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FIGURE 8.1 The light and carbon reactions of photosynthe-
sis. Light is required for the generation of ATP and
NADPH. The ATP and NADPH are consumed by the car-
bon reactions, which reduce CO, to carbohydrate (triose
phosphates). K
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FIGURE 8.2 The Calvin cycle pruwud:. in three stages: (1)
carboxylation, during which CO, is cov alently linked to a
carbon skeleton; (2) reduction, during which carbohydrate

is formed at the expense of the photochemically derived

ATP and reducing equivalents in the form of NADPH; anc

(3) regeneration, during which the CO, acceptor ribulose-

1,5-bisphosphate re-forms.




CH.0PO.2 6/ NADPH| ¢/ NADP'
e . 3H,0 e ¢ X W
€=0 3¢o, 1 GH' S sgaee Goob O F 6 hi* 6&
H—C— OH Fz \ / i \ j Triose
H—C— OH Rubixo % C‘ 2 Phosphoglycer ate 5 C| 2 Glyceraldehyde _ phosphate
I CH,0P kinate CH.,0P 3-phosphate G3P==DHAP
CH.OP * dehydrogenase
h 3-phosphoglycerate 1,3-bisphosphoglycerate
Ribu'cse
1.5-bisphasphate o.M
’ c
~ H—C—OH —
(.,5?‘-) C |’|r3:~
s Glyreraldehyde
Phospheribulokinase 3.ghosphate
N_Z3ATP :
CH,OH CH,OH CH,CPO,* Triose
3 | phosphate
C=0 C=0 E H;0 (=0 isomarase
HO—{—H HC—{—H E { HO—C—H Aldolase
C—0H F  H—=C—OH Fructose H—C—OH CH,OH Llr-;:)H
1,6 bisphosphatase | i
CH 0P H-— C—O0H M- C=—OM C=0 C=0
| )
. “‘n“ Tpt Xylulose CH,0P CH,OP CH,0P CH,0F
S-phosphate !
J-epimerme b Fructose Fructose D:ﬂ-‘t:? D::;-d::’
6-phosphate 1.6-bisphosphate phosphate phosphate
CH,OH Cv\ / "
2 <
o O DAL H—C—OH Aldolase
\ e bt Transketolase H—C— OH
H—C—DOH CH,0P
CH,OP Erythrose
.phospha
Rbulose s P n‘ph“"
5-phosphate CIt.OPCJ CH.OH
Cax 0 C=0
CH,OH CH,0H | 2L
I I O~ C —H H,0 & HO—C—H
Ce=0 Rivulose CI*O | o } ! =
| 5-phosphate : H—(— H — OH
H—C—OH 3 opimarase HO—C—H I sedoneptulose
N— H—Cl o H g OH N\ H _(i —OH 4 7.bisphosphatase H—=¢=—OH
| | H—C=—=OH H—C—OH
(H Qe CH, 0P |
; CH,CP CH, 0P
Ribulose Xlulose
5 phosphate 5-phosphate Sedoheptulose Sedoheptulose
1,7-bisphosphate 7-phosphate
(o} 4
CHOM \C 4
[
C—0 Ribulose H—C— OH o
i 5-phosphate FIGURE 8.3 The Calvin cycle. The carboxylation of three molecules of ribulose-1,5-
H—C—OH isomerase H—C—OH
— I T bisphosphate leads to the et synthesis of one molecule of glyceraldehyde-3-phos-
" H H— H
jim. 15 ol phate and the regeneration of the three molecules of starting material. This process
H,y CH,C
s i starts and ends with three molecules of ribulose-1,5-bisphosphate, reflecting the
bulose Ribose

S.phosphate

S-phosphate

cyclic nature of the pathway.



1 =
Carboxylation | | Hydrolysis ?HEGPDE
'CH,0PO5* *CO, 'CH,0P0;*" H,0 H= Efli —=*COy" L Glipper:
I I
2=0 HO —2C—*CO;~ QO
| > | | > +
H—3C —OH *c=0 .
| | CO5
H—*C — OH H—*C—OH 2!
| l H—"C—0H “Lower"
3 2- 5 2= |
CH,0PO CH,0PO
A = St °CH,0PO5*
Ribulose-1,5-bisphosphate 2-Carboxy-3-ketoarabinitol- 3-Phosphoglycerate

1,5-bisphosphate
(a transient, unstable,
enzyme-bound intermediate)

FIGURE 8.4 The carboxyla-
tion of ribulose-1,5-bisphos-
phate by rubisco.
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FIGURE 8.5 The ferredoxin—thioredoxin svstem reduces

SH HS §—8§ specific enzymes in the light. Upon reduction, biosynthetic
enzymes are converted from an inactive to an active state.
The activation process starts in the light by a reduction of
ferredoxin by photosystem | (see Chapter 7). The reduced
ferredoxin plus two protons are used to reduce a catalyti-
(oxidized) (reduced) cally active disulfide (—5—5—) group of the iron-sulfur

: enzyme ferredoxin:thioredoxin reductase, which in turn
Target enzyme

reduces the highly specific disulfide (—5—5—) bond of the
S— 5 SH HS

Target enzyme mall regulatory protein thioredoxin (see Web Topic 8.4 for
details). The reduced form (—SH H5—) of thioredoxin then
reduces the critical disulfide bond (converts —5—5— to
—SH HS—) of a target enzyme and thereby leads to activa-
tion of that enzyme. The light signal is thus converted to a
Inactive Active sulfhydryl, or —SH, signal via ferredoxin and the enzyme
ferredoxin:thioredoxin reductase.
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FIGURE8.6 One way in which rubisco is activated involves the formation of a car-
bamate-MgZ* complex on the g-amino group of a lysine within the active site of the
enzyme. Two protons are released. Activation is enhanced by the increase in Mg="
concentration and I1ihlwr pH (low H* concentration) that result from illumination.
The CO, involved in the carbamate-Mg?* reaction is not the same as the CO,
involved in the carboxylation of ribulose-1,5-bisphosphate.




|

o ! et FIGURE 8.7 The main reactions of the photorespiratory
. CHLOROPLAST o cycle. Operation of the C, oxidative photosynthetic cycle
7| 2 POCH, — (CHOH), — :-._,ccpl‘ AR \ Inv UI\(:N‘ the cooperative interaction among three :
Vs - S R Ly v organelles: chloroplasts, mitochondria, and peroxisomes.
£ Ribulose-1,5-bisphosphate \ \\, # E =
i/ J W Two melecules of glycolate (four carbons) transported from
f \! . 1 .
20, % the chloroplast into the peroxisome are converted to
{f - 1 -— ) N Oty - . T A :
i (2.9) 2 POCH, — CHOH — €O~ POCH, — CHOH — €O, | glycine, n_huh in turn is exporte d to the mitoc hondrion
, ’ * : {| and transformed to serine (three carbons) with the concur
| Rl ikl 3-phosphoglycerate 3-phosphoqglycerate ' | . I lioxid b ¥ e ;
J O o » ~ 4 ( > > * o r » v | -

‘ 2 POCH, — CO, 2 | rent release of car DON dioxide (one carbon). Serine is ll..l_]l\
‘ ST SR ported to the peroxisome and transformed to glycerate. The
=phos oglycalate —— H . .,

Bttty /’(__D,) I latter flows to the chloroplast where it is phosphorylated to
i 2 H,O
2 N a3 "
1 \ ‘ 2 ( . : (2.10) i 3-phosphoglvcerate and incorporated into the Calvin cycle.
W\ 2.2) HO,C — (CH,), HO,C — (CH,), i 5 >
e = "l 4 “ A1 nitr I 7 Ol 0, ', r 3 - n-
CHOH, — CO, co—co, N3 ATP ! Inorganic nitrogen (ammonia) re leased by ll'u n‘::tud*.q.t
L\ (‘\,,/ t 4 drion is captured by the chloroplast for the incorporation
\ 2®) Gluta mate | a-ketoglutarate 7 SRR | ) : :
. | e : / into amino acids by using appropiate skeletons (o-ketoglu
\ | Y § - “ 2 i : . - .
2 HOCH, — €O, | HOCH; — HOCH — CO, / tarate). The heavy arrow in red marks the assimilation of
| ] / )
Glycolate ' Glyce 7 ammonia into glutamate catalyzed by glutamine syn-
{ thetase. In addition, the uptake of oxygen in the peroxi-
\ S St some supports a short oxygen cycle coupled to oxidative
= reactions. The flow of carbon, nitrogen and oxygen are indi-
s, Fosg I E—— cated in black, red and blue, respectively. See Table 8.2 for a
ERRUNESUME description of each numbered reaction.
I

2 Glycolate

Glutamate

HO,C — (CH,), —

/4
Vs 0, Co--COo,
i >—- 20, ‘\ / a-ketoglutarate /‘ e \
i/
I'ln 0? [2‘“ l2 3) (2.9] ‘1".
/ NADH {
I > 2 H_.();/ |
¢ 3 HOCH; — CO — CO,
| 2 H,0 2 OCH— €O, : : ‘
| - ‘ e Hydroxypyruvate
|. { Glyoxylate | |
J "
‘ : Glutamate Il
\ B 5 I
] )
| @) 2.8)
W A i
\ N -/ a-ketoglutarate i
HOCH N y
2 H,@CH, — €O, {OCH; — HQCH — CO, /;5, |
Glycine Serine /;/’
S JL ' ="
M IERE A e /f
—— R e — ——— >
P T R e
e (26, 2.7) MITOCHONDRION Y
o . P e— S—
/ NAD* | | NADH | @, \
M v j
14 1)
” 2 Glycine \ > Serine ' :|
\ /6 \ = //
\\-:-_-_‘_ H,0 <0, _{_{/




(A) (8) €

N\
Plasmodesmata

Q

FIGUREB.9 Cross-sections of leaves, showing the anatomic
differences between C.and C, plants. (A} A C, monocot,
saccharum officinarum (sugarcane). (135x) (B) A C. monocot,
Poa sp. (a grass). (240=) (C) A C, dicot, Flaveria australasica
(Asteraceae). (740x) The bundle sheath cells are large in C,
leaves (A and C), and no mesophyll cell is more than two
or three cells away from the nearest bundle sheath cell.
These anatomic features are absent in the C; leaf (B). (D)
Three-dimensional model of a C, leaf. (A and B ® David
Webb; C courtesy of Athena McKown; D after Liittge and

/ - \ Tk i g 2 Sk
/ \ ¥ nam; b fre i ¥ “hild 1977.)
Mesophyll cells Bundle sheath cells Higinbotham; E from Cr iig and Goodchild 197



FIGURE 8.10 The basic C, photosynthetic carbon evcle involves four

ﬁtmDSphEFIC CGE | stages in bwo different -:e-lll tvpes: (1) Fixation of CQY, into a four-carbon
acid in a mesophyll cell; (2) Transport of the four-carbon acid from the
Plasma mesophyll cell to a bundle sheath cell; (3) Decarboxylation of the four-car-
bon acid, and the peneration of a high CO, concentration in the bundle
membrane ; E LR R M SORCs
sheath cell. The CO, released is fixed by rubisco and converted to carbo-

M ESUth" hydrate by the (_'.'ah'i:‘: evele.(4) Trarljp-nr_t t_:nf tl'u:_ residual three-carbon acid
back to the mesophyll cell, where the original CO, acceptor, phospho-

cell \/ Cell wall enolpyruvate, is regenerated.
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FIGURE 8.11

The C, photosynthetic pathway. The hydrolysis of two ATP drives the

cycle in the direction of the arrows, thus pumping CO, from the atmosphere to the
Calvin cycle of the chloroplasts from bundle sheath cells.
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FIGURE 8.12 Crassulacean acid metabolism (CAM). Temporal separation of CO, uptake
from photosynthetic reactions: CO, uptake and fixation take place at night, and dec:a1—
boxylation and refixation of the mtemallv released CO, occur during the day. The adap-
tive advantage of CAM is the reduction of water loss bj,r transpiration, achieved by the
stomatal opening during the night.
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FIGURE 8.13 Diurnal regulation of CAM phosphoenolpyru-
vate (PEP) carboxylase. P hosphorylation of the serine
residue (Ser-OP) yields a form of the enzyme which is
active during the night and relatively insensitive to malate.
During the day, dephosphorylation of the serine (Ser-OH)
gives a form of the enzyme which is inhibited by malate.
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FIGURE 8.14 The syntheses of starch and sucrose are compet-
ing processes that occur in the chloroplast and the cytosol, uTpP Fructose-6-phosphate
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eytosolic P, concentration is low, triose phosphate is retained
within the chloroplast, and starch is svnthesized, The num- (6-6)

bers facing the arrows are keyed to Tables 8.5 and 8.6.
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1. Fructose-1,6,bisphosphate aldolase
Dihydroxyacetone-3-phosphate + glyceraldehyde-3-phosphate—s fructose-1,6-bisphosphate
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3. Hexose phosphate isomerase
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4. Phosphoglucomutase
Glucose-6-phosphate — glucose-1-phosphate
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5. ADP-glucose pyrophosphorylase
Glucose-1-phosphate + ATP — ADP-glucose + PP,
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6. Pyrophosphatase
PP+ H,0 — 2 P, + 2H*
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TABLE8.6 = | '
Reactmﬁs nf sucruse synthesis from trtnse phnsphat& in the cytuﬁni

1. Phosphate/triose phosphate transiocator
Triose phosphate (chloroplast) + P, (cytosol) — triose phosphate (cytosol) + P, (chloroplast)

2. Triose phosphate isomerase
Dihydroxyacetone-3-phosphate — glyceraldehyde-3-phosphate
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. |
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0 H

3. Fructose-1,6-bisphosphate aldolase
Dihydroxyacetone-3-phosphate + glyceraldehyde-3-phosphate — fructose-1,6-bisphosphate

2— 2-
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4a. Fructose-1,6-phosphatase

Fructose-1,6-bisphosphate + H,O — fructose-6-phosphate + P,
OPOHC g E'DEPGHE? 0
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4b.

PP -linked phosphofructokinase
Fructose-6-phosphate + PP, — fructose-1,6-bisphosphate + P,
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8. Pyrophosphatase
PP.+H,0 — 2P. + 2 H*

9. Sucrose phosphate synthase

UDP-glucose + fructose-6-phosphate — UDP + sucrose-6-phosphate
CH,OH : 20,P0—CH, o o CH,OH
H O_H 0 0 H O _H
H l l ; ENHIHO A1 5 H
HO H 0— T—D—-T—D—+Uriﬁme -D f 2 HO H
H
H OH O O~ H OH
20,PO—CH, o 5
10. Sucrose phosphate phosphatase s
Sucrose-6-phosphate + H,0 — sucrose + P, H CH,OH
CH,OH CH,OH o
H O H -4 O H
: HH ; HH
HONOH H HONOH H
H OH H OH
20,P0—CH, g HOH,C g

2 0 O
HO H
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FIGURE 8.16 Regulation of the cytosolic interconversion of fructose-6-phosphate and
fructose-1,6-bisphosphate. (A) The key metabolites in the allocation between glycolysis
and sucrose synthesis. The regulatory metabolite fructose 2,6-bisphosphate regulates
the interconversion by inhibiting the phosphatase and activating the kinase, as shown.
(B) The synthesis of fructose-2,6-bisphosphate itself is under strict regulation by the
activators and inhibitors shown in the figure.



