 0ot
codtrarslated {5, H 1341, ¥or skample, both LEU and
S8U genes from Cthe chromophytic éukaryote
Ciisthodiseus :’wws are lovated on the chloroplast
genome, Inthe same tandérm  arrsy - A% weén in
prokaryotes {81 Thiy observation supporis the
’mivm"‘ gtic - hypothesis  for  the  origin  of “the
chisroplasts frore some plants, widch might have arisen
through ‘@ second symbicsis inwhich a photosvithetic
sularyoti served as the plastid sourde {1351
I plants, the rhel gone 16 present 35 a single copy
per ciroular chloroplast DNA molesule. However! o
typical Higher plant mesophyll cell may comain up 10
tens of thousands of copies of the geng bueanse each
coll possesser many chloroplasts, sach of which
comtains  many  DNA  molecules {21} L8U s
homngsneous because i is the product of a alugle gune,
Feor thia reason, large sabuaits from different specier
exhibit a Bbigh degrer of homology, With rare
exdeptivng, rhel, doss not contaln introns and encoides
approximatel 478 smine acids [18]. The Buglens gene
is enusual b that 1t is interrapted by rine. ntrons | 361
The rbell gene o xccdm x the 55 kDa I AU was the first
gene eloned from 37} Today, there
m: ovEr one “l‘mmmd suenies avazhb}e fvr the
LuEP carhonyiase LS {19]
frcon 10 large «uhumxs. small subunits are quits
divargent. This s the resull of S8U being in
biparerially and buing coded for in the nuclear D

A sanall multigene fa:m%” {£6e8) of from two to nearly
twenty members; uepe’ns:i;uw wn the “spenizs T138]
However, thuse coples are not xh:nmal Ai:}mugx
mzm&rmb.,f: &wer@,ewe ocehry at the ’wsiwada Tovel;
titile or no difference at alf i¢ ohaerved in 8L amine

cid sequence. Smatl subunits within' ' family can
Hiffer from »‘ach other by no more than about five
residues. Chlmydomprus, for example, has as fow as
o RS genes, whereas Tritlowm aesthaon has as
sy w6 teelve {191 ¥ s ars clossly
linkad ‘and may baw arigen’ from multiple gene
duplications {16} RbcS genes contam ong 1o thres
introng angd encode watwre poteing of d}«ymmmauv
120 aming scids. Within sach wulligne family, the
introns vary in length asd number, as’ well 88 in
sequence. The RBeS gene fumily, which encodes the 1S
kDa RuBP cwboxylase S8, was the first group of
plans nuclear genes cloned, sequenced, and studied for
expression [139], e

The synthesis of S8U is primarily regulated at the
tevel of Rbel transeription.  This type of regulation
mizetirs via signal transduction mechanisms in ;:aperssa
1o exogenous {e., Hght) and endogencus :.;g/nai {eg.,
hormones, developmentdd factors) and by feedback
from the chloreplast via a plastd sigoal {130} The
exprassion of RheS iz medisted by both phytochrome
and blue Hght photoreceptors 1181 fn contrast, LU
binsynthesis is regulated at 2 number of different sieps;
including gene dosage (plasttid DNA copy muriber),
gene mie*}:..mg, transeription, iranseript  abundance,
#Bels transcript stability and iransiation l'iaii} 14T

It is well established that protein subunits or
apoproteins typicsily do not.arcunialate In cells when
unable 1o assemble with thelr eofastor or ofher protein
subinits. These unassembled subundts appéar to bf,
degraded selectively {142]. ﬁ»aprodactwm of LEU
S81 polypeptides is not generally observed and’ L’ue
poo! sixes of umassembled subusits is asually non-
existent or very amuil On the other hand, the RbeS and
rbol tramsoript it:*e_els aften change in parallel dwring
developmiert, and these chasges are makhed by
wm:;paré‘m alterations in LSV and SSU sbundance.
it ix interesting to recall the vist disparity i copy
mwamber betwesn Rbel and rhel, [I30]0 A tght-
cecrslinated Comiral of the biosynthesis of S5U and
LAY was intdally proposed for the emeyme from
Chlappedpmonas relnhirdtii ~  the subunits are

syrthesized in synchrony with each other, with the rates
of systhesis aned of degradation of both subimits simdlar
to that of the mesembled emcyme [143L 'E'%m
coordination of rocl wud Rbef wrpression app
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made by the adjustment of subonit stoichiometries in
response to the abundance of umassambled subunits.
Thas, when SSU accumulation 1§ Hmiting, the amount
of LSU is primarily adjusted to that of SSU at the level
of rbel. mRNA, transiation initiation [144]. When LSU
awzxmul&tzm is Hmiting, the amount of $8U is adjusted
to that of the LSU at the fevel of protein degradation
{1301, 1t is not yet km;wxz whether these mechanisms
apply when LS1) or 881 concentrations excend wild-
type levels,

The -great complexity of the plant ensyme is
ewdgmeé by the fact that LSU is synthesized as a
precursor  in cmozoplasm 08 ribosomes,
Pastransiational processing involves clesvage nfa 1 1o
3 kDa pepide from fs awipo-termingd [32] The
Auctional role of this processing remaing unknown,
85U is synthesized as 8 20 kDa precursor (P20} an
eytopldsmic, 803 ribosomes. The precursor engers the
chioroplast postiransiationadly vie an ATP-dependent
transpogter . en  the envelope [32]. A swomal
mietalivendopeptidase . cleaves  the | aminc-erminal
transit peptide {1 45, 146}, converting it mm tixe mature
SSUIA7L

Assembly cf LbU and &SU into the plant L8
holosnzyme s mediated by a large {> 600 kDa}
ofigomeric protein, termed | chaperoning 60 {epnél;
initially designated by RuBP carboxylase farge subsiit
binding protein). This abundant chioroplast protein s
corppossd  of - two - types of 60 kDa subunits, The
hinding subundts arz encoded in the nuclesr genome,
synthesized us slightly Jarger precursors (P62} in the
wzopzaamc 808 rikosmmes and transported inty the
chioroplast. Naguent of newly” Tynthesized LEUs are
specifically and reversibly associmied with cpnéQ in
such. 2 way that, wméGai %U binary mmp?z«x iaoan
mﬁzwiory intermediste in the assembly of RuBP
carboxylase [18]. It was suggested that cpn6ld keeps
L5Us sotuble in the chicropdasts until they tan interact
with S8Us. The binding pmtcm may  therefore
compensuie for the aming, scld differences observesd
hetween cyanobacterial and hmhar pi st 1.SEs fa71
Release of the cfxapewmn»bound LAY algo requires
antither ohi aropias{ protein, 8 cochaperonin {spudl),
gl MpATPE {1517 Working  with isolated  Plyum
sativum chlornplasts, Gwenby snd oowerkers 11481
fused LU from the cyansbacterium Anog ymf qui)»u
fn Ghycine pux bhommax :
import, ohserved that the proter xzz'-'eraaedw:t*x ;\Ea
cpnb0, Similar studizs performed in the prescue v{
cria.azrphm.,é indivated that active protein synthesis
ts nost requived for the interaction of buported LSL with

epni0 and its subsequent tansfer into boloenzyme [18]
Imported S5U has also been shown o interact snd forms
stabde compleses with cpn6l,

CATABOLISM OF RuB¥ CARBOXVLASE

Proteolysis in chioroplasts

It is now known that chioroplasts contain proteases
that van degrade theie own protein constitumms {149,
150}, Avena safivae chioroplasts, for example, conlain at
jeast four proteclytic activities {1517 but the level of
one, u thylakoid-associated endopeptidase, ifureases
when plustids are subipoted 1o strong irradiation or ©
treatent with active oxygen in darkness {151, 18
Howsver, despite the multifude of proeolyiic reactions
in these organclies, very lutle is known shoul the
mechanisms tnvolved. The infornistion available is also
scarce in relation 1o the protesses fnvelved. The D1
pui};ﬁepﬁda of the photosystem 0 reaction center
constitutes an exception, Exhibiting one of the highest
rates of turnover in the chltreplast, it has besn reported
to. possess autoproteolytic sctivity {1353, 154]. Under
high Hght intengity, the D1 protein is damaged and s
rapid degradation iy sn sesential Xep-in the repair
meshanism which alfows it substitution by 2 newly
synthesized protein [155].

Diespite some initial  controversy. concerming the
presesce of ubiquitin in chloroplasts, It seems now.that
these organelles do ot possess the ublquitin-mediated
proteciytic puthway {146, 1571, Nevertheless, a nomber
of proteases have been deseribed in chloroplasts,

It has been suggested that components of the
protenlytic machinery in chioroplasts may. resemble
those of -prokargotie organisms. Ulp is. an ATP-
dr“pe;z\}cni protesse that bus been well charagierized in
Excherichin coii. Bt is vomposed nf two subunits: the
prstealytic subumit LipP, a 21 kDa serine protease
u@p e of degrading short peptides, and the regulatory

subunit Clpd, a 83 }f”m Eas which enzbles Cipl to
Ma,smd«: targe proteing [158]. Since ATP is not nzeded
fr . the actual ﬁieayagp uf the peptide bond, it is
assumed that the regelatory subunit, which has been
shown 1o possess chaperone activity, 15 nvolved in the
unfoiding of the proteln substrats and presenting it 6o
she proteolvtie subunit [13%] Genes encoding the
prosentyric anbanit (CUlpP) and the mwl stary subnit
fesigoated Clpl in plantsy were found "m the
chiforopiast and nuclzar genmmes c:f higher
respectively. Furthermore, the poducts of the
gengs were shivwr 10 accumul late constinutively in the
chireplast stroma fromo groen and stiolatsd feaves gt
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net in nwsts {1601, Pred, mAT}%mde;)a{mmt protyase,
simile to the c,}amb%imai Coostimlated  Prod
protease,. was alse. detected in plastids  from . green
feaves but vot from etivlated leaves or moois [161]

& onumber of years hag paswd sinoe ATP stimulated
pmi&elyﬁzc activity - was  first demonstrated  in
chioroplasts {162-164]. Lin and Jaggendorf {162} an
Malek er of. {163] showed in 1984, independently, that
newly synthesized proteins in isolaied chiowplasts wre
prone to protestysis and thet this degradation is
stinmalated by oither ght or ATP. This was the first
clear indication of the sxistenve of ATP-dependent
protesses “within the chloroplast.  Brergy-dependent
proteases 1161, 1657 and A’I*P»f‘egeudem degradation
af xgemf < pmh,mo {3&5 ?miéi in chloroplasts was

‘Azsmgﬁe{i pm einy (Lo ;,ro*c?m targeted to the
wrong compartmenst) in chloroplasts e’ assumed to
underge catebolism {1601, An ATP-dependent, serine-
type, sironwal protesse ‘was recently demunstrated to b
 involvid in the degradation of infentionally mistargeted
OCEFAY, a ‘component f the umena vxvg,em»emlvmg
enzyme [169]. This dcgmdatmn, observed iy intect as
well as broken ch}omplmta, was suggested to be canried
out by ClpP protease [1601.

Another bomologue of a bacterial ATP-dependent
protease. was  identified in ohloroplasts. The FuH
protein from Escherichic coli i3 o membrane-bound
ATP-dependent metalloprotease  [1701  Using
antibodics generated against & highly  consmrved
sequsne of FisH,» homolugeus protein was ilentified
in the thylakoid menduanes. Ity expressicn is indoced
by light. and is inhibited by cyeloheximide, indicating
that 1t is symthesized in the cytose! [160].

Cihier chloroplast proteasss have buen studied swhich
do not depend on ATE hydrolysis [160]. It i s the case,
for example, of EPL, 2 stromal  Zo-requiring
metallopmtease  which  was purified from  Ploum
sentess chloroplasts {171 EPL cleaves betweon Ala-

Als or Cﬁy{} v, avsd was shown 10 be capebly of acting -

wn LSU and, perhaps, also on 88U [171] In vitre, EP1
degrades 18U 1o 8 smaller polypeptide of 38 kida
suggesiing that RuBP carboxyluse may constifute an i
vivg. substrate. of this profelnase. Sher projeases
nrtude & prolyl endopeptidase, purified fom P8I

particles, that specifieally cleaves the 18 kT subundt of

PRI {3“"} and 8 43 kDa peptidase, also ixolated from
PRI purticles, capalle of cleaving subunils of the
OXY om~<:\»'ei\>ir:g complex. {OEE} {173]. Peptidases
capable of hydrlysing wiclusively shot peptides have
alse besti Tisclated from chlovoplasts. §t has bemn

2%

suggested that such peptidases may parlicipate in
hvdralvsiz of products of protein degradation by ather
protesses down o the level of free amine acids [160].
Despite . the - nwamber - of  chloroplast  proteases
described, thair physiological relevancs and regulation
are ot} largely unkoows. Furthernume, it is not known
whether any of these engymies is responsible. for the
selective degradation of RuBP carboxylese i wvive.
Presumably, proteolysis in chloroplasts is not so much
controllad by changes in the activity or abundance of
protesses #s by stustuwral chenges in the substiale
proteins that aiter andfor regulate their stability i vive
s therefore thelr susceptibility fo protesiytic attack,

Tntravelisdar location of the proteclptic  systemy:
chinroplast versus vacuole

Twe basic muodels have been considered for the
catabolic mechanism of RuBP carboxylase: the vacuele
may be the major site responsible for the degradation of
the snzyme or RuB3P carboxylase may be hydnslysed by
proteolytic enzymes inside the chloroplasts, in an &TP«
depcnécm or independent manner,

A role for the Tvattiole in szBP {.arboxyiase
vatebolistn 15 based “on the ohservation  fhat' this
compartment contains 2 mumber of acid hydrolases and
exhibite functions similar to the animal lysospme {1741,
According to this model, it is possible to consider non-
setective (assuming that chioroplasts are angulted and.
digested hy' the vacuoles and thet the. individual
chioroplast proteins exhibit identival susceptibilities 1o
the vasuoler prefeoses) of, zefective depradation of the
chlomplast  proteing {sssuming,  for example, . that
individuat protéing are exported frome the chloroplast
and transporied into the vacuole or that_,.aﬁer enguifing
of the chimoplasts by the vacuole, the wacuolar
proteases show some st of mwava v towards the
protedn sabstrates). !

To gvaluate the two models of R’-}%i{ carboxylase
degradation, a number of studies were andertaken on
the relmionship between changes in chloroplast size
angd pumber on one hand amdl changes In RuBF
carboxylase cnntent and photosynthetic wevity on the
other, during leaf senesconece of Triticem avstivon,
Hordesn vilgare snd Gliolne mgn mesophyll cells
{175-1811 However, the results of these studies were
frequently not comaistent, producing in somz cuses
conflicting conclusions. I a recent study performed
with senescent leaves of Triticum aestivim, Urno and
collragues {1821 obtained evidenre suggesting
chioroplast  moleins  were  dograded by, both
intrsorganedle catabolism and # reduction in chloroplast
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number. :
Indirert evidence supparting a mie for the Vammle

comes from a nombér of reports which demonstrated

the presence of RuBP carboxylase degrading enzymes
i the vicuoles. This has besn shown, fﬁr‘&xampieg for
mes’np}wii provoplasts of Triticum  aestivion and Zow
maps leaves [183] The - two major endoproteinases
(termed EP1and BP2), which constitale over 9% of
the total endoprotectyiic activity of Hordewi valgare
Jeaves, aré Yocated exclusively i the vacuole and are
w{ahie of hydrolysing ReBP carbooylase i vigen [184,
1851 The incubation of RuBP carbozyldss with lysed
vacuales from Triticien aestivibn feaves prodiced three
polypeptides of 50-52 kDa an the major degradation
products of LU [188] The incubation of m» SIZYInE
with lysed vacuoles from senescing Phaseolus vulgaris
leaves degraded LSU (bt not 8SU) to a 41 kDa
polypeptide, through three infermediates of 30, 48 and
42 kDa, in 2 way suggesting the involvement of two
types of proteases {1471 )

{¥rect evidence comus from the ebsmfatxc»n that in
isolated pmt{»;}iasi': from senesving Triticum aestivum
leaf’ celly,. - chloroplasts - appeared to  move inlo
m&wmaﬂ{ms of the vacuole or 1o bfﬁ Lﬁken up by the
vaeuols [175L

Several chi {zwpéssi proteing have &e&n augf:emad 0
he involved in RuBP carbokylase catabolism. A
proteolytic” activity capable of degrading LSU was
isolated  from  Glyoie mae chloroplasts [14%] The
incubation of - intact Plswm sativiem thloroplasis
produced a 37 kDa polypeptide and other degradation
products derived “from LSU, ‘with- the pattern of
degradation depending on the composition of “the
incubation medium {188} A zine protesse capable of
hydrolysing LS to g smaller polypeptide of about 36
kDo was puarified from the stroma of Plagy satfvam
widoroplasts {171). Many other protesszs have been
fand snd charadterized in chloroplaats {145, 1486, 172,
188~ 2‘}]} However, the phwm}ogmai rofe of these
pmimscs in what concerns the degradation of RuBP

cackonylase 17 wive has ot been directly deinonsteated.

The two models propesed are not mutnslly exciusive
in the sense that they may complement each other or
hécome - active cmiy vader  ditfferent  métabolic,
physiologic o patholugic conditions. - Altematively,
they  may  both fumtbm continmously  and
simuitancously but; depending on the plant metabolic
or physiclogie state, nnly one assumes a predomingnt
role wader a particelar aet of conditions, By fellowing
the chenges I the mumber and size of chluroplasts
during senesconce of Frificumr aestivum leaves, it was

observed that the organelle proteing wre mobilized in
two distinet ways —by a gradual degradation of the
proteins inside the chlcroplasts, and by the successive
disappearance of a small population of whole
chioroplasts [182] A considerable proportion of the
studiss  performed  on  fwr  catabudlsm of RoBP
carboxylase involved the use of senescing leaves,
physiologival condition that Jeads to cell deathl It iz
tempting specmatfz that the vacusle may play a
dominant role in the degradation of the enzyme dimng
gesernee or sher conditions thay lead to ¢
fxusb as, for ayumpi total  nutrient starn az;om
whereas  uoder  normal  meiabolic conditions, the
chloroplast proteolytic mechanisms may take over the
comirol of RUBP carbox cvlase hydeolysis. Fvidence bas
bren presemied that, at least under normal metabolic
conditions, towal, soluble or thylskold chloroplast
wroteing from Lemaa mine are degraded at widely
different rates {1921, In addition, Jt seems increasingly
sssumed that the first steps. of RuBP cmboxylase
degradation in senescent leaves must ocour within the
intact chioroplasts: {}93 Q«’}] ‘becanse. the amownt of
enzyme decreases much faster than the decrease in the
wamber of these, organcles in Hordews: viigire,
Trivicim acstivam wnd Piswm sativum keaves [176-178,
1881, ,

The abrupt change in cataholic rate obssrved ander
such conditions may be due to the symthesis of new
prosteolytic wotivitizs in the sompariment aplior
sensitization of the protein fo preexisting proteases by
selective labelling. Une of the ways by which the latter
precess might be accomplished is by  oxidative
modification of ritical residues {198, 196]. Sinve the
preferential degradution of RuB¥ carboxylase seems 1
f;zi«* piac** before thioroplast dismantling, ¥t may be

agsamed - that both - the axidative and  proteolytic
activities responsible are present inaide the organelles,
The vacuslar protectytic mashinery may subsequently
take wver and be responsible for the non-selective
proteclysis “whserved  thersafler,  concomitant with
chioroplas disassembly,

i faver of this hypothesds Is the study performed by
Moreno's group with Huglena graciis, These authors
f*r*rwcd \cvm;ﬁ wges concgrming RuBP carbosylase

Fugdena s "Uhjvu’ei‘ t nifrogen
stm«- H ; Praring the first 4 brof steess, 1o stregs-
gubanced degmdat on of the enzyme is observéd.
However, betwern 4 and 15 h sfter the omset of
witrogen deprivation Fuglemy sustaing a high rate of
growth 2t the expense of its miirogen reserves {cell
at & vate that is 5 7 Yo the control)

diviaton
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During this perised, there ooowrs g mpid and preforential
degyadation of RoBP carboxylase, chlorophyll levels
remain constant and the amount of soldble proteins
othgr - than  RuBP  carboxylase dows  not  change
significantly — probably, the nitrogen needed for growth
is provided meinty by the selextive proteolysis of RuBP
carboxylsse, which acts as 2 nitrogen reserviir, The
guantity  of  BuBP  cwhosylase  avallable &
mobilization under these conditions is certainly imited
by the amount of ayme in excess of that needed to
sustafn the hasal rate of Lghrdependent €Oy fixation,
After 15 b of nifrogen deprivation, lfz«glma growth rate
devrgases sharply, with the cell division rate drvpgm
10 zero if the adverse condition persists. During this
perind, there is still RoBP carboxylase proteolysis, bat
other sohuble proteing are alsn degraded st the aame
vate. In sddition, chlorophyll comtent slse denreases
markedly, indicating chioroplast disassembly. It i
reazonable 1o assume that during this phase the strategy
of Fuglena is ulthmately to survive, which may be done
at the expense of the entirz photosyrthetic apparatus.

R ois most conceivable  that distinct projealytic
mechanisims are underany in the different stages that
acut. during the response of an orgadsm o @ given
physiological condition, The gvailable information may
be imterpreted 1o mean that under normal metsbolic
condditions or during the injal, reversible stages of any
other physiological conditions {rensscence included),
the - suleutive degmdman of RuBP carbouylase may
prour within chioroplasts and - by, the action of
cldoroplast proteases, serving 28 8 swares of wming
acids for the metabolic needs of the cell or of the
organism as g wheole. During prolonged exposure 10 the
adverse physiclogicsl conditions, when irreversible
dornage is imposed by the stress, the vasuolar
protentytic machinery may graduslly take over, causing
pomeselective  RuBP sarboxylase degradstion in 8
process that will lead to cell death. In this cuse, total
celt pmte:ns will provide a sourse of amino acids for
e organtsm as 8 whole.

Metabolic fates vf RaBR carboxylase

Must chioroplast proteing arg very sm'k fe once they
have hesn properly asszmbled, and there s linle
tarnover of most photesynthetic proteins [160L The 131
protein of the photosysters 1 {PSH) reaction center s
cerfainly &n xs:ept*'cr, exhibiting one of the highext
rales of turnover in the chlmenplast {133). Howevar,
macszw protein degradation may be observed in the
ion of plastids from one phess o another, under
25 situations and in the final detorioration of

chloroplasts during senescence {1801

“The mechasizm rosponsible for the catabolism of
RuBP carboxylase or the signal(s) thay-trigger the
sryme for degradation remisin bugely fo be elncidated.
it is possible that several mechanisms exist that degrade
the enzyme under speeific conditions. For example, a
protease may he responsille for the degradation of the
engyme undor normaal melsbolic conditions, but a
distinet proteoiylic systeny wuay come into retion ander
specific conditions that ave known fo prefersptinlly
degrade - the enzyme. Other. sitnatiens . have . been
described where the enzyme is hydrolysed during o
process that Jeads 1 cell death — under these c«mdxtmm,
it is lkely that vacusler protesses may  play an
important tole. T, the enzymz may be éegme&:{i by
unspecific vacuolar proteases, by proteases specific for
RalP carboxylase {197-1991, or even by proteases that
exhibit a higher affinity for the oxidised or polymerized
forms. of RuBP carbogylass -~ a proteclytic system bas
recently heen detected: in leaf extrasts pre;we»d from
Triticiny apstivam subjecied o nitrogen deprivation that
degtades preferentially the oxidised and polymerized
foirms of RufP L;drbuzsyim {unpublishied resulig).

RuBP cwboxylass of most species  shows a
Yigible catabolic rate in mature ofgans {110, 2001
Huweur this sindation changes drammuaﬁy during
natural or swess-induced’ senesvence, . in which the
engyme is waually aiegmaeé initially at a fast rat and i
a sclective mamer 193, 116, 1171301 In faey
modeolvsis of RuBP  carboxylase constitutes =
prominent featufe” of senescence and in ihe siress
vesponses of plants and algae. Therefore, symhesiyand
degradation of RuBP »axmmy}ase seemy 0 peour
separated in time o the leaves of many plants. -
zsis appesrs o be most promdnent ealy in feaf
evelppment - {or during post-stress conditions), . and
Jegradation ensues -following foll leal expansicn (or
during stress sitogtions}

The metabollc fares of BullP carboxylase may be
tentatively grouped inde four categories depending on
ths pizmt apecles wnder stedy and the physiologieal
o comsidersd. (1) RuBP carbuxylase iy neither
nor does it auffer strocnwal changes. This
x‘"eiaimiig fate has beew reported for Lemrur miner-and
Cryea satbve groven wder normeal inetabedic conditions
1 and in Lemng sunor '-.m}av{ed t pitrogen,
phosphaorons, potassiurm or magnesiun stavvation {114,

BuBP carbismylass wndergoes non-disulphide
s feltowsd by polymerization of the wrsyme
subunits inio very lorge molecsler mass sggregate
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Under these conditiony, PSS, & dimer formed by the
covalant, non-disulphide linkage of one LSU with one
B8, acoumalates - as - an o btermediate of - ihe
polymerization  process. - P85 formation has heen
reported in. rmany plant species, either wder normal
metabolic condions 2017 s afler oposurs o
ultraviolet radiation {202-204]. In addition, P65 and the
polymerization provess have been observed in Lemna
minor subjected Yo ssmustic - shoek {2033, caloium
starvation [118], darkness, COy deprivatiom, athanod
treatment, flipla wewment. and, appuarently, all other
conditinns that cause membrane damage [206].

(i) RuBP cswrboxylase is degraded in a process that
teads to vell death, This fate of the enzyme is generally
observed during ratoral of atre
cereal fraves {102, 103, 1761781, as well as with total
nutrient starvation of Lemna minor, either in the light or
dark {114]. Degradation of RaBF carboxylase was also
detected in Figna uaguicidata leaves during senescerwe
{2071, Yoshida -and Minamikaws {87} detecied
degradation of RaBlP carboxylase dn detached primary
leaves of Phaseolus vulgaris dufing: senzseence under
the light or in darkness. Cerchs er-al [208] obssrved
that senescence-specific protealysls was bu operaling
mesaimmam mnim‘*}mg RuBE carboxy {2 during
ovary senéscence in Plown safivem, The my striking
effect of jasmonic acid and its methyl wster iy t*;e
induction of . leaf senescence. Afler  the  howmonpe
sreatment, synthesis of RuBP mrhem' we peases, but
its degradution is induced down to less than 5%
untrested leaves after a 3-day incubation {209, 2101

Diuring natural senescence, RuBP carboxylase is ane
of the early proteins that are broken down, therefore
afferting photosynthesie and nitrogen ecomomy  in
plams. This degradation deenrs over g prolunged period
of many days, unsil very Uittle prodein romsing at the
time of leaf shevission [211] Exposure of plants to
ozone (k8 strong  oxidast)  penerally’ causss
accelerated - foliar senescence ax  characterived by
prematurs laf yellowing snd abscission {2127, The (-
induced scoelommted senssvence is sceompenizd by 8
premature decrease in the  guantity  of  RuBiP
carbcexyiase. This effect has beon observed in Tritiowmn
agstivion {2131, Solanuay tuberanan (214}, Raphowus
savivus {2151 and Populus maximowizid x trickocarpe
{215}, Interestingly, ozome induces degradation of
RuBP cwhoxyviase in mature, but not in immature
eaves of Solamen twberasin [216] In a subscquent
stady, Brendley and Pell [217] c\pmui Popuiw
suexiswwized x trichocorpi o O and observes

degradation of RuBP carboxyisse i the brwer feaves o’f’

duced seneseence of

of

"f&)s«su n

the canopy wssociated with an increase in thi
the younger leaves higher in the canopy.
() RuBP carbonylase is degraded in u reversible
provess that doea not fead to cell death, The growth of
many  phists under  nermal metabolic  counditions
produces & steady  but rmeausable rate of BufiP
carhoxylase degradation, that varies with the specigs
constdersd. This has been obssrved for Frificum
gestivigm, Zeg mays and Sorghum bieslor [TH-113) In
Chlamdomonas  refvberdtn there ix g slow but
detectable mie of synthesis'of RuBP carboxyiase and of
m subunizs 1o the dark and a similarly slow rate of
adation in the dark, following g light period {1431
sfow turnenver of the enzyme in the dark scconns
the steady lovels of RultP carbogylase pwwm &
number of siresy conditions, muritive deficiencies in
pardesiar, bave been reported o produce 8 pref«zrentiai
and reversible degradation of RuBP carboxylase. It is
the case, for Lx&n‘ ple, of Lemna mingr subjected o
sulphdr starvation [VI8Y, and of Triticunr aesitvum, Zea
mays and ;‘?a,»juizum bicolar deptived of nitrogen of of
sulphur 11191 1o recent expertments performed nour
lsboratories, it was ‘obgserved that the incobation of
Triciown  apstivaen under  conditions of mtzowevz

sulphar, megnesbun, phosphorous or esleium: starvatior
ay intense degradation of ReBP ea '}}cxyiaw,
lardy  notorious  in the case  of sulphw
ohishied results), Garcfa-Ferris and Moreno [128]
pid and preferen gradation of RuBP
Euglens gracifiy subjected o nitingmn
CRUBP carbogylase degradation was déwscted

i Vigna wnguicidata leaves exposed io drought stress
[207y,
It st be taken into account that cach  stresg

o may producs differer on KuBF
curboxvinss depending on its intensity and duration.
Take leaf simescence, for oxawmpls the very initial
si‘z;g'*& may csuse reversible catabolism of ReBPF
uarbx : i Iater o in senescence,  the
c}{' th ey Y 36
wreversible. o
systerng are pmbabi}-’ za%spon o for the cutz b«msx}z of
the enzysue during those different stages. A devrease in
RauBP carboxyviass amonnt may determine the poim at
which a leaf ccases to e an effective mource
nilate, sweiting into- sction ihe frreve :
for esample, the vasuolar protuolviie
that  lead  fo . the hreakdown  and
£ ihe leaf comporsnts, Le tripgeving
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of specific lgands to RuBP carboxylase may affect its
lity t2 protenlytie attack. The binding of the
e s:'wnvmte'mﬁd ate snalogue carbo: xvaaomxtoi 5.
Wisphosphate w the Spinaces vieracen enzyroe reduces
the number of trypsin sensitive sites [218].

One approach used 1 try to elucidate the muchanism
of ReBP carbugvlase degradation is to sxemine what
happens to one type of enzyme subunit in the absense
of the other. As referred | sbove, when S8U
secumubtion  is limiting,  L8U sccumulation i3
regulsted by SSUN polypeptide abundasce  at the
yransiational level {bi)}. ft haz been suggested that
13U is stable when present in exeesa of the 85U {2191

%
However, when LBU eynthests in Hmiting, 88U
avcnmulation iy regulated by turnover in response 1o
LSU abondance, so that excess 581 is degraded to
niateh the levels of LU It has been suggested that in
some cases, this ocours afler holoengyme assembly
{130} This haxy been shown by oiperiments invelving
the use of - Chlomydomonas ot iughz,r plant motanis
specifically perturbed in el blosyntbests {eg, 220,
221, intibitors. of plastid transcription: or translation
L 22E) Secale geresfe sendlings Jacking plasd
ihosnmes fe.g, 2237, and mutants of Chlanmydomonas
and higher pimzb deficient in plastid ribosomes {eg,

4, 2251 When the synthesis of chloroplast protefas in
Chlamydomonas {nchuding - LR} i iohibited by
chioramphenicol, the l’zi}(}h‘&(’ spomfed - SRUT iw
synthesized aud imported into the plastid, bt rapidly
degraded. This degradation is camded out. by a
constitutive mechanism, probably by a nuclear-socoded
protease, since degradation also nesurs in cahs deficient
in thliﬁ‘i?p‘zﬁci ribosomes [434]

A NN

Oixidative mpdification of BuBP carboxylass

Upon exposure of g living ti<sua o lonizing

dmzvn inclading oltvavicled radition, most of the
m"rﬁ) iz abuorbed hy water, resulting in the production
of bighly resctive oxygen radicals which can dizectly
nactivate and modify proteiny in diverse binfogical
systemis 07 o viro, . causig . nown-tnzematio
fragroemation, osidative wodification and hoth Inser
s intramodecoldr crors-dinks, leading to the forrnation
of dumers, trimers or higher-oader mislerular aggregates
[226-22%1 In most casss, the cross-linking appesrs to
be due to the formation of disulphide bridges, s shown
by the msdioprotective sifect of dzz*m:{maiwi, -
mercaptoethanol and other antioxidants against cross-
Huking, or by the observation that blockage of the
expesed sulfvdeyl groups by mems of 1y

¥
the aggregation process, L. v g

cases, the sltered pmteins beromse mers susceptible o
proteolytic digestion [226, 230-231]. Thelr involvement
in the insctivation and degradation of shioroplas
proteing has alse bewn reported, as is the case of
glyveraldehyde-3-phosphate  debvdrogenase, fiucioss
1 f5-bisphosphatase, D1 protein, psaB gene product, and
superoxide dismutase [233-239]. Oxygen and ydroxyl
radivals have been shown to be involved in initiating

the degradation of v number of unidemified protelns in
2311

o

isolmed chloroplasts [181, 18 ]

i thaminated chiovoplasts, in which light energy is
harvested and converted to chemical goergy, formation
of reactive nxygen specizs ocours ax unaveidable by-
produsts of the photosymihetic electron transport chain,
partivularly ander Hght or oxidative siress conditions
{233, 1460}, that arc known to cause degradation of
RuBP carboxytase {151, 188, 231, 241-244]. Under
these conditions, (3 becomes an altermnative accepior of
photiaynthetion] ansporied  electrong. md is

tansformed into HzQp, O, {}H or '(ny 1234, 2451
During foliae semzsvence or - under . undfavorable
enviremmental conditions, the concentration of active
oxvgen radicals can 1ise to toxid Tevels, cousing vellnlar
iniuries such as’ Hipid perpxidation,
ingctivation/denaturation  of  sozvmes, snd o TINA
damage. - : :

A targe number of stodies have shows an erhanced
degradation. of BuBiP carbuxylase by fhusination oy
oxidutive stress eomditions in leaves' amd. isolated
chloroplasts {120,153, 188, 231, 241, 242] The
enhanced degradatinn of RuBP camaxv}ase and . of
other («hi@f@pido{ prnmzm observed upon Humination
of isolated thioroplsts is widely adoumed o be due
the light-gosaation of reactive ux.ygm species: b favar
of this hypethesis s the obsereation st in isolated

veaa saitva ot Hordeusy vidgrere chloroplasts, the
degradaton of - seversl proteins iy accelerated by
ingreasing  lght Bmeosity “or oxypen . cuwentration
[151] Futheomore, the fovmation of activated - oxygon
species, by adding a hydroxyl-pruerating system do the
mdivm, promotes protein catabolism both in the Hght
and in the durk (231, 2431 These suthors sxamined
iract chloroplusts isolated from dvens sofiva exposed
o hght or incchated in darkeess in the absence or
presence of g hydroxylbgenerating system composed of
ascorbic acid, Fellly wud FaOu Light or trested
chloroplasts in  darkoess - eohapced  the wate  of
protesiyels in a sbmdlar manner, while proteolysis was
almest neghigible in dwlkseds in the sheence of
additives, The studies performed by Cazane of o [231
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and Desimone of ol [243} suggest that light proamotes
proteolysis by increasing the prodection of active
asygen spec;gs which may modify proteins in & way
that they become mors susceptible o proteclytic attack.
A--thylakoid-bowd. endopeptidase was subsaguently
fuund whose astivity increased under photonxidative
environmerstal conditions or treatment with a hydroxyl-
génerating systt:m

Reactive oxvgen species may constitute one means
by which RullP carboxylase degradstion is triggerzd
However, réactive oxygen species may trigger the
engyme degradation by activating professes or by
increasing  the  susceptibility of the enzyme to
pioteolytic attack. Using stromad extracts prepared from
Hordewn vulgare chloropdasts, §8 was obsgrved that
B labelled RuBP carboxylase was degraded only after
treatment with the oxygen mdicals [198). These results
suppoit the view that réactive oxygen radicals modify
RuBPF - carboxyiase into 2  subsirate  for siromal
protease(s), rather than activating the protesses.
Interestingly, the authors noted  that dagmdmon
reqt ired ATP b "émlysm

Sfr%xﬁl sizstm::t t}pm of oxidative modification
h@ve_bem described in the literature for RuBP
carboxyiase, These may  inchude  covalent, non-
disulphide or disulphide bonds, and may be enzyme

catalysed or not, {1} Nov-spzymatis fragmentation of

the polypepiide chain LU is split into.a 37 kD M-
termingl-side fragment and a 16 kD& Ctorminal side
fragraent by reactive oxygsn radicals. in Iysates of or
intact ihuminated chioroplasts Fom Tritfcum aestivion
feaves. The same effect is obtained when purified
RuBP: varboxylase is exposed to a hydroxyl radical-
generating System [246], The C-forminus of the 37 ks
fragenent is 5er-328 and the N-erpdnus of the 16 ke
fragment s Thr-330. Gly-33%8, which links the two
fragrannts: in the native erayme, i misaing [246-2481
This fragmentation of RaBP carbosylase is completely
inhildted in the prosence of metal chelators, catalase or

hydroxyl radival scavengers, but not in the pressnce of

protease inhibitors. The site specific cleavage of the
LEU girongly depends on the structural  and
conformationsl status of the catalylic site. Thes, fw
example; the binding of the reaxtion  intermuediate
snslogie corbogyargbinitol  13-hsphosphate 1o the
active form of RoBE carboxylase completely protects
the enzyme from the fragmentation [2481 Prodection
of activated oxygen - species by inoreased light
intensities, slevated oxygen concenirations or by the
addition of the herbicide methyl wiologen causes
fragmentation of LEU o dsclated Hordeum valpare

chloroplasts {2431,

- {it} Enzymatic, non-disulphide oxidation of RuBiP
carboxviase. A mamber of stress situations wers foumd
i Enc?uw non~disudphide oxidation of the enzyme in
Lemma minor, leading o the catslvtic inactivation of
RuBP casboxviase. It is the case, for example, of
incubation in the dark and OOy deprivation, ethancl
treatroent and flipin treatoient [206, 2481,

{ii1) Non-disulphide, covalente dimprization of LSU
aed 5811, followsd by farther polymerization. The
exposure of pure RuBP warboxylase or plast leaves
{Lenpua. minor, dram alicten, Bravsica oleracea,
Triticum  gestivura, Z8a - mays,  Pisum  saiivam and
Prasentas vulgarisy to Wtravinlet radiation {UV-4,
VB or UV induces the scoomulation of 4 65 kT
polvpeptide  (P45), formed by the covalent, non-
disulphide linkage of one S5U with one LSU within the
holoenzyme. The rate of P63 accumulation corrsiates
well with the energy of the UV sadiation utilized,
Prolonged exposwie to the UV radiation results in the
formation of very high molecular yass aggregates of
RuBP carbeinylase ‘i a way indicating that P85 s a
stable intermediate 0 the aggregation procass [2031
The UV-dependent sccumulation of PSS and the
subsequent formmtion of Jarge RaBP  carboxylase
aggregates tv not affected by inhibitors of stress-
induced oxidsse systems or wembrane stabdlizing
compounids, indicating that these processes g nof
mroduced  enzymatically by  the  oxidase  system
described below

Other siress situstions bave begn reportad to produce
in vive P65 and the non-disulphide very high molecudar
mass RuBP carboxylase aggregates, Indesd, when
Lemng minor 15 subjected to osmotic stress, calchum
starvation and apparently all conditions that are knoen
to damage celludar membranes, RuBP carboxyluse i
first oxidised by wy wxidase system imo a catafyticaily
inactive form, with s measurable redustion in the
number of free -SH groups. Prolonged exposure o the
stress fesds 1o the dntermediate aconmulation of P63
and the sabseqeent formation of the very large, pon-
disulphide covalemt miamomolzeular aggregaies, in a
Lradmi pum:c:s acrrmpariad bv ﬁ;r‘fhu rcduc‘i;ms in

g
ey ﬁzese m;cm'nstarms zrn,ivzzd r%e .mz\m nf an
pxidase syster that s indoced by the stress. The
oxtdived . form of the enzyme, and panicniarly the
polymerized fram are more susceptible to proteolytic
attack fn wirre than the native enzyme {2031 However,
the physiclogicsl sigatficance of the RuBP carbusylase
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aggregates remaing to be cstablished.

Formation of P6S {5 also schisved simply by M vitre
incubation, In the durk, ef crude feal exfracts fiur
suitsble jengths of tme [203] A similar 86 kDa UV-
photoproduct wis desciibed 1o be formed o vive or in
wired by the acion of UV-B radiation on plant
(Brazsica wapus, Lycopersicon exculestum, Nicotan
fabacum and Pisum sarivion) leaves or pure RuBP
carhorylase 202, 204]. T this wark, & tryptophen
wtolysis step was reported 1o “he invobied in the
1 of plotoproduct formation. All these
stadies suggest ’hat Pas formation) (snd s ent
secumulation f higher wrder aggregates of RuBp
car’z‘«}xwlavzc‘ may stitute w universal reeponse of
plarts to UV redistion. The 63 of 66 kDa RuBip
carbosylise ' phdoproduct  appesrs  only  afier
inedrporation. of LSU and 88U into the mative
me {2»:/”,,' 'ﬁ] hndved ?{'5 dial hat aze mm§ aié

buic»cnszef wmgimm{ !}”} ,

g \?»ml‘ ’ pun‘vmg SNZYILS mvoivesz in 'l'pii
%;mynmas,a from the wicroscmes of the ar@m aiOm
; cous  braeyi {grown uvde* 5

',xms} X’ymiz and Kolattukudy {201] detect
kDa po}"pﬂmxiﬁ that containg botifx S81) and LSU.
Reverse transcription-PCR failed to detest tamm;;,fx
that «::ncowd buth subunits, jeading 1o ihe coBE
th i}w' zifun‘tﬂ are mvah; ¥ :ﬂmai‘eu :

wr}'j!;ig«'gnaeg nc;ﬁhéi meta‘&a}im cmdii&oﬁs {unpublished
e wuilc

f’:’zaxuiaz mc,gam éc,o.é»'cs with d;m@i‘ ¥is ;
Teesn. %0 congiderably promotes | senssuence and
s of ReBP carbuxylase [187], Desimang e o,
shserved that oxidative treatment stimulates
mmal proteakysis of LA in inolated Hordewn val,
a?z]wm;ﬁa, Resensly, thase authors {1987 repuuied thay
reantive cxygi%n sgmcias fz:st mcﬁify Bufi carbex;aiass

T"zcse ujzcs zr'*z cate t}m{ A;g‘m
stress induees resctive oxygen-mediated denaturation
of  RuBP cwboxviase follewed by - protécivis
degradation of i,bb in chioroplasts [243] or s lysates
198y
(v Disnlphide, eross-linking of RuBBP carboxylase

subimite. The cystuiny! sulphur stom of
1AL from cyanchacieria and Spinscer vleracen PuliP

carboxylases can be seleptively onidised, with the
formstion of large subunit dimers (LS} within the
L8Ux core of the ens ;afne m& without the fumation of
higher order aggregaies. The disulphide bond between
LSLRESU ds readily rmwe\i with ither dithiothreitol
nercapiosthans] once the protein is denatured with
SD& {250, 251} Other - authors ‘Have re:port d the
formation i vive of higher order aggregates of RaB¥
».arhm;,lasw du» 0 fdw!)}ph de cross-linking of the
252 383} Working with
deda ol wrr;’ 1 ’m fmu s gestivans, Mehia ef
ak {2411 showed that Cu™-induced “oxidative. stress

sed  intermolecular - oross-linking. of : LSUs . via
disulphide bonds within the Io;o«,m,mc foliowed by
rroteolysis. .

vy Ot typesiof o X‘d'sfvm on RuBp mrh}xy}asca
Oxidative insctvation of Splanum. tubsrosym RuBR
carboxylase by (O iz associated with the formation of
carbonyl dertvatives on srmine achd side chains of the
LU 1244] Enzyme insctivation by carbonyl formation
has been reported as # marker for pmwuivqs in m;mal
angd bacteriabwystems {355 !

The-increaséd: uaa&pt}bl 1y of omd}s&:d ewymes o
proteoivsis iy well docwmented; and is considered a
pi’iysiﬁ}og.lézd mchanism to regalate proiein Hirmrver
{258 Dalling [211]  soggested that a*{idative
modification  may  target RulBlP mromvl for
recognition by calmmr ast protegses, Lixidative ‘%ms%
may ke o pested to enhance or Wwezzraye this prm,e
Seversl proteins . ars  known whish ,qw
oxidaion tiggers proteolyiic suscaptibility. In the cas
of Rulsp C&rheyvlm& it hus been proposed that both :bc
enzymatic activity mnd proteniytic susceptibility of the
czmymf‘ may be megulated by a redes mechanism

involving critical cystéing residues on the protein T196,
239, 2531 Similar A)”!l}’&h.}alk!ﬂ’( of oxidative labelling of
suzyines for proteolysis sre well known in animal cells
194}

H formation of disvlphide bonds is considered, only
thyee pairs of oysicine residuey are close orumgh within
the RuBP carboxylase prolecule to exhibit the potentiad
so entabliah «So3- links. Formation of dm‘}}phh{{? Bosrds
hetweery residues. Cya-247 of two- gdiacent LEUs or
between residues Cya172 and Cye-192 of one LEU gre
pogsible hecaime the residuey are cinserved among
i f\&xBl‘ carl However, formation of
= vi-44% and Cys-459 i
fooins ;a»‘;mzzm and Chlamyvdomonas
;b ik in the Spimwcea olercesa enzyme
u:sma:m-’t”brdd(’:?) In addition, Cys-172 and
Cos- 198 bave heen reportest 1o participsie in 2 covalent
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bond in  unsetivated  Niootiana  tabacim BuBR
carboxylase, but in a. Vap der Waals bond in the
activated form of the enzyme [287-2391.
This hypothesis is supported by a number of reports.
{1} Several studies performed #r vitre bave shown the
existene of & linkape betwess uxidative modification
of RaBP carboxylase snd enhanced susceptibility o
proteolytie sttack.  FuBlP carboxylese subjected o
oxidative siress i vitre or in vivo loses s cetalytic
activity and becomes susieptible 1o either sxogenons or
endogenons  proteases,  teapsctively  J230, 2414
Working with Citrus sinensis Inaves, Pefiarrobia and
hforeno {2307 used aged solations -of pure BuBP
sarboxviase (which leads to spontaneous oxidation of
eysteinest or exposed the ensyme to several compounds
{Ha, CuB04, KsFa(ON)g dimethyl sulfoxule, indine)
which are known to premote eysicine oxidation. In all
cases, the oxidised form of the enzyme exhibited
enhanced susceptibility #r vl to the action of
exogenous proteases {trypsin, chymotrypsin, proteinase
K and papain}. In ather words, it was demonsteated that
the oxidation of RuBP carboxylase increases markedly
its su%eptibiiiiy to exogenous proteases {205, 230}

Do and Pell {214} “showed ihat retmant of
purified RubP s:arboxyia&e from Xaldim tubsrosum
with Oy increased itg sensitivity to c};}'motr} pain action.
Treatment of the imactive, nxidised enzyme with
dithiothreitol resulied v partial recovery of hath
catalytic activily and resistance o proteolysis. In
Lemna minor, an oxidised form of RuBP carborylase
extracied from osmotically stressed fronds sxhibited an
inerensed susoeptibility to exogenously added proteases
in vitro {305, 249]. Moge recenily, a proteolytic activity
was detected in Tritioum sestivir leaves subjectid to
fitrogen starvation that exldbited proferemtial in vigro
aotivity  towards  oxidised  RuBP  carboxylase
{unpublished regults).

(i) Modification of sulfhydey! gronps is kaown 1
insrtivate RuBP carboxylage [260-263]. The enzymatic
activity of RuBP carboxyvlase can be modulated in vigro
by redox effectors acting oo subfhedryl  groups of
cysteing . vesidues  [263, 264], suggesting thet  the
enzyme may be subjected to redox regylation i vive.

ity The presence of oxidised forms of RuBP
carhoxylase fa wive has been confirmed by a number of
authots,  In orgenisms ranging  Bom protisis and
uniceliular algae to higher plants under mxidative 1241]
oy nuivitional - {3120} sbesses. frovive formation of
disulphide tnds in L3U has been detected in Sevale
cerecle leaves under low twmpermture swress {263}
Strong  oxidative conditions ooowr  in senescent

chdoroplasts {266] or other strese siuations that are
known o lead to RuBP carboxylase calabolism, Ruf3P
carboxylase hus been shown o oxist in an oxidised,
non-disulphide, and Highly cross-inked form in the
fronds of Zemna minor subiected i ogmotic siress
(205, 249%,  calohen  stanation,  dakness, OO
deficiency and apparently all conditions that lesd to
mentbrane damage [206]. In Buglena gracilis subjected
to nitrogen deprivation, oxidative aggregation of RuBP
carboxylsse was observed {120,

RuBP caboxylase waz selected to explain the
differential  chilling sevsitivities  of two Bnes of
Lycapersicon ~ a chilling-sensitive, sultlvated fomate
(L. esculemnuom) snd g chilling-tolersrt, high-altitude
line (L. peraviceum) [267). During long-tzem chilling
under non-photuishibitory vonditions, # substantial
reduction in the number of RuBF carboxylase titmable
sulfhydry] groups, concomitant with an Increase ju the

content of disulphide bondy, was obsmved in the
chilling sensitive line but not in the chilling-tolerant
fine, Working on frost tolerance of Secale cereale. and
Splamum tuberosum, Huner and coworkers suggested
that the mechasism of low-lemperatare tolerance in
these plants could be explained by the protection of
RuBP carboxylase from induced thind oxidation that
wiag conferred by v comfirmationsl change {e.5. shifting
cysteine tesidues inte hydrophobie niches inside the

vie molecnie) [268, 3691

Saveral studies have shown thar RuBF éarboxylase
is oxidatively modified prior to His degradation [120,
41,0243, 249, 1584, 2671 Formation of mixed
disulphide derivatives of cvsteing vesidues has besn
identified as o marksr for proteolytic degradation {270%.
Diue to the natural sbundance of the sulfhydryl residues
and the absence of disnlphide bonds in native RoBP
carboxylase,  the enzyms  way  be  particularly
susceptible o mixed ~8H owdation under conditions of
sxidative stress {203, 253,

The oxidation of critical cysteine msidues i vitre
has besrs proposad to swiich RuBP carboxvlase from g
protease resiztant to 8 senxitive furrm {1% 234 L
The critical residoes hove not yet been identified, but
hecauss oxidative modification of RuBP carhoxylase i
widespread among species, # s Hkely that ;h_cs«z
esidows are comssrved, Oxidative modification of
cystrine. residues was fumd o senstize BuBP
carbosylase to 1 virro preclysiz (230, On the other
hand, some stress sitmilons have boon reported
induce the v vwive oxidation of RuRP carboyylas
cysteine residues {120, 2491 These observations led, ic;
the mggestion that cysteing oxidation may signal the
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enxyme for in vive catabolism doring senescence o
stress conditions [198]. However, a direct connection
between  oysteine oxidation and dn vive RuBiP
carboxylaze hydrelysis has proved difficult to establish.
Inan eiwan‘( experiment, directed mutagenesis and
chiorop}ast mnsfarmaimn werg empiloved o create
(“ys«'172 to  Ber substittion in  Chlgmydomonas
Crednbordsdi LSU [271]. . The mustont ensyme.is more
registant to sodium arsenite {which rescts with vicinal
dithiols), the affect of which is assunied t be dirested
to the Cys-172/192 pair that is present in the wdld-type
enxyme but shserd from the andamt eniyme, The
mutant form is also mow resistant © i vire
proteolysiz and tr i1 vive siress-induced degradation
onder ponditions of oxidative or pamutic, stress [2711
The absence of Cys-172 in the Chlmydomonas mutas
enzyrue shifts the criticsl redox potemtinl for RoBP
carboxylase to more oxidative conditions and protects
the enzyme fromy degradation under stress conditions
{2711 The same’ authors ohserved that the Cys-172
substitution does not-completely block induced RuBF
carboviviase degradation, highlighting . that  other
signal(s) (annther Cys residue?) may voptribute 16/ the
regolation of RaBP carboxylase eatabolism,

Effect of endogenons profenses on RuBP carbexylase.
Detection of prtative intersnediates of, proteolysis
T Proteolytic gotivities in chlordplasts able to act more
v lesa specifically on RuBlP ca_{kéx:’lase i vive o1 in
vitry have been reported by several snthors [171, 189,
272, 273} However, the physiotogical réfevance and
the vegudation of these proteases remains largely
wnknown.  In wdditon, in many  cases, RuBP
carbonylase degradation # vive doos not corelate well
with the levels of proteolytic activity measured M vitro.
On the other hand, mweasurament of RuBP carbogylase
x.if,gmddmm by incebating ihe sneyme with a total celf
extract dows pot necessarily have g physindogicsl
meaning bocanse the protesse involved and RoBP
carboxylase way simply ocoowr fr vive in differemt
compartaents.  Neverthelsss, they msy come  into
contact umder . certain metabolic or  physiclogical
copditions. The inoubation of RuBP carbowylase with
mial “extracta or vacuoler lysates propared  from
senescing  Fluweohie vilgaris leaves induces  the
degradation of LSU, bat not of SSU, w 2 41 ki
polypeptide through thres infermediates of 50 kDa, 48
kDa and 42 kda {1871 The results obiained by these
authors indicated that esch preoint ep ocowrs by
the remrval of 9 sroell R-lermunal peptide and suggests
the consecutive action of two types of proteases.

RuBPF carboxyluse degradation hes slse  besn
deterted. in isolated chloroplasts. {130, 272, 2%}
However, Mivadat ¢f af [275] nwsted that part vr ull of
this protenivtic sefivity in wechanically isolated
chloroplasts may be due 13 a2 contamination of the
organelles with vactnlar professes. Previous treatment
of tha isolmted chinroplasts with a suitable protease
{e.g., thermolysin) way therefore be advisable, although
the use of this protease may prove undesirable in
protein degradation studies. In isolated Plswn sotlvam
chioroplasts sxposed o Hght rapid degradation of
RuBP carboxylase is observed, wherens in the dark the
protein remaibs stable for. several howrs [188, 244,
2781 LAY from Ghoine sy and Festuca pravensis
wag degraded dwing the incubation of isclated
chioroplasts {1481,

A manber of degradation prosiocts of LSU have
heen  detected  in the illominsted chioroplasts
Degradation of LSU in isolated Pl = sithim
chlompiztsts leads to the accummiation of & 37 kDa
polypeptide (m the Hghty or 45,742, 37 and 32 kDa
poi‘;}}cpt ides (in the dark) [188]. ‘Oiidative treatment of
chioroplasts isolated from Hordewn ulgare promotes
partial prigeniysis of L8YU, with the sconmulstion of 2
prominent breakdown produst with s spparent
mnlecular mass of 36 kDa [343], Thé incubstion in the
Heht of lysates or of intact cldoroplasts from Triticam
acstivim E aves leads to the cleavags of LSU Into g 37
kDta Netermingl fragment and 8 16 kDa C-termingl
fragment {245-248]. _ _

The detection of intenmedintes formed during the in
vives catabiolism of proteins ix geperally difficuls due to
theusually very high rates at which these polymiers.are
degraded. For example, Yoshids and Mindmikaea
U.ié?j observed caiabolizm of | RaBP. carboxylase in
detached primary leaves of Phoseches vulparis during
natuial or induced senesvence, Iap were umable to
detect profsolyiic products. Garcla-Ferris and Morene
{1207 fadled 1w deteot any twsakdown products during
the mapid ~and  sclective ci%mdation of RuB¥
carhogylase obsereed in Buglena graciis subjecied fo
nitrogen deprivation, Howsver, experiments have been
performed which eliowed the detection/acoumalation of
RuBP cubouylase products, either fragments of lower
molzeular mass o enzvime aggregates of varying
degreen  of polymerization. I esch case, the
physivlogical mles of  the intermediatzs in the
proteolytic process or the reason why the intermediates
sowmnuiaie are not knows. .

RuB¥ carboxylese cloavags fragments of 53 and 3
¥Ta were detected in orude estracts prepared from
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senescent ovaries of Pivum sativine [208]. Tn & recent
study, the accunulation of 2 49 kDa polypeptide
derived. from- LSU was detected during the i viw
degradation of ReBP cwhoyiase in the leaves of
Tritéewm aestivin subjected to ndbrogern, sulphur or
magnesium starvation (anpublished results).

It is important 1o mentics that loss or appearance of
typical polypeptides under oxidative stress {as deterted
by SDEPAGE or inumunobloting with amti-RuBF
carboxyiese antibodies) does not nsceszarily jndicate
protenlysis, sincs proteins mxposed to active oxygen
radicals . can form highly zmc;?ublﬁ spgregates  or
wnderge nonenzymatic fragmentation {203, 2771

Model. for the *selective degradation of RuBP

carbaxyinse

Although it sezms lkely that more than one pathway
egists for RoBP carboxylase degradation, current
koowledge suppesis’ that, st least under some
ichrcumstances, . oné  mechanism  for the  selective
: écgmdatmn cf the exizyme mfo{w:, th& fallcwmg
wqunce of' ex ents;

| Nutive Crsidati
CRLYIL 2 -
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This moded i based on 2 number of observations.
Different lines of evidence; derived from both in
vivo and in virre experiments, suggest that the signal{s)
“that tripger the enayme for catabelism may be related to
the oxidation of sulfiydeylgroups from oritical cysteine
residues; - whnse oxidation. incrgasss  the -enzyme
sensitivity o proteolytic attack {196]. This process may
be controdied byt the, vedox state of the cell Radox
regulstion. by oxidutionfreduction of cysteine thiol
groups has heen démonsirated for other chloroplast
proteins, including carhohydrate mutaboliste enzymes,
ATP  sywhase,  composents of  photosynthetic
membrang complexes and sransiation factors {278-2821
Studies.  performued - in iz indivated | that
susceptibility of RBuBP warboxylase 0 exogeno
{protecdyticy  enzymes  Increases  mavkedly  ups
oxidation of certaly cysteine residues by d;zm:‘m
oxidative agents [230, 2531 Beidencs for oxidative
modification of RuBP carboxylase im vive has heen
reported in sensscing processes induced by oxidative
stress {241, 2421 or by other physiolngical conditions or
streks sitpations that are vt dntrinsically oxidative,

~

as coid hardening [265), csmutic shock {249], nitrogen
deprivation {1201, and other nutritie stresses {118], in
different species which are ot phylogenatically related.
Furtherinore, oxidised RuBP cwboxylase is glso
detertedd, though o much smaller amounts,’ in control
eultares of 1:?{5{3(‘?2&2 gracifir [120] The presence of
oxidised forms of ReBP carboxylase in non-stressed
conditions had & iraaéy been reported {230, 241, 285}
This stggests. that -~ oxidative  lsbelling of RuRp
carboxyinse under control vonditions way alsn be an
soseritial prevequisiie step for regoialing  the. st
degradation of the enzyme. Thersfore, it may be
suggested that RuBP - carboxylasy  degradation. is
subjecied 1o redox contrel and is triggered by oxidative
conditions developsd in the “chloroplast either under
noymal metabolic vonditions or during seneseense oy
different kinds of stresses.

T aeems clear that oxidative stress induces structural
moditications in the' RuBF carbodyviase molecule that
increase its suiceptibility to proteolysis, b Huninate
chlgroplasta) in whzch light “energy ‘s harvested and
converted: to ‘whemical energy; production of reastive
o¥ygen spECiEs nociid ¥s Uy, tnavoidable Cevent,
particutarty under Hght or oxidative stress conditions
{234, 240]. These conditions have been widely reported
o induce RuBP carboxylase degradstion {151, 188,
231, 341-3431, Qndaimn of RuBl cathorvlase, either
by reactive pxygen’ v the Betion of & siwess-
induced oxidase system mav mark the énzyme for
catabolism. Light stress indumees vective oxygen
wedinted denaturation of RuBP carrzowias;v followed
by proteniytic d ‘eﬁramima of the iaxs:e subunits {194,
44uJ .

Th&, induction of planty {Friffowm avsibtvun and
: 3 amd alpae (Chlamydomonay)
; Coumder oxidative  condiions  leads  to
intermcdecular o inddng of LY and the subseguent
association of RuBF La;bow;a& with' chioroplast

wembranes, prior {0 prowolysis [241] Atthough the
ir@z‘-\h?e:zxizun of eress-linked LEU 1o memiyanes- was
b * neccw“w s;ep i His degradation

T2

LS feading
5 with' m&x REZus
‘ram?rs subjected 10 nitn deprivation, oxidativ
iggwwaim of Rubp cad*“" s and association of

10 membranes jacreased with e of vittogen
ncomitant - with the stress-enbancrd
ol of the sneyme (1301 Worldng with
roplasts isolsted from Hordewn vidgare, Denimong
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et 'zl {243) found evidence that oxidative treatment of
the crganelles  stimulated  association  of  Bulif
carboxylase with the insohuble fraction of chlorophasts:

A mumber of siress conditions, ndluding osmotic
shonk, caleiom starvation, €0y deficiency, dariness
and: apparently all conditions thet. sffect memivanc
tegrity (1141, have besn shovwn to inducs an oxidase
stem In Lenosa minor that iz capable of converting in
and i vitre RuB?P carboxylasy tna calalyvtivally
inactive and oxidised form {205, 2481 Jo vizro, the
catalvtio effect  of the oxidase  sysiem .on . RuBiP
carbomylase is inhibits
regidres the preseuce of an unidentified low
molecular mass factor, involves formation of none
disulphide, intersubanit and intevmaleculsr covalent
tinks and increases the susceptibility of the enzyroe to
protealytie attack (205, ?4‘)} However, these studies
fve not xmonst;atm the nature of the physiclegical
aridant B vive, alh ouﬁh the  unidentificd  tow
melecular niass compound present in extracts of both
streased and zm,afrcswﬁ fropds, s needed to oxidise
RuBF catboxylase i vitro. Pro} nged esposure o the
stressodeads. to s the sccumulation of high  order
aggregates of RuBP «:arbmysa . This observation may
be tentatively explained if the damags imposed oy the
membranes by thi stress  prevents  the
‘rziné‘%zz:uisuciaﬂw of the polymerized enzyine,

wlocking its  degradation and  leading to . the
ac:v'ﬂ ation of the infermediates. The detection of

P65, the stable intermediate in the formation of high
order agpregates of RuBP carhoxylase, undér normal
metabolic condiions {2011 Aurther supports the view

that the catabolism of RuBP carbonylase may involve
osadation

followed by polymerization  before

Treatment of leaf extracls or imtact chloroplasts
tsolated froum Popndiey moimewiil x wicknear, ;;J with
3 socolersted both the loss of LU and the
secumulation of high moleenlar roass LS
without the cecurrsnce of detectable RuBP corbosylase
degradation [242]. Extrachloroplastiz  fastors required
for proteclysis mey have besn missing or present in
sub-opiimal goantitics In the isolated organelies or the

: ation prowess may o cause the protein 0 be
tant o proteslytic- degradation. A?temmimiv the
presence of an inlact rherbrane sysiom, as it ooows
w, sy broan essentiad reguivement for mx}?‘s}*
carmosylase breakdoswn. fh bact chloroplests isclated
from Piswa sotivim lraves, the cat o of RuBP
car brﬁiv} a5z 58 weeleratzd by ihimination. The
ght-inddnced  degradstion i

{ by EDTA, BOH and reducing

markedly reduced fflowing lysis of the orpapelies
{2441 may suggest the mquueme.c.t of an intact
merdrane sysien.

Membrane-bound  pysteine onémm h’iw* ’fv*m
shown 1o be prosent in differamt photoamiotrophs as
diverse a3 photosyuthetie bacierts, algae and higher
plants {2831 Protenlyviin  activities aswcmkd 0
ast wembranes have also bepn reported [189,
ne of them being sctivated by oxidmive
m%w ans {WG"

chiropd

- qupvival "~ the different
d inct or if the siress crnsditions considered
are  different, 2 similar o  identical  protoolytic
mechamism. may be induced to specifivally degrade
ReBP carhoxyiase which. ey be the wesult. of
triggering an ancient response that is shered by all
photosynthetic eukarvotes,
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1 - INTRODUCKD

A fotossintese éoasisté, esgencia¥mente,“ﬁé converso enﬁéréénété
de substratos oxidados, de baixa energia, em produtos réduzidas, ricos em
energia livre., A modificag§0 do estado energética da matéria no sentido do
aumento da sua energia livre [AG>0) exige, de aﬁdrde com as leis dé
termodindmica, um fornecimento de energia. A fonte permanente de energia
utilizada pelos organismos fotossintéticos € a luz solar.

A energia solar atinge o nosso planeta sob a forma de radiacdo
electromagnética, a Qua? nfo & directamente utilizdvel pela cé?u?é viva na
ﬁr6m0§§ﬁ das suas reacches endefgénicés, Para Que ta1 aconte§é, 3 energia
Tuminosa tem de ser convertida em energia quimica, um processo de
"transducdo” de energia que ndo & realizado por qulquer célula viva, 56
as células referidas por fotossintéticas tém a capacidade de absorver e de
canalizar a ene?gia tuminosa no sentida desta gader ser uytilizada caﬁé
forga motriz debreaccéés guimicas termodinamicamente desfavordveis., Esta
faculdade é conferida pela presenca, nas referidas células, de estruturas
membranosas, altamente organizadas e especializadas, 3s guais estdo
associados certos tipos de pigmentos; estas estruturas constituem, no sey
conjuntn, o denominado “aparetho fotossintético”. Estes sistemas permitem
a captacdo da energia do espectrp visivel da radiacdo electromagnética -~ a

chamada “radiac8o fotossinteticamente activa®, freguentemente referida por

PAR {do inglés, ‘“photosynthetic active radiation®}, a qual abrange, em
termos gerais, comprimentos de onda entye 400 e 700 nw - & 3 sua conversdo
em energia quimica na forma de ATP e de NADPH.

0 potencial assimilatério {energia na forma de ATP e potencial
redutor na forma do NADPH), obtido através das reaccBes fotoquimicas da

fotossintese, & wutilizado pelas plantas verdes na assimi?agéa do CO e de
' 2
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outros compostos inorgdnicos como, por exemplo, ¢ azoto e o enxofre,
A energia da radiacdo solar gue atinge as camadas superiores da
24
atmosfera € da ordem de 5,2 x 10 jdoules {J} por anp, valor este

calculado a partir da “constante solar” cujo valor médio padrio é de 4781

-2 -l

Kd.m .hora . Apenas uma porgdo desta energia {cerca de 50%) chega :é
superficie da Terra e desta sé cerca_ée 30% vai incidir sobre as plantas.
Mas nem toda a energia luminosa que incide sobre as plantas é wutilizada na
fotossintese pois s6 cerca de 50% dessa radiacio 8  fotossinteticamente
activa*, Considerando que uma porgic desta radiacdo ainda é reflectida
pg?as fq?has e que nem tsdask os  fotbes absorvidos pelos pigmentos

fotossintéticos sdo utilizados nas reacgfes fotoguimicas, estima-se que

apenas 1 a 2% de epergia que incide sobre as plantas € utilizada na

fotossintese,
’ i1

A producdo primdria total estima-se em cerca de 2 x 10 t de

matéria orginica por ano, isto é, a energia “capturada” nas moléculas
' 18

orginicas ¢ da ordem de 3 x 10 J/ano, o que corresponde a cerca de 0,1%

da vadiacfo fotossinteticamente activa que chega 3 superficie da Terra,

Pouco menos de metade desta produgdo fotossintética tem lugar em organismos

anuaticos.
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* Tomando em consideracdo a absorcdo de Tuz ultravioleta pela camada de
prong e da luz infra-vermelha pelo £02 e pelo vapor de dgua, &
distribuicdo do espectro da radiacdo solar & superficie da terra tem
2 seguinte composicio aproximada: 2 a 5% de luz ultraviolete, 45 a &5
de luz visfvel e 40 a 53% de luz infra-vermelha, ‘
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II. REACGDES FOTOQUIMICAS

PIGMENTOS FOTOSSINTETICOS

1 processo fotossintético envelve um certo ndmero de
acontecimentos fundamentais, o primeiro dos quais & a absorcglo da luz., A
capacidade exibida pelos organfsmos fotossintéticos de absorver a energia
luminosa, € conferida pela presenga de pigmentos fctossensfhi?fzéyeis
espec{ficos. Estes pigmentos estdo sempre associados a complexos de
protefna localizados nas membranas lipoproteicas que constituem o aparelho
fctnss?nﬁético, 0 grau de cémp?exidade deste sistema membrancose varia com
o estado de evolucdo do ser, sendo mais elaborado nos eucarinias {onde se
encontra em organitos altamente especializados denominados cloroplastos) do
que nos procariotas. Trés grandes grupos de pigmentos podem participar na

fotossintese: os pigmentos clorofilines, os carotendides e as ficobilinas,

PIGMENTOS CLORGFILINGS

0s pigmentos clorefilines {clorofilas e bacterioclorofilas) sfo
os pigmentos fundamentais de todos os organismos fotossintéticos.  Porém,
das diferventes formas quimicas de pigmentos clorofilinos (clorofilas a, b,
¢ & d ou bacterisclorefilas a, b, ¢ e d} apenas a forma g participa na
promocde  do acto fotogufmico primdrio, isto 6 , na emissio de electrdes

+

energetizados que vdo redurir o NADP a NADPH originando, no seu percurso,
a sintese de ATP a partir de ADP e de fosfato inorginico {Pi}. Por tal

raz§o, a clorofila a (e a bacterioclorofila a} € considerado o "pigmento

primirio ou fundamental” da fotossintese. Todos os outros pigmentos

{clorofilas b, ¢ e d, carotendides e  ficobilinas) guando

fotossensibilizados transferem a sua energia de excitacdo para a clorafila

1.1



a, sendo designados “pigmentos acessorios (Tabelagi i},

Tabela I1I.1 ~Pigmentos dos organismos fotossintéticos. .0s  pigmentos
primdrios participam directamente no acto fotoguimico, os
acessdérios actuando apenas na captacdo de energia luminosa,

300 200 00 00 460 000 200 200 o0x D X 960 200 Xk X S0 G G0 200 300 ALK K MO M AR e Wi B DK I AND NG WH W A AN NS AR AR an T A K 500 900 00 300 W G0 00K 000 00 0 00 0 O X B T U DN K R K X Xen K G K K AR AR A

Organismo Pigmento Pigmentos
primirio acessdrios
EUCARIOTAS
Plantas superiores e algas verdes clor a clor b / carotendides
Algas castanhas clor a clor ¢ / carctengides
Algas vermelhas clor a clor d / ficobilinas
PROCARIOTAS
Bactérias purpireas | baclor g baclor b/carotendides
Ractérias sulfurgsas verdes baclor a baclor ¢, d & @
Carotendides
Cianobactérias {algas verde- clor a ficobilinas
~azuladas)

A S AR G v R A DR A K R AR AR AN TR R A e R DR R OO W AN A A VR D A WA AN A R AR R A W0 A A AR R T A AR AR AR A U A AR A WA TV AR W W AT A A A A AR A A A A AR AR A A AN A A

Do ponto de vista quimico, os pigmentos clorofilinos  diferem
entre  si no tipe de certe nimero de radicais que se ligam ao  anel
tetrapirrélico {porfirfnice} 2 no ndmerc de duplas 1igacgBes {ver Fig.l.1}.

Embora, em vrigor, as clorofilas absorvam luz em todos os
comprimentos de onde do espectro visivel, a absorcdo é muite reduzida na
regifo do verde {entre 500 e 580 nm}, exibindp mdximos nas re§i5e$ do azul
vipleta 2 do vermelho, Maie precisamente, gquandp dissplvidas em 8ter, 3

clorefila a tem pices de absorcdo a 440 e a 660 nm e a clorofila b a 450 ¢

a 640 nm {Fig.0.2).

1.2



% W

Ao o~
3 g - Oty na cucdilz &
= - CHOnasiofia b

!
Oy Dl O o Dby
1

Gw T T Cpphg

A - B

e GHOHy
fou ~ CrE = L)
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Fig.11.2- Espectros de absorgdo  dos pigmentos
fotossintéticos guando solubilizados em éter. s picos
de  absorcdo  podem  varfar ligeiramente - com 3

polaridade do meio em que os pigmentos se encontram
dissolvidos,

Nas condigBes in vivo as clorofilas estdo associadas a protefnas
{e outras moléculas), constituindo os chamados “complexos clorofila-
protefna®™, o que oprovoca um deslocamento dos picos de absorgdo para
comprimenmtos de onda mais Tongos. Quando as caracteristicas de absorgdo
s&o examinadas in vive, 1isto €, com os pigmentos integrados nas membranas
tilacdides, ndo s6 o espectro de asbsorcdo da clorofila se estende a
comprimentos de onda em que as solugles diluidas do pigmento ndo  absorvem
mas ainda se observa um maior ndmero de bandas de absorgdo para 8 cfaroffla
a, que se distribuem entre 660 e 720 nm. Esta diversidade é atribuida a
interaceBes entre a clorefila 2 a proteina e 1dipides dé membrana  dando
origem a diferentes formas fisicas de clorofila a {isto € diferentes tipos
de agregados clorofila-proteina) e ndo & existéncia de distintas formas

quimicas de clorofila a. Das diferentes formas de clorofila a detectadas,
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as mais abundantes nas plantas superiores exibem picos de absorgdo a 662,

670, 677 e 684 nm,

CAROTENOIDES £ FICOBILINAS

Ds carptensides  constituem um grupe de pigmentos muito
diversificados, de ocovrréncia freguente tante no reino vegetal como no
reing animal, onde desempenham fungles védrias, por vezes mal esclarecidas.
Encontram-se associados aos pigmentos clorofilinos, em praticamente todos
os organismos fotossintéticos, ampliando a gama de comprimentos de onda da
Tuz visivel utilizdvel na fotossintese., Uma outra fungdo dos carotendides
é a de proteger a clorofila da fotoxidacdo que pode ocorrver guando as
intensidades luminosas sdo elevadas.

0s carotendides sdo hidrocarbonetos isoméricos formados por uma
vadeia central isoprénica com duplas ligacdes conjugadas e dois aneis
iondnicos terminais. Quando constitufdos exclusivamente por cavbono e
hidrogénic denominam-se carotenos; quando possuem um ou mé%s Atomos  de
oxigénio nas suas moléculas sdo designados xantofilas,

O principais carﬁteﬂéfﬁes presentes nos tecidos verdes s8o o B~
caratens, a lutefna, a vielaxantina e a neoxantina. Nos cloroplastos das
plantas superiores, as xantofilas s8o mais abundantes que o3 carotenns, 3
luteina podendo constituir quase 50% dos carotendides totais,

A accio fitotdéxica de certos herbicidas {(por exemplo, as
piridazinonas) resulta da sua accdo inibidora da sintese dos carotendides;
na auséncia destes, as clorofilas sdo destrufdas por fotoxidacdo.

&  designacio de ficobilinas engloba trés grupos de  pigmenins
acessérios {ficocianinas, ficoeritrinas e alo-ficocianinas), presentes nas
algas vermelhas e nas cianobactérias, Estes organismos, em contraste com

as plantas superiores e as algas verdes, exibem bandas de absorgdo gue
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cobrem de maneira aprecidvel a regido do verde (entre 498 e 600 mm), o
gue permite que alguns deles vivam em regifes profundas dos oceanos ‘nio

atingidas pela luz vermelha.
ABSORCAQ, TRANSFERENCIA E DISSIPAGAO DA ENERGIA LUMINOSA

Para pdr fim ao conflito gerado em torno dos modelos ondulatdrio e
corpuscular da radiac§o electromagnética, muito contribuiram os trabalhos
de Planck, 0s dois conceitos foram, de certo modn, compatibiltizados pela
proposta de que a luz se comporta como pequenas particulas {ditas
“virtuais® por nfo possuirem massa quando em vrepouso} indivisfveis
denominadas fotfes. A quantidade de energia possuida por um fotdo
denomina-se quantum (ou quanto), a qual varia inversamente com o

comprimentoe de onda da Tuz.
AﬁSORCﬁO DA LUZ £ EXCITACAQ ELECTRONICA

Em termos simplistas pode dizer-se gue a luz tem caracterfsticas
ondulatérias quando se propaga através do espaco, assumindo & sua natureza
corpuscular gquando  interactua com a matéria podendo, entdo, promover
reacedes  fotoguimicas.,  Sequndo o "principio de equiva?éhai& fotogquimica®
{(1ei de Stark-Finstein} um guantum, quando absorvido por uma substincia s6
pode activar, no wdximo, wuma wmoléeuls {ou dtomo) dessa substincia,
independentemente da energia do guantum,  Por outrs lado, 08 processos de
absorcdo da Tuz sdo sempre “gquantizades”, 1dsto & , & energia de um fotdo,
sendo indivisivel, s4 pode ser capturada na sua totalidade, o que implica
que  s6  possa ser utilizada quando o seu valor for exactamente igual ao da
energia requerida pela transicdo electrdnica que tem lugar na molécula

absorvente, Por outras palavras, as transicdes moleculares provocadas pela
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Tuz envolvem um  “salto" ou transicdo de electrfes de orbitais de menor
energia (E } para orbitais mais energéticas {E }; esta transigdo s6 ocorre
2

se a energia do guantum {(hv) for igual a £ ~-E :
Z

1
hy
Estado basal {E1)} p Estado de excitacdo {E2)
transicdo '
electrdnica

DISSIPAGAO E MIGRAGAO DA ENERGIA DE EXCITAGAO

0 estado de excitacdo electrénica é , nérma?menté, muito instdvel. O
tempo de excitacdn {tempo médio que uma Qanufaqﬁc de mﬁ?écu?as Teva a
retomar o 5eu1§stada gasa? {nio excitado} é muito curto, freguentemente da
ordem de I&W a Eﬁm sequndos. &&s o processp de desexcitagdo pode ter
1ugaf através de diferentes mecanismos: gquando os electrdes “energitizados®
retomam o0s seus nfveis de energia normais, isto € , quando a molécula
excitada retorma a0 seu estado basal, a energia de excitagdo boode ser
dissipada por libertagdo de calor ou pela emissdo de radiagdo, pode ser

transferida a outra molédcula que é , por sua vez, excitada ou pode ser

utilizada na promocdo duma reaccdo quimica:

- f0 + calor
hy p Ao+ hy

[V U ol
.. P ho + BX

A & modificada {reaccioquimica)
E frequente uma molécula poder atingiv, por excitagdo,

diferentes niveis de energia consoante a energia do fotdeo. Quanto mais
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elevado for o nfvel de energia atingido pela moldcula, wmaifor 2 sua
instabilidade e menor o seu tempo d§zexcitag§0. Quande o tempo médio do
estado excitado € da ordem de IGM T a 1S~11 5, a molécula passa wuito
rapidamente a um estado intermédip de energia, Tibertando calor; este
estado  intermédio €&, normalmente, o estado de excitaclo de mais baixa
energia que a molécula pode alcangar.  S@ Qquandc a molécula permanece
excitada durante tempos superiores a .}an 5y pode o  processo de
desexcitacfo dar origem a outras fendmenos, distintos da libertacdo de
calor,

Quando a molécula dissipa a energia de excitacfo por emissdo de
radiacdo (fluorescéncia) o comprimento de onda da radiagdo emitida € sempre
superior ao da radiacdo absorvida., Isto €, o espectro de fluorescéncia Qém
deslocado para o lado do vermelho, relativamente ao espectro de absorcdo
{fendmeno conhecido por “desvioc de Stokes™).

A motécula éxcétada pode transferir a energia que excede a do
estadn basal a uma outra molécula. Esta transfer8ncia de energia processa-
se através dum mecanismo particulae, complexo e ndo totalmente esclarecido,
que se denomina "ressondncia indutiva®. A transferéncia de energia por
ressondncia  indutiva sé pode ocorrer quando as moléculas envolvidas no
processy satisfazem certo ﬁémérc de requisitos, enfre os quais se destacam:
as moléculas tém de estar a uma distincia adequada umas das outras (5 a 10
nm) e os seus espectros de absorcdo tém de se  sobrepor, pele menos
parcialimente,

A energia da molécula excitada pode promover uma reaccdo quimica.
As reacgbes fotoguimicas podem alterar as moléculas gque nelas participam em
maior ou menor extensdo, conscante a energia dos fotdes, Porém, a luz
visivel sé actua ao nfvel dos electries ndo conduzindo, normalmente, a
alteragfes profundas na estrutura das moldculas. Na fotessintese, as

moléculas de pigmentos promovem, quando excitadas, a emissdo de electrdes
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a partir de moléculas especiais de clorofila a constituintes dos chamades

“centros de reacgdo”. Isto &, as alteracBes quimicas promovidas pela luz,

gque vdo dar - origem ao-infcio da  fotossintese, envolvem essencialmente

reacedes de oxidagfo-redugdo.
ABSORCAQ DA LUZ PELAS MOLECULAS DE CLOROFILA

Por accdo da luz, a molécula de clorofila a pode alcangar

diferentes niveis de energia (Fig.11.3).
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Fig.11.3~ Niveis de energia correspondentes a diferentes
estados de excitacdo da clorefila a.

A absorcio de um quantum de Tuz azul conduz 3 um estado de

excitagdo  (designado  “segundo estado singleto de excitacdo®) mais

energético do que o resultante da absorcdo de um quantum de luz vermelha
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{primeiro estado singleto de excitacdo). Todavia, a luz vermelha, embora
mais energética, nfo € mais eficiente na promogdo da fetossfnteselaarque a
moléoula de clorofila a permanece muito pouce tempo {cerca de }G“ : s} no
segundo  estado singleto de excitacfo; quando passar ao primeiro estado de
excitacdo, menos instdvel, Tliberta a energia extra sob a forma de calor,
Isto é , quento a molécula de clorofila absorve luz azul, sofre sempre um
processo de “relaxacdo" passando rapidamente ac estado de excitacdo de mais
baixa energia antes de participar no acto fotoquimico. Isto equivale a
dizer que os quanta de Tuz azul tém a mesma eficdcia dos quanta de Tluz
vermelha na promocdo das reacgfes fotoguimicas da fotossintese,

Um electrdo no estado singleto de excitacdo pode inverter ¢ seu
“spin” passando a um estado tripleto de excitacdo, perdendo alguma energia
(sob & forma de calor) no processo dado que a inversio do "spin” envolve
sempre gualquer tipo de interaccio com o meio ambiente,

As moldculas permanecem excitadas durante mais tempo nos estados
tripletos do que nos correspondentes estadons singleto {dada a inversie do
spin ter uma baixa probabilidade de ocorréncial o que confere mais
reactividade aos trip?etes“ Porém, nas condi¢fes in vivp, a concentragio
de tripletos de clorofila 8 negligivel. HNos cloroplastos, a transferéncia
de energia entre wmoléculas de pigmentos e a sua- utilizacdo no acto
fotogquimice  {processos que envolvem estados singletos de  excitagdn)
processam-se & taxas muito mais rdpidas do que a taxa de passagem dos
estados singleto a tripleto. Nas condigles in vive, a3 reacgles
fotoquinmicas competem eficazmente quer com a formagdo de tripletos guer com
a emiss@o de fluorescéneia, Uma fotossintese eficiente exige que o
aparetho fotossintético esteja organizado de maneira a que 2 transferénecia
de energia por ressondncia se realize com alto rendimento, assegurando que

uma quantidade mdxima da energia recebida seja canalizada para as reacgfes

foteguimicas,
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CADEIA FOTOSSINTETICA DE TRANSPORTE DE ELECTROES

.UNISAQES FOTOSSINTETICAS E FOTOSSISTEMAS

Cada acto fotoquimico (emissdo de um electrdo} € realizado por
um grupe de moléculas de clorofila e de outros pigmentos {por vezes
denominados “pigmentos antena") que captém e transferem a energia de um
fotdo até ao “centro de reaccdo” {uma forma fisica especial de vciorcff?a
a} que Thes esté associade, promovendo neste a libertacdv de um slectrdo.
‘Este conjunto de pigmentos captadores de Tuz e respectivo centro de reacgdo
tem a designacdo genérica de “unicade fotossintética®.
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Fig.11.4~ Representacdo esquemdtica de uma unidade
fotossintética.

0 conceito de unidade fotossintética desenvolveu-se, nos anos 30,
a partir dos estudos de Emerson e Arnold sobre a produgdo ou eficiéncia
quintica {producdo de 0 por fotdo absorvido) de algas verdes. Estes
trabalhos mostraram gue a libertacfo de uma molécula de 0  envolve a

?
absorcdo da energia de 8 fotdes por cerca de 2400 moléculas de clorofila.
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Foi entdo sugerida a cooperacdo de 2400 moléculas de clorofila numa mesma

“unidade” libertadora de 0 , de maneira que 8 quanta absorvidos por

2
auaisquer moléculas pertencentes ap conjunto das 2400 clorefilas podem,
- +
colectivamente, promover a libertaclo de 1 moléculade 0, 4de e 4H &

2
partir de 2 moléculas de dgua:

. " .
2HO e I + 4H + de
2 K4

Foi a este conjunte de clorofilas gue foi dada s designacdo de unidade
fotossintética, Mas, como se verificou mais tarde, neste prdtessﬁ
participam dois fotossistemas {fotossistema I e fotossistema II) cada um
deles constitufdo por pigmentos captadores de Tuz (pigméntos antena) e
respective centro colector. Assim a libertacdo de uma molécula ﬁelﬁ estd
asspciada & captura de 4 fotdes por cada fotossistema. gmbara,
usuaimente, o conce%ta de unidade fotossfntética s associe aos complexos
clorofila-proteina de cada fotossistema, alquns autores consideram a
unidade fotossintética como o complexe funcional constitufde pelos dois
fotossistemas {o que faz sentido na medida em que a energia captada por um
dos fotossistemas pode ser parcialmente transferida a2 outro ¥fotossistema,

fendmeno conhecido  por Tspill-over®, ¢ gue implica ndo serem o5 dois

fotossistemas totalmente distintos do ponto de vista funcional).

NECESSIDADE DE DOIS ACTOS FOTOQUIMICOS NA FOTOSSINTESE OXIGENICA

A reacgdo fotoguimica global carvacteristica da  fotossintese
oxigénica {que utiliza a H 0 como fonte de electrdes, libertando 0 no
2 ?
processo) resulta de uma sequéncia ndo-ciclica de reacgfes gue conduz &

formacdo de ATP, de NADPH - o potencial assimilatdrioc utilizado na fixagdo
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do L0 e de outros compostos inorgdnicos em compostos orgdnicos:
)
£

hy
...... E . . + . . e
ZNADP  + 2H O + 2ADP + ZP1 ——p ZNADPH + 2H 4+ ZATP + 0 + 2H D
Z Z 2

As plantas precisam, no minimo, de 4 quanta por cada molécula de

4
NADP reduzida & de 8 quanta por molécula de § lihertada, Estes requisitos
2 .

sdo satisfeitos por dois centros de reacgdo {P e P} associados a dois

680 700 _
fotossistemas distintos {PSI e PSIT) ligados, em série, por uma cadeia de
transporte de electrdes (ver Fig.IL5). '

A necessidade da cooperaclp de dois actos fotoquimicos,
p%cmavfdas por ﬁéfs_fcteséigtemas, foi nﬁsia em evidéncia, nes‘anﬁs 40, em
resultados dos trabalhos de Ewerson e colaboradores. A observacdo de que‘a
eficiéncia quantica da folossintese desce abruptamente quando o tecido
fotossintético €  iluminado com luz de comprimento de onda na regife do
vermetho longfnguo (Tigeiramente acima de 680 nm) - a chamada “gueda no
cermeiho” - foi inesperada em virtude de ter lugar dentro da banda de
abso%g&o da clorofila a. Investigagfes subsequentes mostraram que &
aplicacfo simultdnea de Tuz vermelha ineficiente {A 680 nm) e de Tuz de
compriments de onda wmafs curto dava origem a uma taxa fotossintética
suyperior & soma das taxas corrvespondentes a cada um dos feixes Tuminosos

guando aplicados separadamente. Este efeito sinergético, conhecido por

“efeito cumulative de Emerson”, vresulta da necessidade de ambos o8

fotpssistemas serem  igualmente excitados para que a eficiéneis

fotossintética seja elevada, o que ndo é assegurado pela aplicacdo dum

gdnico comprimento de onda dado os fotossistemas terem diferente composicido

em pigmentes,  Ambas as reacgfes fotoguimicas, uma promovida pelo PSI e a
+

outra pelo PSII, s8c necessdrias para reduzir o HNADP  peles elesctrdes

Tihertados da Hgﬁ. Quando a luz tem comprimentos de onda que 5o
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absorvidos apenas, ou predominantemente, pelos pigmentos do PSI, como
acontece com a luz vermelho Tongfngua, diminui a eficiéneia da conversio da
energia. FEsta luz pode ser absorvida pelo P51 {que contém as formas de
clor. a que absorvem os comprimentos de onda mais Jongos} mas ndc pelo PSII
{gue contem as formas de clor a gue absorvem os menores comprimentos de

onda e a major parte da clor b e dos carotenddes).
TRANSPORTE DE ELECTROES, FOTOFOSFORILACRD E FOTORREDUCED

05 electrdes “energetizados" emitidos pelos centros de reacgdo
vdp percorrer uma cadeia de transporte de electrfes, percursc este gue vai
permitir a sintese de ATP {fotofasfarifagéc} e a reducdo do %AQ?+
(fotorreducdo).

0s componentes da cadeia de transporte de electrdes tém  um

arranjo anisotrdpice no interior da membrana tilacdide, dsto &, as

reaccles que se desenrolam na membrana s$80 processos vectoriais,

CADEIA DE TRANSPORTE DE ELECTROES

Fm 1960, Hill e Bendall elaboravam uma representacdo esquemdtica
da cadeia de transporte de electrfes, na gual os fotossistemas (dispostos
em série} e os transportadores secundd@rios estdo ordenados de acordo éﬁm 0%
seus potenciais redox.  Este modelo, conhecido por esquems gg\g, mantém-se

actual nas suas linhas gerais; a Fig,Il.% ilustra a2 sua versdo actualizada,
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Fig.I1.5~ Esquema em Z do transporte fotossintético de
electries. PA,pigmentos antena; F, feofitina {clorofila
a desprovida de Mg; QA e (B, semi-quinonas; PQ,
plastoguinona; Fe-5, ferrosulfoproteina de Rieske; b,
citocromp b563; f, citocromo f3 PC, plastocianina; Ao e
Al, moléculas especiais de clor a; Fx, FB e FA,
forrossulfoproteinas do  tipo da ferredoxina; Fd,
ferredoxipna; FHR, ferredoxina~NADP+ redutase; P700 ¢
Pe80, centros de  reaccdo do P8I e do  PSII,
respectivamente,

A organizacdo dos complexos proteicos e suas relaglBes espaciais
nas membranas tilacdides sd agora cémg§am a ser compresndidas. 0 recente
isolaments de complexos activos permitiu concluir que a wmaiforia dos
componentes da cadeia estd organizada em trés complexos supramoleculares,
cada um deles estendendo-se através de toda a membrana, designados:

complexo PSII, complexo citecromes b-f € complexo P31 {Fig.l1.6}.
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Fig.11.6~ Sequéncia do transporte de electrfes nas
membranas - tilacdides  ilustrativa das principais
relacfes entre 63 complexos proteicos sumramoiegu1ares
& outr@s compoaentes da cadeia.

Estes trés camgfexos ndo interactuam directamente entre 51 mas através
de outras moléculas transportadoras de electrfes. A plastoguinona {PQ)
liga o complexo PSII ao complexo cit b-f e a plastocianina ({PC) liga o
complexo ¢it b-f ao complexo PSI. A ferredmxina madeia’a transferéneia de
e!ectr&eg do éamg?axc PSSt & ferredoxina~ﬁﬁ8p% redutase {que se encontra na
face da membraﬁabéa Tado do estromal e, Qagsiv&fmﬁﬂte, ao complexe cit bef
no transperte ciclico de electrfes. & “pool” de plastoquinona abrange toda
a largura da membrana e transfere eplectrfes do aceitador primdric do PSII
{0} & ferrosulfoproteina de Rieske {Fe-S$) que faz parte do complexo cit b-
f. As moléculas de plastoquinona, cujo teor é mais elevado que o de
gualquer outrp componente da cadeia, exibem alta mobilidade na plano
lateral da membrana, transferindo rapidamente protfes através da membrana

{do estroma para o ldmen do tilacoide), simultancamente com o transporte de

electrfes., Desta maneira, as cadeias de transporte de electrfes funcionam
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como  pontes® que atravessam toda a membrana tilacoide, permitinde que os
electries ‘“extrafdos” da dgua {no ladp do ldmen do tilacdide} passem, a0
longe da espessura da membrana, a ferredoxina {que se encontra na face da
membrana do lado do estroma) As moléculas de PO depois de reduzidas pelos
electrdes (me} ligam-se a protfes provenientes do estroma (PQH }; estes
sfo transportados para o lado do Tdmen {onde s8o libertados) e OSZeYQCtrées
transferidos & ferrosulfoproteina de Rieske, ficando a plastoquinona
oxidada. Isto é , o transporte de electrfes estd acopfada a um “ciclo da
plastoquinona” que “bombeia® Brotﬁesv do ’éstrsma para o interior do
tilacdide no sentido inverso ao do transporte de electrdes, aumentandﬁ a
+ ,
concentracio de H no ldmen do tilacdide e contribuindo, assim, para o
estabelecimente do gradiente de pH que, de acoréo com a teoria

quimiosmética, gera a forca motriz que vai ser utilizada na sintese de ATP,

Complexc PSII -~ A energia absorvida pelos pigmentos antena do

PSIT & trensferida ao respectivo centro de reacclo (P . } induzindo neste
a emissfo de um electrio que val ser recebido ﬁpgr um  aceitador
intermedidrio, a feofitina a (molécula de clorofila desprovida de Mg). Da
feptitina, os electrfes sdp rapidamente transferidos ao primeirs aceitador
“estdvel” dos electrdes do P, designado por § que, tal como §§ , & uma
680 A B

molécula especial de plastoguinona {plastosemi-quinonal, QA ] Qgg quando
reduzidas, transferem os electres para a "pool” de plastoguinona.

Muitos herbicidas utilizados em agricultfura actuam por inibic8o
de reaccles primdrias da  fotossintese., Exemplos tipicos s8p certos
compostos derivados da ureia {come o diuron} e a atrazina., A& accdo
inibitéria destes herbicidas resulta da sua ligagdo ac centro §  do

B
complexs PSII, interrvompendo o transporte de slectrfes na cadela.

11.17



Complexp citocromo b-f - E  um complexo proteice integral

constitufdo por um polipéptide de citecromo f, um polipdptido contendo doig

citocromos b {b '} € pela fervosulfoproteina de Riesske,
6 563

Complexp PSI -~ 0Os electrfes excitados do centro de reacgdp do PSI

{P } s8c transferidos 3 ponl” de ferredoxina através duma série de

700
transportadores: Ao, Al {formas especiais de clorofila a), FX, FBe FA

{fervosulfoproteinas do tipe da ferrvedoxina}, 0 centro FA reduzido

Py

transfere os electrdes &  “pool” de ferrvedoxina; esta, cue ndo €
considerada componente  do complexo P8I, & por vezes  denominada
“ferredoxina soldvel”™ por se encontrar frouxamente ligada &  membrana

tilacéide {ao contrdrio do que acontece com as ferredoxinas Fx, FA e FB,

“

gue estdo fortemente ligadas & wmembranal.
%.,

Da ferredoxina, o3 electrdes sdo transferidos ao NADP por accdo
i.
da enzima fervedoxina-NADP redutase que se localiza na face do tilacdide

voltada para o estroma, FEsta enzima também pode reciclar os electrfes da
ferredoxina reduzida para a "pool" de plastoquinona {via citocromo b},

565
dando assim origem a um fluxo cfclico de electrfies em torno do PSI {ver

Figsdl.5 e 11,8},

Fluxos Ciclico e Pseudo-Ciclico de ElectrBes - 0 transporte de
./},
electries da dgua ao NADP  denomina-se fluxo ndo-ciclico ou acdclico de

electries, Mas o P51 pode mediar wm transporte cfclico de slectrfes no

qual participa o complexo cit b-f. Neo fluxe ciclico, a Fd redurzida

e
transfere electrfes & “pool” de PG, wvia c¢it b , @ ndo ap NADR  {ver
56

Figs. 11.% ell.6). Das moléculas de P, os electrdes seguem para o P
708

através do complexo c¢it b-f ¢ da PC. Desta maneira, ¢ transporte cfclico
+

funcioena em circuiteo fechado; ndo reduz o NADP mas permite a

onans
s

fomnd
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sihtese de ATP.
e

Pensa-se que o fluxe ciclico é regu!ads pela razdo NADP /NADPH,
isto € , que s6 opera a uma taxa signiffcéifva quéhdo é %azéé &A%P+ZQ§S?H
desce abaixo de determinado valor critico., Nas situagfes em que o fluxo
acfclico ndo gere ATP em quantidades suficientes para satisfazer a
assimilagdo do €0 ie outras necessidades energéticas do cloroplaste, entdo
a insuficiéncia de ATP vai limitar a taxa a que sé oxida o NADPH, Nestas
condicfes, o NADPH tende a acumular-se com é consequente diminuicdo do teor

+ + :
de NADP . Nio havendo NADP para aceitar os electrfes, estes sin desviadog
para a via cfclica {e pseudo-ciclica), ¢ gque permite um awmento dos niveis
de ATP sem formag¢8o de NADPH.

Mehler observou, no prihn{pia dos anes 50, gue a Tluminacic de
tilacéides Jsolades conduz a uma lenta rédug§a do 0 quando o meio de
incubagdo se encontra desprovido de qualguer $ubst§ﬁcia aceitadora de
electries, » Esta reacgdo, na gqual o 0 & gfmultaneamente Tibertado e
consumido  em resa?tado de acgles promavfdag pela cadeia de transporte ‘de

electrfes, £ conhecida por ‘“reacgdo de Mehler" e estd  associada ao

chamade fluxo pseudociclico de electrfes (ver FigM.5). Este fluxe €

facilmente  demonstrade, em a?ar@piaétes isolados, por adicdo de
determinados aceitadores artificials de electries coms, por exemplo, o
metil-viologénio. Este composto 8 reduzido pelos electrdes provenientes
das Tervedoxinas do complexo PSI, mas transfere rapidamente ps equivaleniss
redutores ao 0 , dando origem & formagdo do radical superdxido (0 -}, o

2 ¢
gual € convertido em H 0 por accdo da superdxide dismutase, uma enzima
z

abundante no cloroplasto.

A reaccdo de Mehler produz, além de H 0, um certo ndmero de
22
radicais de oxigénic altamente téxicos.,  Em condicdes normais, a célula

possui mecanismos que permitem anular os efeitos de tais substincias., Mas
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quando a reacgdo de Mehler é activada pela presenca de metil-viologénio,
os referidos radicais vio oxidar védrios componentes da membrana, tais como
pigmentos e lipidos, danificando a célula. E nesta base que se fundamenta

a utilizacdo do metil-viplogénio {comercialmente conhecido por “Paraguat®)

como herbicida.
.§.

Embora o NADP  tenha uma afinidade para os electries myito maior
gue ¢ 0, a fotorredugdo directa do 0 pela cadeia de transporte de
2 2 .

electrdes & inevitdvel nos organismos cuja fotossintese é oxigénica. 00
2

+
Tihertado na fotossintese acabard por competir com o NADP em relacdo aos

eguivaientes redutores, o transporte pava o O sendo estimulade guands 2
+ ’ :
razdo NADP /NADPH é baixa. Foi sugerido que o transporte pseudo-ciclice,
na medida em que permite o fluxo de electres a partir da dgua, estabiliza
és potenciais redox dos transportadores da cadeia de maneira a permitir a
ocorréneia  do fluxe efclico.  Para que o fluxo ciclico se manéfesté, 0
fornecimento de  electrdes pelo PSII ndo pode ser totalmente anulado pois
se o fosse o fluxo oiclico ndo disporia de electrfes; um fluxo lento de
electrdes, do PSII para o PSI, é necessdric para manter um equilibrio dos

potenciais redox dos fransporviadores de maneira a permitiv o movinento dos

glecirfes,

FOTOFOSFORILACAD

A sintese de ATP requer uma fonte de energia e uma enzima
especifica {a ATP sintetase ou factor de acoplamento). A passagem dos
electrfes através dos transportadores, cujos potenciais redox vie sendo
sucessivamente menos negativos, fornece a energia necessdria ao processo de
fosfcrf?ag&o do ADP., A ATP sintetase encontra~se em todas as membranas
transdutoras de energia {cloroplastos e mitocfndrios). De acordo com 2

teoria guimiosmdtica, o arranjo vectorial e assimétrico dos componentes da
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cadeia de transporte de electrfes no interior da membrana {que ndo permite
o transporte passivo de HY) vai promover a entrada de protdes no lado da
‘membrana  virade para o estroma e & saida de protes na face oposta da
membrana (ver FigJdl.7}). 0 fluxo de protdes do estroma para © espaco
intratiiaéﬁiée val dar origem a um gradﬁenﬁﬁ de pH { ApH) criando,
simultaneéﬁeﬁte, um gradiente de potencial eléctrico (AY lem resultado da

separagdo de cargas. Isto & , na,sfntese‘devé?? é utilizada uma forca

m@tff?~p&0iénica {FMP oufp) que tem duas componentes: ASQH, que reflecte a
difshen¢é  8@ concentragdo hidrngéﬁiénita nés éais ?ados da wewmbrana e
AY resultante da diferenca de potencial eléctrico que Se estabelece em
resultado do movimento unidireccional das cargas dos protées.

A luz, o valor de pH através das membranas tilacéides & cerca
de 3 unidades de pH. Na majoria das éituagﬁes, AY é  grandemente
neutralizado por um influxo de ides de cloro e um efluxo de ides de
magnésio, o que implica uma baixa contribuicdo de AY para a magﬁituée de A p
{ap contrdric do que acontece nos mitocdndrios).

A membrana, que acopla d transporte de electrfes &  sintese de
ATP, possui ‘“regifes" onde o movimento de nrot§és ao longo do gradiente
electroguimico  vai promavé? a sintese de ATP, na medida em que contribui

para ¢ fluxo de protdes {do estroma para o interior dos tilacddes). Estas

regifes sde  conhecidas  por  centros  transdutores  de  energia”,

fraquentemente designados, embora inadequadamenter, por ‘“centros de

fosforilacdo".
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Fig.I1.7 ~ Representacdo esquemdtica das relagfes entre o
transporte de electrfes promovido pela Tuz, a8 acumulacgdo de
protfes no ldmen do tilacdde e a sintese do ATP pela ATP
sintetase {complexo CFo-CF1 ou factor de acoplaments}, A energia
dos electrfes activados pela luz € conservada através dum
acoplamento do transporte de electrdes nas membranas tilacdides
a¢ transporte de protdes do estroma para o Tdmen,

A captura de 4 fotdes pelos fotossistemas (2 pelo PSIT & 2 pelo
.4},

P51} conduz & acumulacdp de 4H no Vdmen do tilacdide, dois provenientes

da oxidacdo de 1 molécula de H 0, os outros dois sendo transportados do
2

estroma  para o ldmen pela "homba® de plastoquinona {ver FigJ.7}. A
+ '

acumulacdo de H no ldmen do tilacdide gera a forga motris proténica  que

tende a “empurrar” os protdes para o estroma através da ATP sintetase.
Embora a teoria guimiosmética explique o mecanismo que acopla o transporte

de electries & producldo de ATP, ainda ndo esclarece bem o mecanismo

molecular da transdugdo de energia a nivel da ATP sintetase.

Existe evidéncia experimental indicativa de que a sintese de 1
w}v

molécula de ATP requer a passagem de 3H através do factor de acoplamento,
+

mas este nidmero € incerto dado existir um fluxo basal de H que ndo €
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+
fosforilativo, 0 que sugere gque a razdo H /ATP pode ser inferior a 3. Para

o transporte ndo-ciclico de electrdes considera-se que ¢ valor da razdo

+ -
H /2¢ {ndmers de protdes acumulados no ldmen por par de electries

transportados na cadeia) é igual a 4. Considerando que a sintese de 1 ATP
+ - -
requer 3H , o valor da razdo ATP/?e (ou Pi/ffe , isto é , o nimero de

moléculas de ATP sintetizadas por par de electrfes transportados na cadeia)
+ N 0ot
serd 1,33, RazBes H /JATP inferiores a 3 conduzirio a valores de ATP/Ze

oo

superiores - a 1,33, As determinacfes experimentais da razfo ATP/2e¢ para a

fotofosforilaglo acfclica ddo valores entre 1,5 e 2.

RELACOES ESTEQUIMETRICAS E CONTROLOS FISIOLOGICOS

A assimilacdo de 1 molécula de €O requer 3 moléculas de ATP {nas
e
plantas € )} e 2 moléculas de NADPH. Assim, admitindo que este ATP £

3
fornecido pela fotofosforilagdo acidica, uma estequiometria corrects exige
gue durante o transporte de 4 electrfes {necessirios para reduzir 2
.,;.
moléculas de NADP } sejam sintetizadas 3 moléculas de ATP ou seja, o valor

minimo da razdo ATP/4e deverd ser igual a 3, o que equivale a ATP/2e =
=1,5,

A5  opinibBes sobre a participacdo da fotofosforilacio cfclica na
assimilaclo do €0 sdo contraditérias., Certos cientistas defendem ¢ ponto
de vista de que agmaiﬁr parte do ATP utilizado na assimilacdc do carbone ¢
produzido pela forofosforilagdo acfolica. e acordn com este ponto de
vista, as fotofosforilacfes ciclica e pseudocicliica 8 desempenhariam
fungfes relevantes em condicfes que restringissem apreciavelmente a taxa de
fluxe acfclico de electries.

A complexidade do processe fTotossintétice reflecte-se nos

mecanismos da sua regulaglo, 03 quais se exercem a diferentes niveis e de

maneiras raramente bem compreendidas, Reconhece-se, porém, a importincia
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das taxas relativas de formacdo do ATP e do NADPH e das disponibilidades em
£0 , fosfato inorginico e outros metabolitos, no controlo da fotossintese.
Emz condicfes de fraca luminosidade, o fluxo nfo-cfclico de electrdes €
lento, o que se reflecte numa diminui¢do da taxa a que o ATP € sintetizado
mesmo quando hd disponibilidades de NA§P+, {uantidades limitantes de ATP

conduzem a uma acumulacdo de NADPH e a um aumento do fluxo cofclico de

electrBes e da correspondente fotofosforilacdo cofclica. Quandop . a

intensidade Tuminosa € elevada, ¢ fluxe de electrfes £  essencialmente
.,§.,

acfclico na presenca de NADP e quando o fornecimento de €0 e de oputros

2
substratos é adequado; nestas condi¢fes, a sintese de ATP promovida pela

fotofosforilacdo nig-cfelica  poderd satisfazer  as necessidades
metabdlicas., Mas quando a luz é abundante mas a concentracdo de £0 £
limitante {quando, por exemplo, os estomas fecham a meio dos dias qﬁgntes
de verdo}, o NADPH acumula-se, o fluxo ndo-ciclice é vretardado e aumenta a
taxa do fluxo cfelico. 0 fluxo pseudo-ciclico de electrdes também permite
+
a3 sintese de ATP quando o NADP  esta indisponivel, particularmente em
situacfes de forte intensidade luminosa., Em gualquer situagdo, um baixe
consumo  de ATP pela célula leva a uma diminuicdo das taxas a que o ADP e

o fosfato inorglnico sfo fornecidos & ATP sintetase e a2 uma inibiglo de

qualquer tipe de fosforilacfo,

Y

A yerif%cag&c de que 3 reducdo do L0 requer uma razdo ATP/Ze
de, pelo menos, 1,5 {nas plantas € , pois egtezvaiar ¢ maior nas plantas
£} estd longe de veflectir as mecezgi&adeg 4o cloroplasto em energia, uma
vgz que o ATP formado pela fotofosforilacfo ndn € utilizada exclusivamente
na assimilagdo do €0 . Além de poder ser "exportade™ do cloreplasto para o
citoplasma, o ATP g consumido no transporte activo de ifles e de oputras
substdncias, em vdrias reacgfes biossintéticas (designadamente na sintese
de protefnas) e no metabolismo do azoto. Nesta maneira parece  pouco

provdvel que as necessidades do cloroplasto em ATP possam ser totalmente
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preenchidas pela fotofosforilagio ndo-cifclica {cujos valores experimentais
da razﬁa'AT?/Ze- variam de 1,5 a 2}, As duas vias capazes de formar ATR
extra sfoc os fluxos cfelico e pseudo-cfclico., Embora se reconhega a
importdncia da vrazdo ATP/NADPH na requlagdo do desvio dos electrfes do
fluxe ndo-ciclico para os fluxes cfclico e pseudo-ciclico, pouco se  sabe

sobre aste assunto,
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111 - REACCOES DE ASSIMILACAQ DO CO
2

Através da fbtaséfntese, as p?ahtas produzem  fundamentalmente
hidratos de carbono e oxigénio molecular, a partir de didxido de varbono,
dqua, ATP e NADPH (Fig.IIl.1}), A equagdo global da fotossintese nas

plantas pode entdo representar-se pela seguinte equaclo:

3

600 +6HQ ~—p CH O +60 1350 = +2870 KJ/mol
2 2 612 6 2 «
Trata%éé»se de um precesso fortemente endergénico, a ene?gfa ¢ o potencial
redutor necessdrios 3 sintese dos hidratos de carbono sd3o  fornecidos,
respeétivamamte, pelo  ATP e NADPH produzides nas reacgles fotogquimicas da
fotossfntese. Sdo, portanto, o ATP e o NADPH que estabelecem, a nivel
| hibggimico, a ligacdo entre as membranas ddg tilacdides {onde ocorrem as

reaccles luminosas) e o estroma do cloroplasto {onde se processm  as

reacgfies nio-luminosas).

H O
Z N

. Reac¢fes luminosas

{ 3&“@ { 2nappH )
8y v v
2 %

_;/ Reaccdes ndo-luminosas

/720 =

-

P2

{CH D)«
2

Fig,I11.1 - Esquema geral da fotossintese
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{ CICLO DE CALVIN

Na assimilacde fotossintética do carbono, o €0 Tiga-se a
uma molécula aceitadora de modo 2 originar a formacdo de um gava qrupn
cafﬁaxf¥ica, Para que este processo possa continuar torna-se necessdria a
regéneragéo desse aceitador e, para gue a planta possa crescer, € precise
gque a quantidade do aceitador éumente. 0 ciclo de reacgfes responsdvel por
este processo foi elucidado por Calvin e colaboradores, recebendo por isso
as dasignagéeﬁ de ciclo de Calvin, ciclo de Calvin-Benson, ciclo de Calvin~
Benson-Bassham, c¢iclo redutor dos fosfatos de pentose ou ciclp da reducdo
fotossintética do carbono,

Este ciclo ocﬁrre ﬂb estroma dos clorvoplastos, envolvendo
essencialmente apenas uma nova reécg%o:, a carboxilaclo da rfbu?osé 1,5«
bisfosfate., As restantes reaccfes sdo idénticas as reacgfes cft@sé?itaa da
glicolise ou da via dos fosfatos de pentose. E conveniente a divisio do
cicle em fases {Fig.I11.2 e Tabela 1I1.1): fase | = reacclo de
carboxilacdo; fase 1! - reduclo do 3-fosfoglicerato; fase IIl - regeneracfo
da ribulose 1,5-bisfosfato. Exteriormente ao ciclo de Calvin pode ainda

considerar-se a fase IV, da sintese dos produtos da fotossintess.

ESTEQUIOMETRIA DO CICLO DE CALVIN

A carboxilacdo de 3 moléculas de ribulose 1,5-bisfosfato {com 5
atomps de € cada) produz & moléculas de 3-fosfoglicerato {com 3 dtomos de €
cada}, com um toial de 18 dtomes de €. Destes 18 dtomos, apenas 15 sdo
necessdrios para regenerar as 3 moléculas de ribulose 1,5-bisfosfato, Os

restantes 3 &tomos de € correspondentes a uma molécula de 3-fosfoglicerato
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~~~~~~~~~~~~ P (5~~~ = ~BC5 - — = = ~B5 RUBP

3L :;ANK g;}xx ’}%& I carngélag§0
2
€3 C

€3 €3 €3 C3 PGA
& NADPH . . . _
6 ATP ] | ; Il redugdo
€3 €3 €3 €3 €3 €3 Triose~F;
£e (3
f
£3 c4 c5
} 111 regeneragio
€3 £7
€5 cs C5
3&??~wwb; _; 4 J
wwwwwwwwwww AL (H Al e e (R RuBP =
¥
€3 e 1V sintese
]
Produtos da
Fotossintese y
Fig . 111.2 - Esguema simplificado dop ciclo de Calvin ilustrands &

estequiometria envolvida. Trds moléculas de ribulose 1,5-bisfosfato (RuBP)

reagem com trés moléculas de CO para originarem seis moléculas de 3=
2
fosfoglicerato {PGA}. Fstas sdo convertidas em trioses-fosfato {triose-P},

com o consume de ATP e NADPH, Cinco destas moléeulas s8o rearranjadas de

modo & regenerarem as trés moléculas iniciais de RuBPF, com o consumo de
mais ATP. A sexta molécula de triose-P € utilizada em reaccles de

sintese,
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Fase

Fase

Fase

SOMA -

Tabela T11.1 - Enzimas e reaccles envolvidas no ¢iclp de Calvin

1 : Reaccdo de carboxilacdo
enzima : ribulose bisfesfato carboxilase, EC.4.1.1.39 ;
& ribulose 2,5~b§sP+GCOZ+6Hg§ - 12 3-Pglicerato AGY =-35,1KJ/mol

1T ¢ Reduglo do 3-fosfoglicerato
enzima : fosfoglicerato cinase, EC.2.7.2.3 .
12 3-Pglicerato+l2 ATP = 12 1,3-bisPglicerato+12 ADP AC == 18, 8KJ /mol

enzima : NADP-gliceraldefdo 3-fosfato desidrogenase, EC.1.2.1,13
12 1,3-bisPglicerato+12NADPHHIZH, —= 12 gliceraldefdo 3-P+
+12NADP++12P1 AG% =-6,3KJ /mo?

111 : Regenevac8o da ribulose 1,5-bisfosfato
enzima : triose fosfato isomerase, EC.5.3.1.1 :
5 gliceraldefdo 3-P —ae 5 dihidroxiacetona-P AR =7 ,5KJ /mol

enzima : aldolase, EC.4.1.2.13
3 gliceraldefdo 3-P+3 dihidroxiacetona-P e 3 frytose 1,6-bjsP
AGP =423,0Kd /mo1

enzima : Trutose bisfosfatase, EC.3.1.3.11 o
3 frutose 1,6-bisP+3 HQO i 3 frutose 6-P+3 Pi AL =-16,7KI/mol

enzima : transcetolase, EC.2.2.1.1 _
2 frutose 6-P+2 gliceraldefdo 3-P s 2 xilulose 5-P+2 eritrgse 4-P
AGY =46, 2K /mol

enzima @ aldolase, EC.4,1.2.13 .
2 eritrose 4-P+2 hidroxiacetona~P —e-s 2 sedoheptulose 1,7-bisP AGS =7

enzima : sedoheptulose bisfosfatase, £E€.3.1.3.37 o
2 sedoheptulose 3,7»&is~?+2%20 - ¢ sedoheptulose 7-P+2 Pi AGT =-16,7KJ/mol

enzima : transcetolase, EC.2.2.1.1
2 sedoheptulose 7-P+2 gliceraldefdo 3-P wseww 2 ribose 5-P42 xf?u?iieg$w?
GY =7

snzima : ribose fosfato isomerase, EC.5.3.1.6 o
2 ribose BeP —ss ¢ ribulose 5-P AGY =+7,7K) /mol

enzima : ribulose fosfato epimerase, EC.5.1.3.1 .
4 xilulose 5-f wsmse 4 ribulose 5P ALY =-0,5Kd/mol

enzima ¢ fosforibulocinase, EC.2.7.1.19 .
6 ribulose 5-P+HATP —w 6 ribulose 1,5-bisP+6ADP 516@ =71, 8% /mol

L0+ 12 NADPH + 12 TLE—

g Frutose 6-P + 18 ADP + 17 Pi + 12 NADP'

6 €O, + i8 ATP + 11 H
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podem ser utilizados na sintese da sacarose ou do amido, os produtos finais

da fotossintese {(Fig.111.2}.
A soma das reacgdes do ciclo de Calvin origina & seguinte equacglo

gquimica (Tabela I11.1):

, +
6 CO + I8 ATP + 11 HO + 12 NADPH + 12 H —p
2 2

. +
- Fryutose S-Ffosfato + 18 ADP + 17 P1 + 12 HADP

Atendendo a qve a frutose &6-fosfato assim praduzfﬁa pode ser canvértida em
glucose por acclo de enzimas glicolfticas, com o consumo de ume molécula de
dgua e a producio de uma molécula de dcido fosfdérico, a equacdo do ciclo de
Calvin Qéderé éntﬁﬁ escrever-se | -

..{..
6 C0 + 18 ATP + 12 H O + 12 NADPH + 12 H  w=p
2 2
+

—p glucose + 18 ADP + 18 Pi + 12 NADP

Dividindo esta equacdo por 6 obtém-se:

+ +
LO +3ATP + 2 HO+ 2 NADPH + 2 H ~—p (CH O} + 3 ADP + 3 Pi + 2 NADP
2 z 2
Esta equacdo mostra que a fotossinitese requere 3 moles de ATP & 2 moles de

HADPH para converter 1 mole de £0 a hidrato de carbono.
2

REACCRO DE CARBOXILACAC

Foi sempre considerado muite pouco provdvel que o didxido de
carbono pudesse ser directamente reduzido, admitindo-se Que ele se ligaria
a um receptor orgdnico entdo desconhecido.  Apds a identificacdo do  3-
fosfoglicerato (PGA) como o primeiro composto formado na fotossintese, foi
sugerido que o receptor deveria conter 2 dtomos de C. Foram dispendidos 5

»

anos de pesquisas infrutiferas até se veconhecer que ¢ receptor de €0
: Z
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poderia conter 5 dtomos de C em vez de 2, Assim, se apds a carboxilaclc de
um composto com & dtomos de C {originando uma molécula com & &tomns de ()
gste se decomposer, produrir-ge-3o duas moléculas com 3 dtomos de € cada,

A Fig,I11.3 mostra gue, na presenca de enzima ribulose bisfosfato
carboxilase {RuBPCase)}, o difxido de carbono reage com a forma enediol da
ribulose 1,5-bisfosfate ({RuBP)} para originar umfswcetoécidc instdvel, o
gqual sofre uma quebra hidrolftica ?ara formar 2 moléculas de PGA. A
variagio de energia livre padrdo Gﬁﬁa } da reaccio de sintese do PGA €  de
~35,1 KJ/mol, o que indica uma baixa tend&ncia para a ocorrvéncia da reacgdo
inversa, Assim, a reaccdo de carboxilacfo catalisada pela RuBPCase envolve
além da carboxilaclo e da cisdo hidrolftica da cadeia de 6 dtomos de € em
duas wmetades, também uma dismutacfo que permite a formagdo de um  segundo

grupo carboxiliico., Por este motivo, a RuBPCase tem sido também designada

por carboxidismutase.

REDUCAQ DO 3-FOSFOGLICERATO

1 PGA formado & um 3cido orgdnico, tendo por isso um nivel
engrgético inferior ao de um hidrato de carbono, A redugdo do PGA a
agucar, envolvendo a conversdo do seu grupo carboxilico no grupo aldeido da
triose fosfate, ocorre em duas fases {Tabela II1.1}: (i) a fosforilacdo do
PGA pelo ATP, catalisada pela snzima fosToglicerato cinase e {i1) & sus
posterior vreducdiv pelo NADPH, catalisada pela enzima gliceraldefdo 3~
fosfato desidrogenase. E nestas duas reaccles que sfo utilizados todo o

NADPH e 2/3 dp ATP necessdrios ao funcionamento do ciclo de Calvin.
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Como referido anteriormente, 1/6 da triose fosfato assim formada
& utilizada em reaccles de sintese, sendo os restantes 5/6 utilizados na

regeneracdo da RuBP, de modo a fechar o c¢icle {Fig.111.2).

REGENERACRO DA RIBULOSE 1,5-BISFOSFATO

A regeneracdn da RuBP é um processo complexe, dade gue utiliza
5/6 da triose fosfate formada. Contudo, este processo engloba um baixo
consumo energético, uma vez que envolve uma série de transformacfes
enzimdticas entre compostos com o mesmo nivel de redugdo. |

A regeneracdo da RuBP dd-se através de uma elaborada série de
reacgles, esquematicamente representadas na Fig.I1I1.2 e Tabela III.1.
Nestas conversfes, o cofactor tiamina pirofosfato {um derivado davviiamina
B } desempenha um papel importante, pois transfere grupos com 2 étemﬂs de C
entre dois acucares. A dltima reaccdo do cicle, 3 fosforilacio da ribulose

s-fosfate pelo ATP, regenerando a RuBP, consome 1/3 do ATP utilizado no

ciclo de Calvin.

0% PRODUTOS DA FOTOSSINTESE

05 primeiros  hidratos de carbono a serem Tormados pela  fixagdo
fotossintética do C0 sdo o gliceraldefdo 3-fosfato e a dihidroxiacetona
fosfato, 0% . gr@dutai do ciclo de Calvin, Através de um sistema de
transporte especifico localizado na membrana interma de cloroplasto, as
trioses fosfato {ou o PGA) podem ser trocadas por fosfato inorgdnice, de

mode a permitir a exportagdv de carbono vrecentemente fixado pare o

citoplasma, mantendo constante a concentraclo cloropldstica de fésforo.
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A formagdo de hexoses fosfate a partir das trioses fosfato
envolve uma série de reaccles enziméticas sem necessidade do  fornecimento
de energia, incluindo as enzimas aldolase, frutose bisfosfatase e glucose
&-fosfato 1isomerase para a produglo de frutese 1,6-bisfosfate, frutose 6-

fosfato e glucose 6-fosfato, respectivamente,
14

luando & f@rnecide(diéxida de carbono marcado com o isétopo C
a uma planta a fotossintetizar, a radicactividade aparece em vdrios
compostos, entre os guais hidratos de carbono, dcidos gordos, ldpides,
dcidos orginicos, aminodcidos, etc. A proporciio relativa destes compostos
parece variar com a intensidade luminosa & as concentragles de 00 e de O .
Contudo, os principais produtos finais da fotossintese nas p?aﬂias s&p ga
sacarose ¢ ¢ amido,

A sacarose € a principal forma de carbono trans]ecadé das folhas
adultas para os orgdos em desenvolvimento & de vreserva. Ewmbora tenham
persistido durante vérios anos didvidas sobre a localizaclo intracelular da
sintese da sacarose, sabe-se hoje que a sintese deste dissacdrido ocorre no
citoplasma, & custa dos fesfatos de triose exportados do cloroplasto. O
amide € ¢ principal polissacdride de reserva nas plantas, sendo
sintetizado exclusivamente nos cloroplastos. Foi recentemente descoberto o

papel  imporiante desempenhade pela frutose Z2,6-bisfosfato na particie do

carbong Fixado entre a sfntese da sscarose e a do amido,

A RIBULOSE BISFOSFATO CARBOXILASE

A& ribulose bisfosfato carboxilase, classificada pela Comissdo de
Enzimas da Unido Internacional de Biogufmica com o ndmerns de cédigo
EC.4.1.1.,38, € frequentemente designada de modo abreviado por RuBPCase ou

Rubisco., Esta enzima ocorre no estroma dos cloroplastos, onde catalisa
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duas reaccdes de conseguéneias opostas {Fig.l11.3): {4) uma reaccldo de
carboxilagdo, a reaccdo inicial de fixacdo do 0 da fotossintese e (i)
“uma  reaccdo de mongxigenacdo, a reaccdo inicia§ de fixagdo do 0 da
fotorrespiracdo {ver secclo IV}, Por isso, esta enzima & timbém
frequentemente designada por ribulose bisfosfato carboxilase/oxigenase,

& RuBPCase & talver a enzima mais importante da biosfera : (4)
pelo seu papel central na fotossintese, € a enzima da qual depende
praticamente toda a vida na Terra; (i) pelo seu papel na fotorrespiracio,
é considerada come a constricdo metabdlica mais  importante &
produtividade vegetal, Nas condicBes naturais, admite-se que a razdo
carboxilacfo/oxigenacdo seja de 3:1 a 4:1. F realmente curioso que uma
6 enzims catalise o3 primeiros passos de duas vias metabélicas opostas,

Para ser activa, @& enzima inactiva reage lentamente com uma
molécula de €O, com a formacio de um carbamato COm O grupo £-amina da

2 ,
lisina 201 da subunidade L {ver adfante}, o gqual reage depois rapidamente

+
com o 1do Mgg para Fformar o complexo terndrio cataliticamente activo. A
discrepdncia entre as  taxas de activacfo observadas in vivo e in vitrp
levou recentemente & descoberta de uma enzima responsdvel pela activacdo
da RuBPCase %’a BuBPCase activase, A mpliédcula de CQZ que participa na
activacdo nfo é 2 mesma da que & fixada durante a resccio de
carboxilacfo, o que sugere ser ¢ centro de activaglo distinto do centrs
catalitico.

0 00 & o0 competem um com o osubro durante & catdlise de ums

2 2
maneirs competitiva linear, sugerindo que actuam no mesmo centro  activo.

Assim, o CO funciona como {1} substrato da carboxilagdo, (41} inibidor
%

£

competitivo da oxigenagdo e (iii} activador da carboxilacdo e da

oxigenaciio, enguanto que ¢ 0 funciona como {1} substrato da oxigenagdo e
2

{11} dinibidor competitivo da carboxilac8o. Um aumento na eficifncia com

que o CO compete com 0 0 para o centro activo da RuBPCase melhoraria a
P
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taxa fotossintética em relagdo & taxe fotorrespiratéria, podendo aumentar
a produtividade numa grande variedade de culturas comerciaimente
importantes, Na realidade, sabe-se, por exemplo, que se pode aumentar em
50 a 100% a producfo de leguminosas para grdo se se aumentar 5 vezes a

concentracio atmosférica de CO .
2
A RuBPLase de plantas superiores tem um peso molecular de ca,

550,000, sendo constitudda por 8 subunidades grandes, com ca. 55.000 cada
{designadas por L de "Large"}, e por 8 subunidades pequenas, com cerca de

14,000 cada (designadas por S de "Small"}. A estrutura desta enzima &

pois do tipo L 5 .
g B
A biossintese da RuBPCase envolve transcricdo e traducgdo em

tocais distintos da célula. A subunidade L, com cerca de 475 aminodcidos,
g codificada no genoma do cloroplasto e sintetizada nos ribossomas deste
organito, sob a forma de um precursor com cerca de 2KDa mais do gue a sua
forma final. HNo cloroplasto, as subunidades L sdo. agregadas por ums
protefna recentemente descoberta e denominada “protefna de ligacdo das
subunidades L da RuBPCase”, a qual é codificada no genoma do nidcles e
sintetizada nos vribossomas do citoplasma, sob a forma de um  precursor,
Subunidades L de espécies diferentes sfo bastante howmdlogas, pois o gene
que as codifica deve ter sido bastante conservado ao longo da evolugdo.
Esta subunidade contem o centro de Vigag8o do activador LU assim como o

Z
cantrg catalitico, sendo cataliticamente activa mesmo na  auséncia  da

subunidade 5.

A subunidade S, com cerca de 123 aminodcidos, € codificada no
genoma do ndcleo, sendo sintetizada nos ribossomas do citoplasma {tal comn
acontece com as outras enzimas do ciclo de Calvin}, sob a forma de um
precurser com cerca de 20 KDa. Fste precurser €  introduzido no
cloroplaste por um mecanisme de pds-traducdo, “cortado” por ums peptidase

de trénsito e incorporado na holoenzima. A andlise genética da subunidade
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5 € mais complexa do que a da L, pois ela é herdada de 2 progenitores,
Tal deve ter originado grande variabilidade genética na sua sequéncia de
aminodcidos ac longo da evoluclo, o que & ilustrade pelo facto de
suybunidades S de espécies diferentes serem bastante diferentes entre si., A
fungdo da subunidade 5 permanece um grande mistério, emhora se admita que
possa  ter uma funcdo reguladora - pensa-se que possa ajudar a manter a
protefna numa conformag8o estdvel, capaz de ser activada para a forma
cataliticamente activa.

A RuBPCase € um alvo importante da engenharia genética devido ao
seu  significado na produtividade vegetal, Contudo, ainda nfo  foi
conseqguido qualquer meio prdtico de estimular a actividade carboxildsica ou
inibir a oxigendsica & escala da agricultura. Tem sido sugerido que a
actividade oxigendsica € uma conseguéncia inevitdvel da quimica do centro
activo da RuBPCase. Estdo em curso trabalhos com vista &  expressdo na
bactéria FEscherichia coli das subunidades L e S da RuBPCase de plantas
superiores {o que j& foi conseguido}, assim como da “proteina de ligacfo
das subunidades L da RuBPCase"™. Pensa-se deste modo conseguir a produgdo
de RuBPCase activa de plantas na bactéria, o gue permitird o infcio de
estudos de mutagénese com vista & obtengdp de formas mutantes da enzima,

A RuBPCase € a protefna mais sbundante da biosfera. Assim, ela
constitul normalmente wmais de 50% da protedna soldvel das folhas das
plantas, onde a sua concentracio é da ordem dos 1 a 10 mg por g de  peso
fresco, Se admitirmos que a quantidade de carbono fixado anualmente pelas
plantas tervestres é de ﬁxiﬁlé g, pode calcular~se que 8 quantidade de

13
RuBPCase necesséria pava tal € de 4x10 g, ou seja, 10 kg por cada homem,

mulher e crianga.

S&0 frequentemente referidas duas hipdteses que tentam explicar a
razdo de tdo grande abunddncia desta enzima: {1} na maioria das plantas, e

ao contrédrio do que acontece com a quase totalidade das enzimas, a RuBPCase
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ndo se degrada enquanto estd a ser sintetizada. Asgim, 8 grande
guantidade desta enzima nas folhas, & sua estabilidade face & degradacdo
antes da senescéneia, e a sua rdpida degradagdo no infcio da  senesefneia
foliar levou & sua classificagdo como protefna de veserva de C e N, 2 que
a folha recorreria em resposta a uma caréncia nutritiva, {2} Outra
possivel explicacio resulta desta enzima ser um catalisador muite lento
quando comparade com a grande maforia das enzimas,  Assim, nas condicles
naturais, estima-se gque a sua velocidade de catdlise seja apenas de 200
moléculas de €O fixadas por molécula de RuBPCase por minuto.

Do ggnta de vista alimentar, a composicdo em aminodcidos dests
enzima € muito equilibrada, com uma proporcdo de aminodcidos essenciais
que fquala ou excede a gue é recomendada pels FAQ.  Sendo a proteina mais
abundante das folbhas, seré portanto o principal componente proteico para o
gado e importante para o homem. Estdo mesme decorvendo vérios projectos de

investigacdo com vista & utilizacdo da RuBPlase como suplemento proteico

na alimentacdo humana.
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I¥ - FOTORRESPIRACAD

INTRODUGAO

A taxa de producdo de C0 por uma folha mantida no escuro, muitas
vezes designada por "respiracdo is gscuras", £ inibida pele cianeto,
atingindo o méximo para concentracBes de oxigénic de cerca de 2% {v/v).
Contudo, apesar da respffa;%a mitocondrial ser normalmente inibida 3 luz,
as taxas de absorgdo dé 0 e de prcdaggd de €0 nestas  condi¢Bes sdo
frequentemente muito supericrés 3s obtidas no égcagoa Ao contrdrio do que
se passa com a “respiracdo as escuras”, estas taxas aumentam gradualmente
com o aumento da concentragdo de ax%génio}de 0 s 100% {v/v}; além disso,
nio sdo sensiveis aocs inibidores tipicos da respiracio mitocondrial, sendo
‘mesmo estimuladas pelo cianeto.

A via wmetabdlica responsdvel pelo aumento dependente da luz da
taxa respiratéria € frequentemente designadazpar fctﬁrrésp?ragéo, via do
glicolato, biossintese e wetabolismo do glicolato, via em 82 ou cicle
fotorrespiratério de oxidagdo do carbono, ocorrendo sequencialmente em 3
organitos: cloroplaste, peroxissoma e mitocBndric, Embora ndo contenha
reac¢fes  fotoguimicas, @& fotorrespivacfo ocorre apenas & luz em
consequdneia de depender do consumo de ATP e NADPH produzidos nas reacgles
tuminosas da fotossintese,

A fotorrespiracdo # uma via metabdlica complexa, podendo ser
dividida em 5 fases (Fig.IV.1): sintese do g?ﬁcﬁ?éte, conversic do

glicolato a glicina, conversfo da glicina a serina, via do glicerato e

ciclo de Calvin.
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SINTESE DO GLICOLATO NO CLOROPLASTO

A fotorrespiragdo €  iniciada pela actividade oxigendsica da
enzima ribulose bisfosfato carboxilase {reacc¢dc 2}, a qual origina 3
formacdo de 2-fosfoglicolate a partir dos dtomos de carbong 1 e 2 da
ribulose 1,5-bisfosfato {ver Fig.I11.3). 0 2-fosfoglicolato € em seguida
rapidamente hidrolisado por uma fosfatase cloropldstica (g fosfoglicolato
fosfatase, vreacgfo 3), e o glicolato assim produzido €  excretade do
cloroplasto., A rapidez desta reaccdo é fisiologicamente importante pois o
2-fosfoglicolate € um forte inibidor da enzima do cicle de Calvin triose
fosfato isomerase. O glicolato nfo se acumula nos tecidos foliares

expostos & luz, o que indica que a taxa fotorrespiratdria € determinada

pela sua taxa de sintese.

CONVERSAO DO GLICOLATU A GLICINA NO PEROXISSOMA

Trata-se de uma fase irreve%sfve? do metabolismo do glicolato,
envolvendo as enzimas glicolato oxidase {reacclov 4}, catalase {reacclo 6},
glutamato-glioxilato  aminotransferase {reac¢de 7) e serina-glioxilato
(am?ﬂatwaﬂgferase {reaccdo 8}, A glicolate oxidase {por vezes também
denominada eol-hidroxidcido oxidase} é uma enzima chave da fotorrespiracdo,
cyja funcfo primdvia & a oxidacdo do glicolate pelo GZ§ com a producdo de
glioxilate e H 0. fontudo, esta enzima catalisa também a oxidacdo de
parte do glf@ii?&to formado a oxalato {reaccdo 5), embora a uma taxa
inferior & wutilizacdo de glicolato - o Km da giicolato oxidase para o

glioxilato € cerca de 10 veres superior ao do glicolate. No entanto, nas

folhas de algumas espécies {ex: espinafre) as concentracfes de oxalato

podem ser bastante elevadas.



0 perdxido de hidrogénio produzido € extremamente tdxico pars a
célula pois constitui um forte agente oxidante, Para impedir os seus
efeitos desastroses -as -células possuem elevadas actividades da enzima
catalase {reacclo 6), a qual é um catalisador muito eficiente quando na

presenca  de  elevadas concentragfes de H 0 - nestas condic¢Bes, cada
2 ¢
7

molécula de catalase pode transformar 4x10 moléculas de H 0 por segundo.
' ~ : 22 '
Contudo, trata-se de um catalisador wmuito pouco eficiente quando na

presenca de baixas concentracles de H O - a transformagdo do H O pela
22 22

catalase requere a 1igagdo de duas moléculas de H 0 no mesmo centro active
22

de uma melécula de catalase, de tal wmodo que uma elevada razdu

catalase/H 3 torna o processo menos eficiente. Deste modo, a catalase

22
apresenta baixa afinidade para o H 0 , como & ilustrado pelos valores de Km
22
da ovdem de 0,05 a 1,1 M, Por isso, outras reacgfes podem competir com a

catalase para o H 0 dispondvel.
22
0 glioxilate pode também ser oxidado ndo-enzimaticamente pelo

HO, originando (0 e dcido férmico {Fig.IV.1}, Contudo, o fluxo

?
principal de carbono através da via do glicolato nos peroxissomas baseia-se

2

na formagdo de glicina em guantidades aproximadamente iguais & producdo de

glicolato,

Duas aminotransferases estio envolvidas na conversio irreversivel
do glioxilate a glicina., A serina~glioxilato aminotransferase {reaccdo 8),
que  acopla o fluxo de carbono do glioxilado para a glicina com a parte da
via da serina para o hidroxipiruvato., No entanto, ¢ necessdria a presenca
de uma segunda aminotransferase {reaccgdo 7), pois a formacdo de uma serina

requere a conversdo de duas moléculas de glioxilato a duas de glicina,
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CONVERSAQ DA GLICINA A SERINA NO MITOCONDRIO

Esta conversdc processa~se em 2 passos: {i} = oxidacdo
descarboxilativa da glicina {reaccdo 12}, catalisada pela accdo combinada
de um complexo multi-enzimdtico {por vezes, fincorrectamente designado por
glicina descarboxilase ou glicina oxidase}, produzindo €0, NH e 5,10-

2 3

metileno~-dcido tetrahidrofélico {C -ATHF)}, Esta reacclo estd acoplada &

v{y,
reducic do NAD , sendo responsdvel pela grande maioria do €0 produzido

pela fotorrespiraclo e por uma quantidade idéntica de NH . ﬂigum C{i pode
também ser produzido em reacgles laterais envolvendo g g?iaxf?atﬁz & &
oxidagdc do formato. A reacclo 12 estd associada 3 cadeia mitocondrial
de transporte de electrfes, sendo o NADH oxidade com uma razfic P/2e
proxima de 3, e duas moles de glicina descarboxiladas por mole de oxigénio
consumido. Embora as reaccdes 12 e 15 sejam teoricamente reversiveis, a
ligacdo entre a descarboxilacdo da glicina 2 a2 cadeia de ftransporte de
glectrfes impede tal reversibhilidade de tal modo que se forma muito poucs
glicina gquando se fornece serina a folhas iluminadas, MitocOndrios de
tecidos  vegetais estiolades ou ndo-fotossintéticos  apresentam  uma
capacidade wmuito baixa para descarboxilar a glicina. HNo entanto, a
oxidacSo do NADH pode também estar ligads & reducdo do aménio pela enzims
glutamato desidrogenase {reaccdo 14; ver seccio "ciclo fotorrespivatdrio do
azoto}, efou & conversdo do hidroxipiruvato em glicerato {reaccdo 17},
{i1} A condensacgdo do ClwA?H? formado a partie de uma molécula de glicing

com uma segqunda molécula deste aminodcido para formar L-serina, numa

reacgdo catalisada pela enzima hidroximetiltransferase {reaccio 1%).
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VIA DO GLICERATO NOS PEROXISSOMAS E CLOROPLASTOS

A interconversfo entre o 3-fosfoglicerato e &  serina,
frequentemente designada por via do glicerato, € uma via reversdvel gue
pode desempenhar duas fungles distintas: {i) no sentido serina o~ 3-
fosfoglicerato participa no processe fotorrespiratdrio; (11} no sentido

inverso funciona como uma via metabdlica para a sintese de serina.

A serina formada durante a fotorrespiracgdo €  convertida em
hidroxipiruvato, numa reac¢do catalisada pela enzims serina-glioxilato
aminotransferase ({reacgdo 8}, acoplada & conversdo do glioxilato em
glicina., Uma vez que a reaccgdo catalisada por esta aminotransferase @
irreversivel admite-se que deverd existir outra aminotransferase {reaccdo
16} que permita a reversibilidade da via do glicerato., A interconversdo
reversivel entre hidroxipiruvate e glicerato €  catalisada por uma
desidrogenase dependente do NAD {reaccdo 17}, a qual funciona como NADH-

+
hidroxipiruvate redutase durante a fotorrespivaclo, e como NAD -glicerato
desidrogenase durante a2 sintese de serina, 0 glicerato produzido na
- fotorrespiracdo £ finalmente fosforilado & 3-fosfoglicerato pela enzima
glicerato cinase {reacgio 18}, com o consumo de ATP. A reaccgle inversa,

f.e., a reacgdo inicial da via do glicerato para a siniese de serina £

catalisada pela enzima fosfoglicerato fosfatase {reacglo 19},

CICLO BE CALVIN NO CLOROPLASTO

{0 3-fosfoglicerate entra entdo no ciclo de Calvin, fechando o
cicle fotorrespiratdrio com 3 regeneracdc da ribulose 1,5-bisfosfato.
Alternativamente, o 3-fosfoglicerato poderd ser utilizado na sintese de

sacarose ou amido., 0 ciclo da reducdp fotossintética do carbono é  também,
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por issp, uma parte essencial da fotorrespiracfo, consuminde energia quando
ndo estd a ser utilizado para a fixagdo de CO , razdo pela qual o esquema

2
apresentado na Fig.IV,1 pode ser encarado come o cicle de oxidagio

fotossintética do carbono,

FUNGAO FISIOLOGICA DA FOTORRESPIRACAD

Nio se conhece qual a funcdo fisiolfgica da fotorrespiracio. Ums
guestdo  fundamental € determinar se se trata de um processs essencial,
inpvitdvel, ou essencial e inevitdvel. Tém sido sugeridas vdrias hipdteses
que visam explicar a ocorréncia deste processo.

Poderd especular-se que a fotorrespiracdc funciona como um meio
de: (i} exportar carbono fixado do cloroplasto, sob a forma de glicolato;
{11} exportar ATP do cloroplaste, pois a descarboxilagfo da glicina pode
estar ligada & cadeia mitocondrial de transporte de electrdes; (iii)
sintetizar glicina e serina no citoplasma. Contudo, conhecem-se outeas
vias mais eficientes pelas gquais estes processos ocorrem nas folhas.

Tem sido sugerido gue a fotorrespiracdo serve para dissipar 3
energia fotoguimica excedentdria gerada nos cloroplastes guando as  folhas
s8o expostas &  elevadas intensidades  luminosas, evitando  danos
irreversfveis nas wmembranas em consequéneia da formacdo de radicais de
oxigénic., Fsta considervagdo reguere, no entanto, um pxame mais detalhado.
Ha presenca de Totorrespiragico, em termos da quantidade de carbono fixado,
£ necessdria uma guantidade de energia consideravelmente major para
reduzir uma dada quantidade de 682 do gque na sua auséncia. Contudo, guando
expressa  em termos da utilizacdo e reqeneracdo da ribulose 1,5-bisfosfatoe
{"RuBP  turnover"} o processc Tfotorrespiratdrio Jeva a  conclusdes

diferentes, Assim, assumindo que na presenca de concentracles atmosféricas
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normais de CO e de 0 a 259C a razdo carboxilac8o/oxigenacdo 8 de cerca
2 2
de 4:1, a estequiometria da utilizagdo e regeneracdo de 10 moléculas de

RuBP serd :

10 RuBP + 8 C0 + 2 0 + 31 ATP + 19 NADPH + 1 Fd e

2 & red
+
—fp 7 00O veduzidos + C0 + 31 ADP + 19 NADP + 1 Fd + 10 RuBP
Z 2 oxid
Na auséncia de 0 , a referida estequiometria serd :
2
10 RuBP + 10 £0  + 30 ATP + 20 NADPH  ~eeeeip
2
,.§.,
g 1000 veduzidos + 30 ADP + 20 NADP + 10 RuBP

2

x

Uma vez que o NADPH € energeticamente equivalente & ferredoxina reduzida,
as diferencas devidas & ocorréncia de fotorrespiracdo sdo: (i) o consumo
de apenas 1 ATP a mais, o gual pode ainda ser encarado como necessdrio para
refixar o Nﬁg produzide na oxidac8o da glicina; (i) menos 3 €O reduzidos.
E  curieso notar gue, quando expresso deste medo, ndo hd dgfgranga na
utilizacde de potencial redutor, considerado como o substrate dissipador de
grnergia da fotorrespiracdo.

Uma fungéa de processo dissipador de energia mais especifice
propesto  para a  fotorrespiracdo € o gue ccorre quando as  folhas sdo
expostas 2 elevadas temperatura ¢ intensidade Tuminoss, tal como ocorre com
frequéneia num dia de Verdo. 0 desenvolvimento de um défice hidrico
provoca o feche dos estomas, o gual originag wm abaixamente da concentraglo
de QQQ nas células da folha, A fotorrespiracdo fﬁﬁcfgﬁaria entdo como uma

"sink™ para a energia produzida nas reaccBes luminosas da  fotossintese,

através da actividade oxigendsica da RuBPCase e da refixag8o do €0 Tibertc

&

pela descarboxilacdo da glicina. Fsta hipdtese &€  suportada pela
observada perda de capacidade fotossintética {fotoinibicde) que ocorre
quando as folhas s8o iluminadas na auséncia de CO e de 0 . Duas objecgles

z 7
xisténcia da fotorvespivacdo sejds euplicada

423

fundamentais impedem que @

[
oo
e

ey



apenas pela sua acgdo protectora contra a fotoinibicdo: (1) alguns grupos
de plantas {e.q. plantas \C&) apresentam  niveis das  enzimas
fotorrespiratérias bastante mais  baixps, sem ne  entanto  serem mais
susceptiveis &  fotoinibiclo; (i1} parece evidente que, ao Jongo da
evolucdo, a RuBPCase ndo pode ter desenvolvido uma adaptaclo especifica de
proteccdo contra a fotoinibicdo, uma vez que esta enzima também ocorre em
bactérias qufmic]itetréficas; as quais fixam Cﬁz pelo ciclo de Calvin e
obtém energia a partiv da oxidagdo de composios inorgdnicos. Como  estes
organismos  vivem em mefo anaerdbio, a presenca da RuBPCase com capacidade
de actividade oxigendsica ndo tem qualquer significado na protecgdo destes
organismos contra a fotoinibicdo.

E  possivel gue a=fat9rresaira§§a'n39 tenha uma fungdo definida.
Se tal acontecer, e sendo a fotorrespiracdo um processo que conduz a taxas
reduzidas de fotossintese, pode perguntar-se como € que ele pode ter sido
originade num ambiente em gue a selecgdo natural parece  eliminar
constantemente 03 organismos menos bem adaptados.

0 ciclo de Calvin deve ter surgido pouco tempo apds a origem da
vida, quando a disponibilidade de compostos orgdnicos no meic se tornou
insuficiente para as necessidades de uma crescente biomassa de organismoes
fermentativos., Apesar da sua antiquidade, pepsa-se gue este cicle fol
originado pela adi¢8o de apenas duss novas enzimas {a fosforribulocinase e
a RuBPlase) & 34 existente via dos fosfatos de pentose., Adwitindo que a
actividade oxigendsica € uma consequBneia inevitdvel da quimica do centro
activo da RuBPCase {a reacclo de carboxilagdo pode envolver a formacdo de
um intermedidrio obrigatdric que possa reagir tanto com o 0 como com o

4
O )}, ent8o é de esperar que psta enziwa tenha tido capacidade potencial
2
para a reacgdo de oxigenac8o desde o seu aparecimento. A observacdo de que
a RuBPCase apresenta actividade oxigendsica independentemente da sua origem

taxondmica (mesmo quando extrafda de bactérias anaerdbias} suporta esta
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hipdtese, Contudo, essa actividade ndp seria inicialmente expressa, uma
vez que se admite que a atmosfera nessa altura era muito rica em C0 e ndo
continha oxigénio, condigfes que inibiriam completamente a act?vi&aée
oxigendsica da enzima. Com o desenvolvimento generalizado da fotossdntese,
a razfo {0 }/(Cﬁ?} da atmosfera terd comecado a aumentar até ao  sey
presente  valor de 630:1.  Pode 1imaginar-se que algures durante este
Processn  se  COmegou a formar.fosfaglicoiate como  um  produto  secunddrio
inevitdvel da reaccdo de carboxilagdo. Como o fosfoglicolato € um
inibidor do ciclo de Calvin, os organismos fotossintéticos devem ter tide
necessidade de um meio de se Tivrarem deste composto. Inicialmente, 2
simples desfosforilacdo e excrecdo devem ter bastado, de tal modo que esta
capacidade ainda se verifica hoje nalguns organismos. Contudo, a perda de
carbono fixado originado por este mecanismo tornou altamente ineficiente o
processe  fotossintético. A fotorrespiracic pode entdo ter surgido como
meio de evitar & acumulacgdo do fosfoglicolate, reciclando, sob a forma de
glicerato, 75% do seu carbono de volta ao cicle de Calvin, Esta explicagdo
estd  de  ascordo com 3 ohservacfo de gue ndo hd  efeitos nocivos para a
planta gquando a fotorrespiracdo € reprimida por elevadas concentracgfes de
CQZ ou baixas de Sg» Pelo contrarin, as plantas fotessintetizam mais
eficientemente g crescem melhor em condigfes inibidoras da fotorvespiragdo,
Estudos  levados a cabo com mytantes mostraram que o Tuncionamento  da
fotorrespivacdn € apenas necessdrio nas condicfies em que pcorre reacgdo de
oxigenac8o da RuBPfase, sendo dispensdvel na sua auséncia.

Pode parecer surpreendente que & natureze nfo tenha conseguido
modificar a RuBPlase de modo a tornd-la mats especifica pava o (0,

2
reduzindo a sua afinidade para o 0. Se esta hipdtese estiver correcta,
2 .
e#la representa um exemplo de uma constricio gquimica bdsica imposta 3
evolucgfo da vida no nosso planeta., Redugfes na taxa de sintese de

glicolato foram consequidas nas plantas € e CAM {ver adiante), mais
4
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recentes do ponto de vista evelutivo, as quais mantiveram a sua RuBPCase
mas melhoraram a eficiéncia da sua actividade carboxildsica pelo
desenvolvimento de mecanismos capazes de diminuirem a razdo (Oz)f{€82) na
proximidade do seu centro activo,

& fotorrespiracdo foi durante muitos anos considerada quase
exclusivamente em termos do metabolismo do carbono. A observagdo de gue o

s

processo  fotorrespiratério liberta NH & mesma taxs que CGZ levou a
encarar a fTotorrvespirac8o comp uma via grincipal no metabolisme do  azoto
{ver secclo “cicle fotorrespiratdrio do azoto"). A fotorrespiragdo pode
assim exercer um papel muito importante na célula como processo de controlo

e de interligacdo entre os metabolismos do carbone e do azoto.

IMPORTANCIA DA FOTORRESPIRACAC

& grande importdncia econdmica da fotorrespiraco resulta deste
processo  constituir hoje a constricio wmetabdélica mais Jmportante 2
produtividade vegetal. Sob condicfes inibitdérias para a fotorrespiracdo,
é frequente obter aumentos de 30 & 50% na produgdn agricola, embora hajaw
referénciss de incrementos superiores a 100%. Até ao presente, o dnico
método pritico de inibir a fotorrespiragdo € o que consiste em reduzir &
razdo {0 }/{CO ) do ar 3 volta da planta de mode a inibir a reacclo de
exig@ﬂaggazda RuBPlase, Uma reduclo de 5 vezes na razdn atmosférica normal
de {Gg}/{ﬁﬁ } elimina praticamente a fotorrespiracfo, originande um
aument&b mdximo na taxa fotossintdtica de acumulacdo de matéria seca. 0O
dnico processo economicamente vidvel de conseguir tal objectivo consiste em
aumentar & vezes a concentragdo de ﬁﬁg no interior de estufas., Alids, o
enriguecimente artificial de CO em estufas tornou-se uma prédtica corrente

2
muito antes da compreensdo do seu efeito na fotorrespirvagdo.
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¥y - METABOLISMO €
4

INTRODUCAO

A grande maioria das plantas de interesse agricola possui o ciclo

de Calvin como g dnica via de fixacdo do €0 . Estas plantas sdo referidas
' 2

por “plantas C " pois o primeiro produto estdvel formado apds a fixagdo do

CO € um dcido com 3 dtomos de carbono (o PGAY.  Contudo, nalgumas

» A :

plantas, designadas por “plantas C %, o £0 € primeiramente fixado num
- g 2 '

dcido orglnico com 4 dtomos de carbono {malato, aspariate ou oxaloacetato).

Estes compostos sdo depois transportades para uma regido diferente da folha

onde sdp descarboxilados, Tibertando €0 que € posteriormente refixade
2

pelo Ciclo de Calvin, Esta via, originalmente denominada “via dos 3cidos

dicarboxilicos em € ¥, & também conhecida por "via em € %, fcicloem 7
4 4 4
i

ou "via HSK® {(Hatch-Slack-Kortschak), eom homenagem 2 alguns dos principais
cientistas que mais contribuiram para a suz elucidagfu.

Bas folhas das plantas £ uma  peouens percentagem do L0

3 . 2

fixade {«%%) € incorporado em dcidos £ . A formacfo deste malato pode
4

scorrer através de uma segunda carboxilagdo apds & acgfo da RuBPCase, ou a

partir do fosfoenolpiruvato (PEP) originado na glicélise.

DISTRIBUICKD

As  espéoies € estdo presentes em pelo menos 16 familias de
4
plantas, fincluinde mono e dicotileddneas {ver Tabela VY.1}. 54 tém sido

identificadas plantas € pertencentes &s angiospérmicas, A fotossintese em
4
£ deve ter surgido em vdrias ocasifes ao longo da evolucdo pois ndo hé

4
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nenhuma familia de plantas countendo apenas espécies € .  Contudo, pode
4

acontecer que dentro de uma familia, um determinado género, tribe ou

subfamilia seja constitufdo exclusivamente por espécies C . Por outro

4
lado, alguns géneros {e.g. Atriplex) contém espécies € e € enquanto que
3 4
putros {e.g. Euphorbia) contém espécies de plantas dos tipos €, C e CAM.
3 4

As espécies € sdo particularmente abundantes nas famflias das gramineas,
ciperaceas e quenopodiaceas.
E curioso notar gque 2 maioria das infestantes de mator

importdncia econdmica sfo espécies C {Tabela V.2), enquanto que & quase
4

totalidade das culturas agricolas sdo C . As espéeies € mais importantes
3 4

na agricultura sdo o milho, © sorge, a cana-do-agucar e algumas pastagens.



TABELA Vil ~ Alguns exemplos de plantas € , £ & CAHM

3 4

”””””””” c T T e

3 4
Agrostis alba Amaranthus albus Agave sisalana
Arachis hypogea Amaranthus retroflexus Aloe arborescens
Atripiex hastats Aristida purpurea Aloe saponarea
Avena sativa Atrib?ex rasea Ananas comosus
Beta vulgaris Atriplex semibaccata Seyophyllum calycinum
Brassica nigra Bouteloua curtipendula Bryophyllum. fedtschenkoi
Chenopodiwn album Chloris gayana Bryéahy??um pinnatum
Dactyvlis glomerata Cynodon dactylon Bryophyllum tuﬁif!orum
Datura stramonium Cyperus esculentus Carnegia gigantea
Daucus carota Cyperus rotundus Craésu%a Tycopodioides
Festuca arundinacea Digitaria sanguinalis Saya Carnosa
Glycine max Ecﬁiﬁach?ga erus-galll Isoetes howelldd
Gossypium hirsutum Euphorbia maculata Kalanchoe blossfeldiana
Helianthus annuus Kochia childsii Ka?anahaa daigremontiana
Hordeum vulgare Panicum antidotale Kalanchoe tubiflora
Lactuca sativa Panicum capillare ﬁeﬁembryaﬁthemum crystallinum
Lolium multifliorum Paspalum notatum Nopalea dejecta
fryza sativa Portulaca olevracea Opuntia ficus-indica
Panicum commutatum Saccharum officinarum Opuntia inermis
Phalaris canariensis Zalsola kali Opuntis polycantha
Phasenlus vulgaris Setaria 1talica Pereskia grandifolia
Poa pratensis Setaria lutescens Sedum praealtum
Spinacea oleracea Sorghum bicolor Sedum telephium
Triticum aestivum Sorghum sudanense Stapelia gigantea
Xanthium strumarium Zea mays : Welwitschia mirabilis

200 100 e o A An Pk N N X 000 200 0 DA AN AR WA WA P R 0 0 R0 S SO 090 105 AR A WA WY A M AR T A U 960 X 00K G0C OB A5 S A M WA WA VWA A KRR SR 00¥ 0 R X 0O GAC M6 M0 YIn YR A WA T v 0 200 00 10 i 0 e e



TABELA V.2 - Qcorréncia de espécies € entre as 20 infestantes de maior
4
importdncia econdmica & escala mundial
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Espécie Classificacdo
“““““ Amaranthus hybridss ¢

Amaranthus spinosus Cé

Avena fétﬁa : ﬁd
Chenopodium album £3
Convolvulus arvensis 63

Cynodon dactylon C3 (NAD-ME}
Cyperus esculentus 64

€ygérﬁs rotundus C@ {NADP-ME )
ﬁigiiar%a éahgufaa?is CQ
Echinochloa ce?bham C4
Echinochloa crus-galld €4 {NADP~ME }
Eichhornfa crassipes Ca

fleusine indica 63 {NAD-ME )
imperata cylindrica ﬂé

Lantana camara 64

Panicum maximum C3 {PEP-CK}
Paspalum conjugatum c4
Portulaca oleracea | C
Rottboellia exaltata C4

Sorghum halepense 8: {NADP-ME)
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CARACTERISTICAS GERAIS DAS PLANTAS €
4

As plantas € diferem das plantas { em vdrios aspectos,
4 =3
nomeadamente:
~ aspectos anatdmicos e citoldgicos;

- aspectos fisioldgicos e bioguimicos

Aspectos anatdmicos e citoldgicos

Nas folhas das plantas C@ os  clovoplestos  encontram-3se
distribufdos entre dois tipos distintos de células. Estas células
encontram-se normalmente dispostas em camadas concéntricas em torno dos
feixes vasculares {Fig.V.1}. A camada mais interna é formada por células
grandes, alongadas, ricas em citoplasma, com paredes celulares sspessas e
atravessadas por numerosos plasmodesmata, contendo muitos e desenvolvidos
cloroplastos, as quais constituem como que uma “bainha" que envolve o feixe
vascular - por tal razfo, sdo denominadas "células da bainha dos feixes”,
Este conjunto, por sua vez, encontra-se envolvido por camadas mais ou menos
concéniricas de “células  do mesdfile”™, tambdm ricas em cloroplastos,
Quando  observado em corte transversal, este arvanjo das  células
fotossintéticas em torno dos feixes vasculares tem évasgect@ de uma covroea,
vazdo pela qual este tipo de anatomia ?e??ar é ceﬁhécéda por "sstrutura dp
tipo  kranz® f{do alemfc Tcorna"). £ hoje conhecida uma  grande
variabilidade na anatomia kranz em diferentes espécies. As plantas 53

podem também ter uma camada de cdlulas 3 volta do  tecido vascular, 3s

quais sdo, no entanto, nitidamente diferentes das células kranz.



Epiderme.

Fig.V.1A - Esquema da estrutura anatdémica das folhas das plantas
do tipo Cs.

. Epiderme

»»»»»»»»»» Células do mesdfilo
_ Celulas da bainha
dos feixes

Feixe vascuylar

Estoma ,
Fspavo intercelular

Epiderme

Fig.V.1B - Esquema da estrutura anatdmica das folhas das plantas
do tipo (g,
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Aspectos fisiolégicos e bioguimicos

A tabela V.3 mostra algumas caracterfsticas fisioldgicas e

bioguimicas que distinguem as plantas £ das plantas C e CAM.
4 3

Uma das caracteristicas apresentadas na tabela V.3 é o ponte de

compensacdo para o L0 , definido como a concentraclo de L para a qual a
2 : 2

fotossintese ocorre a uma taxa que equilibra a taxa a que 0 €0 € Tliberto
2

ds folha, de tal modo que ndo hd ganho nem perda 1{quida de €O pela
2

planta. A 25%C e & 21% (v/v} de 0 , as folhas das plantas € témenoﬁtcs de
2

compensacde para o £0 da ordem dos 40-60 ppm {podendo atiné?r valores de
150 pom), a0 passo qui os das folhas das plantas € s80 muito mais haixos,
frequentemente préximos de zere,  Assim sendo, az folhas das plantas ¢
podem fixar €0 a concentragfes atmosféricas de €0 muito mais baixas dg
qgue as das giangas Cg» ’
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TABELA V.3 - Algumas caracteristicas fisioldgicas e bioguimicas que distinguem

as plantas €

das plantas €

e CAM
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Via de fixacdo do

ch
2

Ponto de compen-

sacdo para o CO
2

Fotorrespivacdo

Taxa de fotossin-

tese aparente com

Tuz solar intensa

Resposta da fotos-
sfntese aparente
ap aumento da in-

tensidade Tuminosa

Temperatura dSptima

para a fotossintese

Abortura estomdtica

a luz

Taxa transpiratdria
{g H D por g maté-
?

ria seca)

Ciclo de Calvin

40 a 150 ppm

Elevada e fdcil

de detectar

15 a 38mg de CO
e

) y
por dm  de &rea

foliar por hora

A saturacdo ¢
atingida com
baixas intensi-

dades Tuminosas
1 a 2520

Grands

450 a 950

Via em { seguida
4
do ciclo de Calyin

0 a 10 ppm

Muito baixa e di-
ficil de detectar
4.2 80 mg de €O
2
?
por dm de drea

foliar por hora

A saturacdo é di-
ficil de atingir,
mesmo com tuz so-

Tar intensa
30 & 45¢C

Frava

250 a 350

ViaemC g
4
ciclo de Lalvin

 a 5 ppm as escuras

0 a 200 ppm & Tuz

Muito varidvel com

as cond.,ambientais

1a 10 mg de CO
é

i
por dm  de drea
foliar por hora

Intermédia em rela-

8o as anteriores

~e 3500

Nula ou guase nula

50 a 55
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DEFINICAD DE PLANTA C
: 4

Considera-se hoje que ums dada espécie € uma planta £ quando
4

apresenta as seguintes caracterfsticas:

o Qs produtes iniciais primdrios da fotossintese s8o os dcidos

dicarboxilicos em € oxaloacetato, malato e aspartato;
4 .
- 0 C0 inicialmente fixado nos dcidos em £ & fornecido ap cicle de
2 4
Calvin {o dtomo de carbono 4 do dcido em € vai para a posicio 1 do
4

PGAY;
- Este processo ocorre na presenca de luz, ao contririo do que sucede
com as plantas CAM;

- Existem normalmente 2 tipos de células fotossintéticas: as do mesdéfilo

e as da bainha dos feixes.

Tem sido questionado ser a anatomia kranz absolutamente essencial

para a via em € ., Até i data, todas as espécies identificadas como €
4 4
apresentam anatomia kranz. E  curioso notar gque culturas de tecidos

fotossintéticos de espéeies € (e.q. Amaranthus retroflexus, Froelichia
4
gracilis, Portulaca oleracea) nd3o apresentam anatomia kranz, embora

apresentem baixos niveis de fotorrespirvagdo e os dcidos em € sejam oS
4

principais produtos iniciais da fixagdo de LU . Contudo, desconhece-se se
2
se trata da viea em € a funcionar de modo eficiente na auséncia da anatomia
4

Kranz. Assim, por exemplo, a presenca de sacarose no meio de cultura
daqueles tecidos poderd explicar, por accdo da enzima PEP carboxilase, 2

formacdo de um dcido em £ a partir do PEP produzido na glicdlise.
4



BIOQUIMICA DA FIXACAG DD €O NAS PLANTAS €
2 4

A& wvia em € pode ser subdividida em duas fases: uma fase de
4
carboxilacdn, que ocorre nas células do messfilo, e uma fase de

descarboxilacdo, que scorre nas células da bainha dos feixes (Fig.V.2). A
tocalizacdo intracelular das enzimas que participam nestas duas fases estd
indicada na Tabela V.4. Destas enzimas, apenas a piruvato ortofosfate

dicinase ¢ exclusiva das plantas £ .  Todas as outras ocorvem nas plantas
4
£ ., ombora as suas actividades sejam normalmente muito baixas. Em relacdo

3
ds enzimas gue estdiv na base da subdivisdo das plantas € {ver adiante}, a
4

sua actividade € muito maior nas plantas desse subgrupo do que nas plantas

dos outros subgrupos ou nas plantas C .  As actividades das enzimas do
3\
ciclo de Calvin sdo semelhantes nas plantas £ e € .
3 4

TABELA V.4 -~ Localizaclo intracelular das enzimas que participam na via em (

4
ENZIMA LOCALIZACAC INTRACELULAR
CELULAS DO MESOFILD

PEP carboxilase Citoplasma

Anidrase carbdnica : Citoplasma

Alanina aminotransferase Citoplasma

Aspartato aminotransferase Clovoplasto [NADP-ME);

Citoplasma (NAD-ME, PEP-CK}

Piruvato ortofosfato dicinase Cloroplasto

Pirofosfatase inorgdnica Cloroplasto

Adenilato cinase Cloroplasto

Malato desidrogenase (NADP+) Cloroplasto

CELULAS DA BAINHA DOS FEIXES

Alanminag aminceiransferasse Citoplasma
Aspartato aminotransferase Mitochndrio
Malato desidrogenase Cloroplasto
Enzima mdlica (NAD+) Mitocdndrio
Enzima midlica {NADP+} Cloroplasto
PEP carboxicinase Citoplasma
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c . . Atmosfera
/f}\ Didxida de carbono rerd

\\\\Estema \Kkﬁpiéerme :

Parede celular

. ATP

Espaco
intercelular

RuBPCase

Hidrato de
¢ carbono

Célula
P

, . , fotossintdti
Ciclo de Calvin otossintetica

2 ATP .\
2 NADPH ~

‘ Didxido de carbone
' Atmosfera
Y

Parede celular

Epiderme Estoma

 Acido
F’EPWWWQH&CE

Célula do
messfilo

PEP rarboxilase
Parede celular

Hidrato de

_ carbono Celula da

 bainha dos

Ciclo de Calvin. feixes

7 ATP -\
2 NADPH —

Fig.v.2 - {A) Esquema simplificado da via em C3. (B) Esquema simplificado da
via em (g,
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FASE DE CARBOXILACAD

Esta fase ocorre nas células do mesdfilo das plantas € e
, 4
consiste na conversio de precursores em € + (0 atmosférico em dcidos em
3 2
€ através da accdo da enzima PEP carboxilase. A reacgfo catalisada por

4
esta enzima €  comum 3 todas as plantas € . A PEP carboxilase € uma

4
enzima citoplasmatica, apresentando uma slevada afinidade para o HCO , o
3
qual & o seu substrato {e ndo ¢ €0 ). Contudo, o citoplasma das células

4
do mesSfilo contém uma elevada actividade da enzima anidrase carbénica, a

e

gual permite uma rédpida conversdo do 0 dissolvide a HLO .
: ? 3

A PEP carboxilase estd presente nas folhas das plantas C  em
4

gquantidades muite superiores as encontradas nas folhas das plantas €
3

{Tabela V.7). Por outro lado, enguanto que a RuBPCase estd presente em
maior quantidade nas células da bainha dos feixes, a PEP carboxilase ¢é

mais abundante nas células do meséfilo.

Hé 3 vias alternativas na fase de carboxilagdo comuns & maioria

das espécies € , embora seja varidvel a proporcdo em que funcionam:
4

a}l A conversdo de piruvato e €0 a malato, envolvendo 6 enzimas, com o
Z

consumo de 2 ATP ¢ 1 NADPH por €O fixado:
2

Piruvato ortofosfato dicinase,  EC 2.7.9.1
piruvato + Pi + ATP —p PEP + AMP + PPi
Pirofosfatase inorgdnica, EC 3.6.1.1
PP + H O~ 2P1
Adenilato giiaﬁe, EC 2.7.4.,3
AMP + ATP ——p 2 ADP
Anidrase carbdnica, EC 4.2.1.1

+

€60 +HOQ —p HCO +H
2 Z 3
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b)

PEP varboxilase, EC 4.1.1.31
‘f‘

PEP + HCO + H -p oxalpacetato + Pi

3
+

Malato desidrogenase {NADP }, EC 1.1.1.82
+ +

Oxaloacetato + NADPH + H  —p NADP + [L-malato
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Piruvato + L0 + ATP + 2H O + NADPH + H  —p
2 2

g {ematato + 2 ADP + 2 P1 + 2 NADP

A conversdo de alanina e {0 a aspartato, envolvendo 7 enzimas, com o
2
consumo de 2 ATP por £0  fixado:

2
Alanina aminotransferase, EC 2.6.1.2
L-alanina + 2-oxoglutarato —p piruvato + L-glutamato

Piruvato ortofosfate dicinase, EC 2.7.9.1

piruvato + Pi + ATP ——p PEP + AMP + PPi

Pirofosfatase inorgdnica, EC 3.6.1.1
FP{ + H O wpp 2 Pi
2
Adenilato cinase, EC 2.7.4.3

AMP + ATP wpe 2ADP

Anidrase carbdnica, EC 4,2.1.1
- 4

€0+ H O wp HCO + H
2 7 3
PEP carboxilase, £C4.1.1.31
e

PEF + HOD  + H ——p oxalpacetato + Fi
3
Aspartato aminotransferase, EC 2.8.1.1

Oxaloacetato + L-glutamato —p L-aspartate + Z-oxoglutarato
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l-alaning + C0 + 2 ATP + 2H O —g L-aspartato + 2 ADP + 2 Pi
? 2

&t glutamato e o Z-oxoglutarato s8o reciclados pelo acoplamento das

reacgdes catalisadas pelas duas aminotransferases,
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¢} A conversio de PGA e (0 a malato e Pi, envolvendo S'enzfmas, com ¢
2
consumo de 1 NADPH por {0 fixado:
2

Fosfoglicerato fosfomutase, EC 5.4,2.1
3 - fosfoglicerato — 2-fosfoglicerato

Enplase, EC 4.2.1.11
2-fosfoglicerato —d PEP + H O

?
Anidrase carhdnica, EC 4,2.1.1
- +
0 + H O —p HO + H
é ? 3
PEP carboxilase, £EC 4,1.1.31
v - +
PER + HCD + H  —p praloscelato + P
3
+
Malate desidrogenase {(NADP }, EC 1.1.1.82
+ +
Oxaloacetato + NADPH + H —p NADP + L-malato
+ +
3-fosfoglicerato + 0 + NADPH + H  ——p L-malato + NADP + Pi
?

£, portanto, necessdria energia em qualguer das alternativas da

fase de carboxilagdo da via em €, podendo qualquer dos 32 metabolites,
4
piruvato, alanina e PGA, servir de precursor nesta fase. A guantidade de ATP

e NADPH requerida por CO fizado ew dcidos © dependerd das taxas relativas

2 4
de fixacdo pelas 3 vias alternativas de carboxilacdo.

FASE DE DESCARBUXILALAD

Esta fTase ocorre nas células da bainha dos feixes das espéoies

€ . Estas plantas podem ser divididas em 3 sub-grupos de acorde com o

4
mecanismo responsdvel pela descarboxilagdo dos dcidos em € {Tabela V.5)
4

NADP-enzima mélica  (NADP-ME), HNAD-enzima mdlica (NAD-ME)} e PEP

carboxicinase {PEP-CK).
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[

Tabela V.5 - Subgruposde plantas €

4
Forma de translocacdo Enzima responsdvel  (omposto translocado
Subgrupo Exemplos Enzima fixadora do CO do mesdéfilo para pela produclio de €0 da bainha dos feixes
2 2
do €0 no mesdéfilc a bainha dos feixes na bainha dos feixes para o meséfilo
2
Digitaria sanguinalis
Saccharum officinarum
NADP-ME Setaria lutescens PEP carboxilase L-malato enzima mdlica Piruvato
Sorghum sudanense (NADP+)
Zea mays .
Amaranthus edulis
Amaranthus retroflexus , _ .
HAD-ME Atriplex spongiosa PEP carboxilase L~aspartato enzima mélica alanina
Panicum miliaceum , {NAD+)

Portulaca oleracea

Chioris gayana

PER-CK Panicum maximum PEP carboxilase {~aspartato PEP carboxicinase PEP
Sporobatus Fimbriatus
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a) NADP-ME

Nas espécies NADP-ME, por vezes também denominadas "plantas ©
4

formadoras de malato™, ¢ malato e o piruvato sdo os principais metabolitos
transportados entre as células do meséfilp e as da bainha dos feixes.
0 malato produzido nas células do mesdéfilo €  translocado para os

cloroplastos das células da bainha dos feixes, onde é descarboxilado por
+

accdo da enzima mdlica (NADP }, mais correctamente designada por wmalato

desidrogenase {oxaloacetato descarboxilante}, EC 1.1.1.40:
+ +

L-malato + NADP w—p piruvato + 00 + NADPH + H

2

6 €0 assim produzido € refixado no ciclo de Cé?v%n pela RuBPCase., A

2
descarboxilacdo do malato e o ¢iclo de Calvin estdo acoplados de modo que a

descarboxilagdo do malate fornece €O ao ciclo de Calvin, enquanto que este
2
reoxida o NADPH., 0 piruvato produzido retorna aos cloroplastos das células

P

do mesdofile onde é convertido em PER,

Embora o malato  seja o  priscipal composto marcado
14
radipactivamente quando se fornece [0 a folhas de espécies NADP-ME,
2

estas plantas fixam também quantidades siéni?icativag de CO0 na forme de
2

aspartato. Um procssso idéntico ocorre nas espécies NAD-ME e PEP-CK,

b} NAD-ME

Has espécies HNAD-ME, por veres também denominadas "plantas €
4
formadoras de aspartato do tipo 2%, o aspartato e a alanina parecem ser ¢s

principais metabolitos transportados entre as células do mesdfilo e as da

hainha dops feixes,

A enzima responsdvel pela reacgdo de descarboxilacio € a enzima
+
milica (NAD )},  mais correctamente denominada malato desidrogenase

{descarboxilante}, FEC 1.1.1.39, localizada nos abundantes mitochndrios das
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células da bainha dos feixes, Estas plantas possuem haixas actividades da
¥
enzima mdlica {NADP ) e da PEP carboxicinase, mas elevadas actividades das

enzimas aspartato e alanina aminotransferases, tanto nas células do

mesdfilo come nas da bainha dos feixes.

A fase de descarboxilagdo nas espécies NAD-ME envolve 4 enzimas:

Aspartato aminotransferase, EC 2.6.1.1

L-aspartato + Z-oxoglutarato ——p oxaloacetato + L-glutamato

Malato desidrogenase, EC 1.1.1.37
+ +

Oxaloacetato + NABH + H b L-malatp + HAD
+

Fnzima mdlica {NAD ), FC 1.1.1.39
+ +

L-malato + NAD  —p piruvato + CO + NADH + H
_ 4
Alanina amingtransferase, EC 2.6.1.2

piruvato + L-glutamato —p L-alanina + 2-oxoglutarate
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L-aspartato —p L-alanina + £0

b4
Notar gque ndp ocorreu variacio 1iquida de energia ou potencial redutor
nesta sequéncia de reacgfes. 0 €0 assim produzide é refixado no ciclo de

2
Calvin pela RuBPCase, enquanto que a alanina é  transportada para as

células do mesdfilo.

¢} PEP-CK

Nas espécies PEP-CK, por vezes também denominadas “plantas €
formadoras de aspartato do tipe 1Y, o aspartato e o PEP sdo os priﬂcfpafg
metabolitos transportados entre as células do mesdfilo e as da bainha dos
feixes, |

A enzima responsdvel pela reaccdo de descarboxilacdo € a PEP

carboxicinase, FEC 4,1.1.49, localizada no citoplasma das células da bainha



dos  feixes, Estas plantas possuem baixas actividades da enzima mdlics
(NA9P+), mas elevadas actividades das enzimas PEP carboxicinase, aspartato
aminotransferase e alanina aminotransferase,
A fase de descarboxilagdo nas espécies PEP-LK envolve ? enzimas:
Agspartato aminotransferase, EC 2.8.1.1
L-aspartato + Z-oxoglutarato -—p oxaloacetate + L-glutamato

PEP carboxicinase, EC 4.1.1.49
Oxalvacetato + ATP wd PEP + L0 + ADP
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L-aspartato + Z-oxoglutarato + ATP wp PEP + L-glutamato + ﬁ@? + ADR
{ 68@ assim produzido é vrefixado no ciclo de Calvin pela RuBPCase. Nio se
ccﬁh;ce bem o destino do PEP, embora se admita que ele seja transportade de
volta 3as células do mesdfilo. As espdcies PEP-CK devem possuir um
"shuttle® piruvato-alaning ou Z-oxpglutarato-glutamato para transferéncia
de azoto das célulfas da bainha dos feixes de volta s células do mesdfilo,

de modo a permitirem um funcionamento continuo das transaminases,

NECESSIDADES ENERGETICAS DA VIA EM C
4

A energia necessdria para a fixacdo do €0 pelo ciclo de Calvin

7
¢ idéntica nos 3 sub-grupos de plantas © . Contudo, a energia adicional
4
necessdria para o funcionamento da via em € varia consoante o sub-grupo de

4
plantas € considerado {Tabela V.6).
4

Vérias vrazbes conteibuem para gue vs valores apresentados na
Tabela V.6 ndo devam ser considerados em termos absolutos. {i] Qualquer
espécie € utiliza preferencialmente uma das 3 vias alternativas de

4
descarboxilacdo, mas ndo exclusivamente., Do mesmo modo, é muito provdvel
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que tanto o malato como o aspartato sejam transportades das células do
mes6filo para as da bainha dos feixes, embora numa proporgdo varidvel
consoante a espécie considerada. (i1} Apds a reaccdo de descarboxilacio
dos dcidos em € nas células da bainha dos feixes, o C0  libertado £
refixado pela RuBPgase. Contudo, o PGA assim produrido agde ser reduzido
no local de sfntese {cloroplastos das células da bainha dos feixes) ou  ser
transportado para os ciayopfasias das células do mesdfile aéra af ser
reduzido.

Algumas diferencas fotoquimicas nos cloroplastes dos . diferentes
sub~grupos de plantas € permitem explicar as diferentes necessidades
energéticas da fixagdo do gﬁ naguelas plantas {Tabela V.6). Nas espécies
HADP-ME, 70 3 100% &a gateﬂgéa} redutor & produzido nos cloroplasteos das
células do meﬂéféic, 0s cloroplastos das células da bainha dos feixes
apresentam uma deficiéneia na actividade do fotossistema II, apresentands
yma estrutura varidvel desde contervem grama rudimentar (caso de mitho} a
serem completamente agranares (casos do sorge e cana-do-agicar}. Por isso,
o3 cloroplastos das células da bainha dos feixes nas espécies NADP-ME
produzem muito pouco potencial redutor, o sorgs e a8 cana-do-agicar
representando casos extremos {0-5%). Assim, a fixacgdo de um CO  por acgdo
da RuBPCase nos cloroplastos das células da bainha dos feixes garigfﬁa Z
moléculas de PGA,  Hum caso extremo, apds uma volta do ciclo em €, um
NADPH € transferido dos cloroplastos das células do mesdfile para @: das
células da bainha dos feixes {0 malato produzido nas células do mesdfile €
descarboxilado nas células da bainha dos feixes com a producdo de 1 NADPH)
para at¥  reduzir uma molécula de PBA. O outro PGA poderd ser transferido
para os cloroplastos das cédlulas do mesdfilo e ser af  veduzido, de tal
modo que, neste case, & fase redutiva da assimilagdo do Cﬁg funcionard a

taxas Tfguais nos 2 tipos de células, com todo o potencial redutor a ser

produzido nos c¢loroplastos do meséfilo.
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TABELA V.6 - Necessidades energéticas do ciclo em £ e do cicle de Calvin por
4
0?2 fixado para cada um dos sub-grupos de plantas C4,
Necessidades do o
ciclo em 04 Necessidades Necessidades
Sub~grupo  Fonte de  seeemm e do ciclo energéticas
energia Células do  Células da de Calvin totais por
meséfilo bainha dos €072 fixado
faixes
HADP-ME ATP 0 3
NADPH 1 {3 1* é
NAD-ME ATP ? 0 3 5
HADPH ) 0 2 2
PEP-CK ATP ¢ 1 3 4
NADPH ) 0 K4 2

o ok ¢ 0ot ann Aam Ann R 0 200 200K 00X 06 BAG DR AV WA U (0 RN KX 900 090 00 0 A W WA WA/ e N AR 00 00r L GO 000 500 MA WA SAn W AN NS AR AR X X 00 000 900 000 200 X001 WA M Gt 500 e Mk A R WY AN War U RO X o K K X 000 000 000 ke

* Forma-se um NADPH na reaccdo de descarboxilaglo catalisada pela enzima
malato desidrogenase (oxaloacetato descarboxilante) (NADP+),

As espécies NAD-ME ¢ PEP-CK, ao contrdric das NADP-ME, contém
grana tanto nos cloroplastos das células do meséfilo como nos das células
da bainha dos feixes, necessitande apenas do consumo de ATP para o

funcionamento da via em C {(Tabela V.6}.
4

ASSIMILACRO DO AZOTO NAS FOLHAS DAS PLANTAS ﬁ@

Nio é conhecida qualquer Vigac8o directa entre a assimilacdo do
azoto & a via em € . Contudo, as células do mesdfile sfo encaradas como o
nrincipal local ge assimilac8o do azoto nas folhas das plantas € por
viarias vrazfes: (i} As plantas € contém mais de B0% da actiiidada
enzimdtica de reducdo do nitrato § amdnio {enzimas nitrato redutase e

nitrito redutase) localizada nas células do mesdfile. (1) Em relaclo 3s
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enzimas glutaminag sintetase e glutamato sintase, enguante que alguns
estudos indicam estarem principalmente localizadas nas células do mesdéfilo,
gutros indicam uma distribuicdo mais uniforme pelos 2 tipos de células.
Assim, o potencial redutor gerado nas células do mesdfilo poderd ser
utilizado na sintese de malato, reducdo do PGA transportado das células da
bainha dos feixes e assimilacdo do azoto. 0 potencial redutor gerado nas
células da bainha dos feixes pelas reacgles fotoquimicas efou pela
descarboxilacdo do malato serd usado preferencialmente no cicle de Calvin.

Nas folhas das plantas Qé, verca de 80% da actividade da enzima
glutamato desidrogenase estd ‘localizada nos mitocdndios das c¢élulas da
bainha dos feixes, Uma vez que ccorre fotorrespiracdo nestas células, o
amfnio libertado na reaccdo de descarboxilacdo da glicing poderd  ser

reassimilado no mitocOndrio pela glutamato desidrogenase ou no cloroplasto

pela accfo conjunta das enzimas glutamina sintetase e glutamato sintase.

FUNGAO DA VIA EM C
4

Poderd perguntar-se qual a funglo da via em £, i.e., porque &
‘ 4

que as plantas fixam €0 em dcidos orgdnicos com 4 dtomos de carbono  {com
?
gasto de energia}, para depois o libertarem e refixavem por acclo da enzima

RuBPCase., A resposta € dada por observacdo dos pontos de compensacgdo para
g €0 das plantas C e € . Para concentragfes baixas de 00 as plantas ©

2 3 4 2 4
conseqguen Figar muito mais £0 do gue as plantas €, apresentando por fsso
Z

&%

3
vantagem selectiva. Tal € devido av baixe Km da PEP carboxilase para

o HCOQ . Em contrapartida, e saturagdo luminosa ndoc €  atingida nas

3

plantas € mesmo guando a Yuz & muito intensa. Tal resulta provavelmente

de o factor limitante da fotossintese nas plantas { deixar de ser o (0
4 ?

para passar a ser o proprio aparelhe  fotoguimico. As plantas €
4
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apresentam-se assim em grande vantagem em relacdo &s € em condigBes de
3

elevadas temperatura e intensidade luminosa {quando a concentracioc de (0
e e z2
dentro da célula decresce devido ao fecho dos estomas), ndo sd devido ao

mais  baixe ponto de compensag8o para o €0 como & menor  taxa
2

fotorrespiratéria {Tabela ¥.3). Em condicBes moderadas de temperatura e

Tuz, 2 vantagem das plantas C em relagdo &s £ € wmenos marcante ou mesmo
4 3 ,
ausente, Na realidade, para baixas intensidades Tuminosas, enquantp que a

2o

taxa de fotorrespirvacdo € baixa nas plantas € , & snergia
3

adicional requerida pelas plantas € para fixar o €O poderd resultar numa
4 2
eficiéneia  fotossintética mais baixa do que nas plantas € . Para
3

intensidades Tuminosas elevadas, em que hd excesso de energia

fotassintética mas o 802 é limitante, as plantas
C4 podem usar esse excesso de energia na via em Cdg enguante gque nas
plantas Cq tal resulta numa mafor taxa de fotorrespiracio,
&A via em Cg actua come um mecanismo de concentrar CQG {Fig.v.3).
f.e., a descarboxilagdo do aspartato ou malate nas células éaabaiﬂha dox
feixes aumenta a razdo (L0 }/(00) na vizinhanga da RuBPCase, o© que tem 2
2

efeitos: um aumento da taxa de fixagdo de €0 devido ao relativamente

2

elevado Km da RuBPCase para o 0O 5 uma reducdo na taxa da fotorrespivacdo
2
por aumentar a razfo das actividades carboxildsica/oxigendsica.

Tem também sido sugerido que as plantas € utilizam o azoto do
4
solo  de modo mais eficiente que as plantas € , uma vez gue necessitam de
3
sintetizar muite menos RuBPCase que as plantas € para a fizaclo de uma
3

dada quantidade de {0 .
?
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energia energia
€Oy Baixa Alta Hidratos
—t—p : de
atmosférico (€04} (COy) Carbono
Ciclo Cicle de
em € Lalvinm
4
Fig. ¥.3 - Fotossintese em € .
' 4
Algumas plantas desenvolveram uma bomba metabdlica de CO , movida
2
por compostos vicos em energia, a qual capta o CO atmosférico numas
2

camada exterior de células fotossintéticas {mesdfile), enviando-o
para uma camada mais interna (bainha dos feixes} onde &

assimilado.

FOTORRESPIRACKG NAS PLANTAS €
4

Contrariamente ao que se observa nas plantas € ., o5 sintomas
3
externos da fotorrespiracdo estfo ausentes nas plantas €, i.e., {i} a sua
4
taxa fotossintética ndo ¢  aumentada pela redugdo da  concentragdo

atmosférica de 0 , {i1) o seu ponto de compensagdo para o £0 € priximo de

(A

zevrn, e {111} nfo Tibertam C0 , new mesme guando expostas a uma atmosfera
2
sem CO na presenca de luz. Contudo, as folhas das plantas € contém todas
2 4
as enzimas da fotorrespiracfo, as guais estdo predominantemente localizadas

nas células da bainha dos feixes, apresentando niveis de fotorrespiragido



mais baixos do que os das plantas €. Uma folha de milho, por esxemplo,

b3

>
apresenta uma taxa de fotorrespiracdo da ordem dos 20% da observada numa

planta £ tipica.

’ Trés razfes Ffundamentais contribuem para as reduzidas taxas de
fotorrespiracdo e de libertagdo de €0 observadas nas folhas das plantas
£ : (1) As actividades das enzimas fntgrresﬁiratérias sdo mais baixas nas
filhas das plantas € do que nas das Cga {ii) A via em £ , aumentando a
razdo de actividadaz carboxilacdo/oxigenaclo da enzima ga&?ﬁase, reduz
drasticamente a taxa de fotorrespirvacdo nestas plantas. {111} Algum CO
que  escape do processp Totorrespivatdrio nas células da bainha dos feixag

& provavelmente apanhado e reciclado ac passar pelas células do mesdfilo

ricas em PEP carboxilase.

PLANTAS INTERMEDIAS € -C
' 3 4

Algumas espécies ndo podem ser classificadas nem como € nem como
3

C por apresentarem alqumas caracteristicas de ambos o3 grupos {Tabela

V.73, Tém também sido referidos casos de plantas em que as folhas mais

Jovens se comportam como o enguanto que as mals velhas se comporiam como
3

£ {ex: Mollugo nudicaulis}. Poderd especular-se que as plantas © ou C
4 3 4
puras constituem casos extremos de um espectro continuo,
PBevido &s melhores faxas de crescimento das plantas € em  dadas
4

condicfes foi sugerida a introdugdo, por hibridagdo, das caracterfsticas C
4

em plantas € de importdncia  agricola. Assim, observou-se que alguns
hibridos aﬁti&os experimentalmente entre espécies 83 e C@ do  género
Atriplex produziam geracles com uma gama de actividades da PEP carboxilase
e vdrios graus de anatomia tipo Kranz. Experiéncias realizadas com estes

hibridos mostraram que metade do C0 era fixado em dcidos em €, enquanto
z 4
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gue a outra metade aparecia no PGA,  Contudo, a maioria do carbono fixado
pela PEP carboxilase era libertade na zona errada da folha, de tal modo que
ndo era refixado pel RuBPCase. Tal resultou provavelmente de uma anatomia
foliar intermédia entre a das plantas 53 ¢ ﬁa, pois ¢ ponto de compensacio

para ¢ C0 do hibrido era idéntico ao da planta € .
2 3
0 género Mollugo contém naturalmente espécies €, € e espécies
' 3 4

intermédias.  Assim, por exemplo, os diferentes ecdtipos de Mollugo

verticillata apresentam graus varidveis de plantas intermédias € -C .
3 4

Qutros exemplos de espécies intermédias C ~C  sdo Panicum milioides {Tabela
3 4

¥.7} e HMoricandia arvensis. Contudo, estas plantas ndo apresentam a
compartimentagdo diferencial da PEP carboxilase e RuBPCase enitre os
diferentes tipos de células fotossintéticas caracteristica das plantas € .
Tem sido sugerido que, nestas plantas, em condic¢Bes atmosféricas narmais,ﬁa
taxa de fixacdo do €0 externo através da PEP carboxilase é relativamente

2
pequena em relacdo & da fixagdo através da RuBPCase.

TABELA V.7 - Caracterfsticas fotossintéticas intermédias entre £ e £ de

3 4
Panicum mitioides
Cavacterfstica Flanta © P, milioides Planta ©
3 4
tipica tipica
Ponte de compensacdo pars
o L0 {ppm)} 40-60 16 0-5
&
Inibigdo da fotossintese pelo
oxigénio {21% versus 2%{v/v}{0 } 30% 15-20% 0%
2
Actividade relativa da
PEP carboxilase 27 147 > 1000
Anatomia foliar ndo-kranz intermédia kranz
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VI - METABOLISMO CAM
CARACTERISTICAS GERAIS DAS PLANTAS DO TIPO CAM

- 0 metabolisme dcide  das Crassu?éceag g um  processo
fotossintético, nomeado a partir da familia das Crassuldceas, onde se
observou pela primeira vez uma propriedade caracterfstica deste processo: a
‘acumaiagﬁn nocturna de dcido mé?ic&. A sigla carrespand%nte en pcrtagués
é a da MAC, embora seja talvez preferfvel utilizar avgfg3a do ing!és CAM
por ser de uti1izag§o‘praticamente universal.

| 0 CAM pode ser definido como uma flutuagdo didria massiva de
acidez titu}§ve§x provocada pelo dcido mdlico. Embora o dcido citrico e
out?és dcidos possam tawbém contribuir para tal flutuagde, existem muite
poucos estudos sobre estes,

Numa planta CAM tipica, a flutuagdo didria nos niveis de dcidos
orgénicos com 4 dtomos de carbono {predominantemente o dcido mdlico)
regu}ta de:

Durante & noite

- fixacfo nocturna de €0 , numa reacgdo catalisada pela enzima ?ﬁ?
carboxilase, consumindo PEP pari produzir exaiegcetato;

- p oxaloacetato assim produzido é rapidamente reduzido a malato pela
enzima malato desidrogenase;

- ¢ malato € entdo tranﬁé&rt&dﬁ para us grandes vactolos das células

das folhas, que acumulam o malate sob a forma de dcide mdlico;

- observa~-se, por isso, uma diminuicdo do pH do suco vacuplar durante

a noite.
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Durante o dia

- No perfodo de iluminacdo subsequente ¢ dcido mdlico sai do vacdole,

processo este acompanhado por um aumento do pH do conteddo vacuolarg

>

~ fora do vaciolo, o malato é descarboxilado, produzindo €0 e um

e
fragmento com 3 Atomnos de carbono {o piruvato ou o PEP};

~ 0 €0 assim Tibertado & fixado fotossinteticamente pelas enzimas do
2
ciclo de Calving

- os fragmentos com 3 dtomos de carbono sdo utilizados na sfntese de
hidratos de carbono de reserva.

CEsta  alterndncia na concentragdo de dcidos érgénicbs é
acompanhada por uma alterndncia na abertura e fecho dos estomas e na
quantidade de hidratos de carbono de reserva, Contrariamente a0 que  se
observa na maioria das plantas, nas plantas do tipo CAM os estomas estso
”abeftoskdarante a né%fé (permitindo a entfada’de CG?)‘Q fechados durante as
horas da ?uz'{duranté'a fase de descarboxilagdo e fixacdo foﬁgssintétfca).
0 comportamento estomdtico das plantas CAM fe?é assim vantagens do panis
de vista de economia de dgua, pois o fecho dos estomas durante as horas de
maior ¢a3orvreduziré a taxa transpiratéria.

0 metabolismo CA% envolve uma fixaclo de €OQ as eaaéraa de
natureza ndo-autotrdfica, envolvendo reacgles e eﬁzémgg de ocorréncia
praticamente universal, incluindo as células animais. A sua inclusdo no
metabolisme  fotossintético deve-se & assimilacdo do €0 ser feita, em
d1tima andlise, pelo ciclo de Calvin, )

Critério utilizado na de??nig§0 de uma planta CAM:
- flutuacdo didria no nivel de dcidos orgdnicos;

- flutuacdo didria reciproca no nivel de hidratos de carbono de reserva;

- actividades elevadas da enzima PEP carboxilase e de uma descarboxilase

activa;
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- grandes  vactolos de veserva, localizados em algumas células com

cloroplastos;
~ plantas tipo suculento; -

- trocas gasosas nocturnas,

FIXACKO DD CO E SINTESE DO MALATO
2

Duas reacgBes participam na fixacdo do €0 e sintese do malato
2

nas plantas tipo CAM:

PEP carboxilase, EC 4,1.1.31
,.%..

PEP + HCO  + H -~ oxaloacelats + Pi
3

Malato desidrogenase,  EC 1,1.1.37

+ +
Oxaloacetato + NADH + H  —p L-malate + NAD

0 PEP & sintetizado através das reaccfes da g?ité?iﬁe, a partir da
mobilizacdo do amido e outros hidratos de carbono de reserva (Fig.VI.1)., A
reducio do oxalpacetato pode ser acoplada & reacg8o catalisada pela enzima
glicolftica gliceraldeide 3-fosfato desidragenase,' de tal modo .que 8
producio  de dcide mdlico a partir do amido serd auﬁﬁ»&uf%c?eﬁtavﬁﬁ ponto

de vista energético,
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DESCARBOXILACAO DO MALATO E ASSIMILAGRO FOTOSSINTETICA DO €O
2

A inversdo do  transporte do dcido mdlico de Ypara dentro do
vaciolo™ para "para fora do vacdolo” marca a passagem da fase de producdo
de malato para a fase de consumo de malato.

A semelhanca do que se passa com as plantas € , as plantas tipo
4

CAM possuem 3 enzimas responsdveis pela descarboxilagdo dos dcidos em C @
4

+

Enzima mdlica {NADP J}, EC 1.1.1.40 .
+ +
L-malato + NADP =@ piruvate + C0 + NADPH + H
2

+ _
Enzima mdlica (NAD }, EC 1.1.1.39

L-malato + NAD§ -t Diruvato + CQ? + NADH + H+
PEP carboxicinase, EC 4.1.1.48
oxaloacetate + ATP —p PEP + CGQ + ADP
2
A actividade destas enzimas em diferentes plantas CAM depende da
cespécie taxondmica, de modo que se pode subdividir as plantas CAM em dois
grupos com base nas enzimas responsdveis pela descarboxilagdo:

- {0 grupo da enzima mdlica, ME-CAM, Estas plantas contém elevadas
actividades da enzima milica (Nﬁﬂ?+} e/ou da enzima wmdlica {Nﬁﬁ%}, ndo
possuindo actividade da PEP carboxicinase; exemplos: Bryophyllum pinnatum,
Bryophyllum tubifiorum, Kalanchoe dalgremontiana;

- 0 grupo da PEP-carboxicinase, PEPCEK-CAM, Fstas plantas contém uma
elevada actividade desta enzima, apresentando uma actividade das enzimas
mdlicas menor que 15% da actividade da PEP carboxicinase; exemplos: Alee
arborescens, Hoya carnosa, Stapelia gigantea.

Tante as plantas ME-CAM como as PEPCK-CAM contém suficiente

actividade da RuBPCase que permita uma fotossintese activa tipo C .
3
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Contudo, a taxa de descarboxilacdo do malato é maior do que a taxa de
carboxilacio pela RuBPCase, uma vez que a concentragdo intracelular de CO

2
aumenta durante a descarboxilagle do malato.

Todos oS dtomos de carbono do malato parecem ser convertidos em
hidratos de carbono de reserva, Assim, © ﬁ&z liberto por accdo das enzimas
~de descarboxilagdo ¢ assimilado em hidratos de carbono pelo ciclo de
Calvin. 0O fragmento em € resultante da descarboxilagdo dos dcidos em C
é uéi?izada na sintese &e hidratos de carbone, & gual pode ocorrer (i?
através da sua conversdo em PGA, o qual pode ser posterformente incorporado

ng ciclo de Calvin ou (1) através da gluconeogénese, a partir do piruvato.

DISTRIBUICAD

0 metabolisme d&cido das Crassuldceas expressa-se de maneira
extraordinariamente flexfvel, o que cria dificuldades e ambiguidades sobre
a qualificagdo de certo nimero de espécies, particularmente aquelas em que
as caracterfsticas CAM se podem ou ndo manifestar consoante as condigfes do

mein em que se desenvolvem.

Conhecem-se cerca de 25 a 30 familias de ﬁ?antas que possuem
“espécies tipo Cﬁﬁ; Nalgumas familias o CAM é quase exclusivo {ex:
crassuldceas, cactdceas), enguanto que noutras a majoria das espécies sdo
do tipe € {ex: compostas, vitdceas, 1ilidceas). As 10000 ou wais espécies
de angiaépérmfaas que apresentam CAM incluem mais de 10D0 gspécies da
familia das bromelidceas e vdrios milhares da famflia das orquiddceas. A
literatura refere apenas uma dnica espécie gimnospérmica tipe CAM: &
planta do deserto de Mocimedes Welwitschia mirabilis. Tamhém tem sido
encontrado wmetabolismo CAM nalgumas plantas inferiores como os fetos

Drymoglossum e Pyrrosia. A tabela V.1 apresenta uma sérip de exemplos de
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espécies tipo CAM, incluindo duas espécies economicamente importantes - o

anands & o sisal.

DIVERSIDADE DO METABOLISMO CAM

a) 0 CAM como adaptagdo & falta de dqua

As plantas CAM sdo geralmente oriundas de reqifes semi-dridas e
tropicais, estando normalmente adaptadas a condic¢les desérticas, com
regimes hfdricos irregulares e perfodos de seca fﬁeQuen£83ve prolongados.
0 CAM é considerado como uma importante adaptaééd bioquimica e fisioldgica
“do metabolismo fotossintético do carbono aos défices de dqua.

Durante os periodos de intensa luminacio e temperaturas elevadas
as plantas CAM conseguem reduzir as suas taxas't?anssirétér%aﬁ ao  minimo.
Por um lado, o fecho dos estomas durante o dia reduz drasticamente as
trocas gasosas entre a p?antak& a atmosfera ambiente. FPor outro lado, a
frequente suculéncia dos orgdos fotossintéticos ndo s6 diminud a  relagdo
drea/volume como permite ¢ armazenamento de dqua. Reciclando o SQW

i
respiratério através da Tixacdo de CO as escuras e da fotossintese, as

plantas CAM evitam a fataiﬁib§g§a,2 retém dgua e mantém o sistems
fotessintético numa forma activa na auséneia de trocas de CG? com 0
exterior. Mantém assim uma actividade fotossintética normal em éondigées
que provocariam a morte dos tecidos fotossintéticos de outras plantas.

{0 facto de a via CAM se encontrar normalimente associada a  orgdos
suculentos ndo significa que todas as plantas suculentas sejam do tipo CAM
ou que esta via ndo se encontre em orgdos fotossintéticos desprovidos de

syculéncia, J&  fol descrito ¢ caso de uma planta cuje caule suculento
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apresenta a via CAM, mas cujas folhas, também suculentas, assimilam €0
2

pela via normal em C .
3

b} 0 CAM como adaptagdo & falta de CO
2

Algumas observages indicam que €& necessdric cuidade na

interpretacdc do CAM como uma adaptacglo a ambientes dridos.
Plantas do género Isoetes apresentam aspectos de CAM.  Estas

plantas crescem fregquentemente em meios aqudticos com deficiéncia de (0
: - 2

{ou ﬁicaréaﬁata} durante o dia, altura em que ocorre uma Totossintese

activa dentro de égua,_ Assim, estas plantas captam o CO gfou 0

«x

. [4
‘bicarbonato durante a noite e armazenam-no sob a forma de dcido mdlico pela

yia CAM. No diz seguinte, com os niveis de HCO - baixos na dgua, estas

plantas utilizam o C0 interno proveniente da descarboxilagdo do malato e

2
assimilam-no fotossinteticamente pelo ciclo de Calvin. Assim, nos Iscetes,
o CAM ndo é uma adaptacdo a ambientes com falta de dgua. mas sim uma

adaptagdo a um ambiente com deficiéncia de CO .
i , 5

c} "Shift® CAM-C
: 3

Algumas espécies de plantas suculentas mudam de fotossintese C
' 3

para CAM em determinadas condigdes.

A Mesembryanthemum crystallinum e outras espécies da famflia das
aizodceas sdo induzidas de metabolismo C para CAM quando regadas com dqua
com sais ou quando submetidas a uma déf?ge hidrico., Quando funcionam como
ﬁg, 05 niveis de dcido mdlico e das enzimas relacionadas com o CAM s8o
bé?xo&;} as ‘pianﬁas apresentam-se pouco suculentas, Quande o CAM é

induzido, os niveis de malato comegam a flutuar, aumentando a actividade da

PEP carhoxilase, enzima mdlica e cutras enzimas.
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0 anands {uma bromelidcea), a planta CAM mais importante do ponto
de vista comercial, tem fotossintese € quando em presenga de abundincia de

3
dgua. Quandoe submetida a um défice hidrico o seu metabolisme muda para

EAM«

A mudanca de metabolismo de C para CAM em resposta a  alteragdes

3
nas condicBes ambientais parece estar também velacionada com a idade das
fothas. Independentemente do fotoperfodo, as folhas mais velhas tendem a

apresentar CAM,  Por outro lado, os dias curtos induzem CAM nas folhas

novas.
d} "CAM - cycling”

Por definicdo, no "CAM-cycling” hd trocas gasosas tipo € (as
3

trocas de €0 e H O ocorrem durante o dia}, mas ocorre também uma flutuagdo
2 2
didria de dcidos orgdnicos & semelhanca do CAM, i.e., ocorre flutuagdo

didria de dcidos orgdnicos com peguena ou nenhuma fixacdo nocturna de CO
2

exdgena.

: Tem sido sugerido que a evolugdo ocorreu de {i) plantas 100% ¢
sem flutuaglo didria de dcidos orgdnicos, para {ii) plantas 100% €3 ca;
flutuacdo didria de dcidos orgdnicos (CAM-cycling), para (1i1) p{&ntas
100% CAM,

Apresentam  [AM-cycling algumas espéeies das famflias  das
crassuldceas, bromelidceas, orquiddceas. A planta Welwitschia mirabiiis,
uma gimnospérmica nativa do deserto de Moclmedes, € um caso especial de
yma planta varidvel, podendo funcionar como planta € , CAM-cycling ou CAM,

0 significado bicldgico do CAM-cycling € gesaonhecide» Uma vez
que nos ambientes em que estas plantas ovorrem elas podem ser completamente

hidratadas = e secas no mesmo dia, do ponto de vista ecofisioldgice o CAM-

cycling pode manter as plantas preparadas para o metabolismo CAM se  surgir
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um perfodo de seca. Assim, quando uma planta com CAM-cycling € subwmetida
a seca, ela muda para CAM ou "CAM-idling". Quando a dgua se torna de nove

abundante, as plantas passam a £ , wmantendo a flutuagdo didria de dcidos
3
orgdnicos.

g) “CAM - Idling"

- Quando certas plantas sdo privadas de dgua, hd uma baixa =
prolongada flutuagdo didria de dcidos orgdnicos, mas ndo hd ocorréncia de
trocas gasosas. Estas plantas estdo a reciclar o COE iibertado pela
respiracdo através da via CAM, Este fendmeno, denominado "CAM-idling", tem
sido observado em muitas plantas, nomeadamente dos géneros Opuntia e
Kalanchee.

Tem sido sugerido que o "CAM-idling” mantem a fotossintese
intacta e evita a fotooxidacdo em condigfes de luminosidade intensa, uma
vez que o 0, como aceitador terminal de electrfes, £  produzido por
descarbaxi?ag&g do malato. 0 “CAM-idling" aparece assim como  uma
modificacdo do CAM, como um processo de sobrevivéncia em condigfes extremas

de secura., Quando a dgua se torna de novo disponivel, as plantas respondem

imediatamente com CAM normal,

£} Conclusio

Em conclusdo, pode dizer-se gue, nas plantas com capacidade de
CAM, o funcionamento desta via pode ser obrigatdrio ou facultative. E
obrigatério naguelas plantas em que o mecanismo CAM € constitutivo e que,
portanto, o manifestam sempre, sejam quais forem as condicgfes ambientais.
E facu?tativo quando a via CAM é induzida em respota a determinadas

condicBes externas, tais come o fotoperfodo ou o défice hidrico.
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E diffcil assegurar que & via CAM nunca se manifesta em
determinada planta seja qual for 'a situacdo em gue esta se encontre., A
actividade da via CAM pode ser mais ou menos intensa consocante as condigdes

ambientais. Além disso. as plantas podem apresentar diferentes graus de

CAM,

FOTORRESPIRAGCAG NAS PLANTAS CAM

A fotorrespiracio nas plantas CAM tem sido pouco estudada quando

comparada com as plantas € ou € . Contudo sabe-se gue elas contém  as
3 4
enzimas do processo fotorrespiratério. Potencialmente, as plantas CAM

devem conseguiyr reduzir bastante a actividade oxigendsica da RuBPCase e,
consequentemente, a fotorrespiracdo, uma vez que o metabolismo CAM

concentra €0 na vizinhanca daguela enzima. Na realidade, a bioquimica da

2

fotossintese CAM € muito semelhante & bioquimica da fotossintese C . A
4

principal diferenca € que, no metabolismo CAM, a separag8o entre a S?ntese

¢ a descarboxilagdo dos dcidos em € € temporal, enquanto que no
4

metabolismo € € espacial., Para um aumento da concentracdc de £0 junto
4

da  RuBPlase nas plantas CAM contribuem ainda o5 factos de que 2{?} a
descarboxilagdo ocorre durante o dia, enquanto os estomas estdo fechados e
(i1} a taxa de descarboxilacio do malato € wmafor do que a taxa de
carboxilacdo pela RuBPlase.

Muitas plantas CAM, tanto no infcic da fase luminesa do dia
{quando se esgotaram os hidratos de carbono de reserva necessdrios &
produgo de PEP, o substrato da carboxilac8o), como no final da fase
luminosa do dia {quando todo o dcido mdlico armazenado na noite anterior
nos  vactolos foi descarboxilado}, apresentam fotossintese €, com a

3

RuBPCase a fixar dirvectamente €80 externe. E de esperar qée nestas
2

alturas a taxa fotorrespiratdria seja considerdvel.



FOTOSSINTESE

CAPITULD VII

KETABOLISMO FOTOSSINTETICO DO AZOTO

Ricardo B, Ferveira

Artyr R, Teixgira

LISBOA, 1989



VII - METABOLISMO FOTOSSINTETICO DO AZOTO

INTRODUCAD

As reacgBes fotogquimicas da fotossintese foram, durante muitos
anos, exclusivamente associadas ao metabolismo do carbono., Isto £, o
termo  “fotossintese” era utilizado praticamente como sindnimo de “fixacdo

de L0 ", Estd actualmente bem demonstrado gue o "potencial assimilatdrie”

2

na forma de ATP e de NADPH, ndo é exclusivamente utilizado na assimilacdo
do CO,; sendo de destacar a sua indispensdvel participacfo no metabolismo
4o éiﬁta« 0s cloroplastos tém a capacidade de sintetizar aminodcidos,
clorofila, lipidos, &cidos nucleicos e protefna através de reaccfes
promovidas pela forga motriz gerada pelos processos fotoquimicos da

fotossintese. Neste capftulo serdo  apenas abordados ¢s  aspectos mais

salientes da incorporagdo do azoto Jinorgdnice do nitrate {NO )} em
3

compostos orgdnicos.

A maioria das plantas obtem o azote (N} necessdrio ac seu
metabolismo na solugdo do selo., O H presente no solo provém de vérias
actividades bioldgicas, mas & sua fonte primdria € o azoto molecular ou

. Z
quimico, bastante inerte, o gue explice a situagdo 'paradoxal" da

dinitrogénio (ﬁg} presente na atmosfera., Mas o N & , do ponto de vwista
produtividade das  plantas terrestres, apeasar de envolvidas por uma
atmosfera que coniém cerca de BOY de Nﬁ, ser freguentemente 1imitado por
deficiéneia de N no solo,  Na rea?gdada, a enorme reserva de N da
atmosfera ndc pode ser utilizada pelas plantas, execepto quando estai 58
encontram simbioticamente associadas a bactérias fixadoras do azoto.

>

Assim, um passo crucial na utilizacdo de N pelas plantas & a conversdo do
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K em formas mais reactivas - usualmente a forma altamente oxidadas de
?

pitrato {NO ) ou a forma altamente reduzida de amonfaco {NH ). Esta
3

3
conversdo ¢  assequrada por microorganismos fixadores de N e pela
' ?

ocorréncia duma série de processos interrelacionados que, no seu conjunto,
constituem o chamade ciclo bipldgico do azote, ¢ gqual assegura uma
reciclagem do azoto da biosfera nas suas formas orglnicas e inorgdnicas.
Embora se reconheca a existéncia, no selo, de vdrias fracgfes
azotadas e que as plantas podem absorver o N sob vdrias formas, estd bem
estabelecide que as principais fontes de N para as plantas sdp o nitrato e

o amonfaco {NH }. Porém, na maioria dos sclos, a forme mais abundante €7 o
3

et -

NO pois o NH é rdpida e eficientemente oxidado a NO  através dos
3

3 3
i

processos de nitrificagdo.

ENZIMAS DO SISTEMA REDUTOR DO NITRATO

0 N absorvido pelas rafzes das plantas tem de ser reduzido a

3
NH antes que o seu N possa ser incorporado no material orgdnico da planta.

3
Fsta reduglp envolve a participagdo de duas enzimas - a nitrato redutase

{NR} e a nitrito redutase {NiR} - e a tranferéncia de 8 electrfes:

+7a +he

NO sy N} s N H
: 3

(9
N

NR NiR

Propriedades da Nitrato Redutase

A NR presente nas plantas superiores & uma enzima

citoplasmitica gque catalisa a redugfo do NO e NO ., wutilizando o NADH
3 2

como fonte de potencial redutor:
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- + - +
NGO  + NADH + H ~p NGO + NAD + H O
3 2 ?

Esta reaccdo global, virtualmente irreversivel em condigfes

fisiologicas, envolve a participagdo de outros cofactores que actuam como

w

transportadores de electrfes do NADH ao NO , designadamente a flavina
3
adenina dinucledtido (FAD), o citocromo b e o molibdénia:
557

+ :
NADH + H FAD Z2 cit.h red 2 Mo
587

NAD FADH 2 cit.b oxid 2 Mo
2 557

A HNR 8 uma enzima muito complexa no gue respeita quer 3 sua
estrutura quer ae seu mecanismo de accdo incluindo os mecanismos de

regulacdo da sua actividade.

Propriedades do Nitrito Redutase

A reducdo do NG“§ a ﬂHg, emhora envolvendo uma
transferéncia de & electrfes, £ catalisada por uma dnica epzima - 3
nitrite redutase - gue utiliza & ferredoxina reduzida como fonte de
potencial redutor. HNos tecidos verdes, a NiR estd localizada nos
cloreplastos, onde & ferredoxina (Fd) é reduzida fotoquimicamente; nas
rafzes, a ferredoxina {ou uma substlncia de estrutura semelhante) &
reduzida por eguivalentes redutores transferidos do NAD{PJH para a Fd
oxidada por accdo duma NAD{P}H ferrvedoxina redutase:

- +

NG + Fd + H e HH + Fd  + Z2H O
2 red 3 DX 2
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INCORPORACRO DO AZOTO AMONIACAL EM COMPOSTOS ORGANICOS

Glutamina sintetase/glutamato sintase

A principal via de assimilacdo do NH nas plantas ¢ através do
3
ciclo da glutamato sintase, o gual envolve uma sequéncia de duas reacgfes

catalisadas por duas enzimas: & glutamina sintetase (65) e a glutamato
sintase. Esta via é de natureza cfclica porque o glutamato funciona como

aceitador de NH e como produto da assimilacdo do NH @
3 3

ADP4+Pi g wGlutamina Z-oxoglutarato

Fd red gu

NAD(P )H
? - 51 utamawé;/ \‘\D Glutamato
3 _
|

glutaminag sintetase

ATP+HH

glutamato sintase

A glutamina sintetase incorpora o BH na posicdo amidica da
3

glutamina numa reacgdo que consome ATP:

Glutamato + NH + ATP —3 glutamina + ADP + Pi
3

Nas folhas de muitas espéoies vegetais a glutamina sintetase encontra-se

presente em duas formas (isozimas) distintas - uma localizada no citoplasma

{65 )} e outra no cloreplasto {GS } ~ embora em certe ndmerc de plantas
2

apenas se detecte actividade de GS nn cloroplaste,
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A glutamato sintase catalisa a transferéneia do grupe amida da

glutamina para o Z-oxoglutarato na presen¢a de um agente redutor:

Glutamina + Z-oxoglut., + Fd {ou NAD{P)H) @b 2 glutamato + Fd
red oxid

{ou NAD{R}+)

Nas folhas, a glutamato sintase localiza-se no cloroplasto e utiliza a Fd
reduzida como fornecedor de equivalentes redutorss. Has rafzes, a2 enzima

encontra-se np interior de plastideos e pede utilizar a Fd , 0 NADH ou o
red

RADPH comu fonte de potencial redutor.

Glutamato desidrogenase

Uma outra via potencial de incorporagdeo do NH  em combinagdo
3

orgdnica estd associada & actividade da glutamato desidrogenase [GDH).

Esta enzima catalisa a aminagdo redutora do Z2-oxoglutarats de acorde com a

seguinte equaglo:
4

Z-uxoglutarato + NH + NAD(P}H #~p L-glutamato + NAD{P)
3

3
56 se processa a8 uma taxa wmetabolicamente significativa guando a

Dada a baixa afinidade da GOH para o NH , a3 reaccdo de assimilacdo do HH
3

concentracdo de NH no tecido € elevada. Dados os efeitos toxicos que
3
resultam da acumulagdo do NH nas células tem sido atribuida & GOH uma
3
fung8o desintoxicante em situagdes que, por uma razdo ou oulra, conduzam &

presenca de concentragfes excessivas de 8H . Este ponto de vista &
‘ 3

apoiado por observacfes que mostram aumentos considerdveis dos niveis de

GDH nos  tecidos de vdrias espéeies vegetais {particularmente nas rafzes)

quando  estas se desenvolvem em meios contendo elevadas concentragdes de

NH .
3
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CICLO FOTORRESPIRATORIO DO AZOTO

Sabe-se que ocorrem, nos tfecidos vegetais, vdrias reacgBes

susceptiveis de libertar BH por desaminacdo de compostes orgdnicos., De
3
todo os casos referidos pa literatura, o que tem side mais estudado, dada a

sua magnitude potencial, € & libertacdo de NH que tem lugar na
3
fotorrespiragdo (ver capitule IV, Fig. IV.1}), quando a glicina &

convertida em serina:

- +

2 glicina + HQ ~—p serina + C0 + NH + 2¢ + 2H
2 2 3

Foi demonstrado gue, em condicles normais de crescimento, a faxa

a gue se liberta o NH na fotorrespiracdo excede apreciavelmente a taxa de

3
assimilacdo primdria do NH {isto € a taxa a que o NH absorvide do meio
3 3

o

exterior ou vresultante da vredugdo do NO estd & ser produzide =
3

assimilado)., Nestas condi¢fes, ¢ fundamental que o azoto libertado na
fotorrespiracdo seja reassimilado, caso contrdrio tode o azoto orgdnico da

planta rapidamente se esgotaria.

»

Como o NH folorrespirade se Viberta no mitoclndivo é

3
que uma porcdo se fixe ao Z-oxoglutarato por accdo da GOH (que € uma

possivel

enzima predominantemente mitocondriall. Porém, o3 dados experimentais
indicam gque a maifor parte do %Hg tibertado no mitoclndrio ndo €  retido
neste organito, passando rapidamente ac citoplasma e ao cloroplasto onde é

refixado no glutamato por acgdo da GS, dando origem 23  formagdo ﬁé
glutamina,  Tamhém no cloroplasto e por acgdo da glutamato sintase na
presenga ‘de Fd reduzida, uma molécula de glutamina dd origem a duas
moldculas de glutamato., Uma destas moléculas de glutamato vai servir como
aceitadora do NH libertado na fatefrespirag&@ g a outra val fornecer o

3
grupo  aminico utilizado na transaminagfo do glioxilate a glicina,
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regenerando  Z-oxoglutarato.  Esta sequéncia constitui o chamado ‘“ciclo
fotorrespiratdrio do azoto", tal como foi proposto por key e colaboradores
em 1978 e confirmado por Wallsgrove em 1980 {ver Fig. IV.1).

E actualmente reconhecida a ocorréncia, nas plantas, de pardas
de azoto gasoso para a atmesfera. Estas perdas incluem a libertacdo de
NHg, particularmente durante a senescéncia das folhas, o gque pode ser

resultante duma perda de eficiéncia da reassimilacio do NH durante o cicle
3

foterrespiratério.



