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ANABOLISM I: Carbohydrates

PHOTOSYNTHESIS OUTLINE:

Photosystems (PS) (cont.)
PSI - NADPH
Proton Motive Force - ATP
Overview of light reactions
Carbon Assimilation - Calvin Cycle
Stage One - Rubisco
Carboxylase
Oxygenase
Glycolate cycle
Stage Two - making sugar
Stage Three - remaking Ru 1,5P;
Overview and regulation
Calvin cycle connections to biosyn.
C4 versus C3 plants
Kornberg cycle - glyoxylate
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Photosynthesis

CO; + H,0 = CH20 + 02

Because we know that oxygen comes from the water, using

the energy from the light, and we know that NADPH is the 1.0

reductant.....we have a problem!

Es'= -0.045 PQ |

Eo'= +0.37 PC

1.0

We need an electron acceptor with .
E, more positive than water o = +1.45 SP
—

We need an electron
| g dONOT With £, More
negative than NADPH

0,

a
>

womd 0,32V

Need >1.8V

+0.82 V

fa

*PSII Special Pair (SP)
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Photosynthesis

Lumen
(pside)

Ph Pheophytin
PQ, Plastoquinone PSII
PQg Second quinone
A, Electron acceptor chlorophyll

Stroma A; Phylloquinone } PSI

(nside)

Photosystem | creates
the strongest biological
reductant known: A,~

(E’is ~"1.4)
Photosystem | (P700)

Photosynthesis

Plastocyanin
Lumen
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Shuttling the electron quickly out:

Ph Pheophytin

PQ, Plastoquinone } PSII
PQg Second quinone

(n side) A, Electron acceptor chlorophyll } PSI

N
Fx

A, Phylloquinone

"‘. i Photosystem | creates
the strongest biological

: reductant known: Ay~

reniot»  Photosystem | (P700) (Eois~14)
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Photosynthesis

NADPH is
produced by the AN 6 Qfﬁ\
NADPH Reductase
in the Stroma

Photosystem | created
reduced ferrodoxin (Fg)

PG
\
- P
N
(Epis—0.4)
F4is a 1-e~ carrier, so 2 F4 transfer their
electrons, one at a time, to the FAD cofactor

in the reductase. The fully reduced FADH,
then transfers 2e- to NADP+ to make each

NADPH.
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Photosynthesis |
—— A\, (-1.4)
-1.0
SN e (-0.4) 16
NADH Reductase >
n —0.32 'V ©
Qa (-0.05) ‘/_\
PQ (+0.08) o]
Cytochrome bef Complex e AEO for 8
P PC(+0.37) *Proo (+0.4) | Mito (112 <
PSI
+0.82 V
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PS-II
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W

==P  Reduction potential

m Charge separation

Redox energy and
electron flow

Electron transfer

NADH Reductase

Cytochrome bsf Complex

2x PC (+0.37)

PS-I1

+1.6

Photosynthesis [

*Pesgo (+ 1.45)—§i> i

2NADP* + 2H,0'= O, + 2NADPH + 4H+

Ao (-1.4)

e 5, [, (—0.4)

N —0.32V
> AE, for
*P700 (+0.4) Mito (-1.1av)
PS-I
+0.82V

Note: to get 72 O, you need 2

Need >1.8 V

®

VV®

photons for EACH PS, or 4 photons.

You need 8 for each dioxygen

which would get you 2 NADPH
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Photosynthesis

In Plants, the
Two Reaction
Centers Work |

Together

Cyclic Photosynthesis -
Can Be Utilized to i
Generate Excess ATP g

E'° (volts

This explains the
energetics, but what about
the stoichiometry?

Z-scheme

O.
'H evolv;ing
el
1.0 —% 05 -

Photosystem |
P700%|
A
Ao
Photosystem Il \A|
[Pe80¥] 3; .
A \e‘ e-
- B,
PQ,  Cydlic "\
\ \ Fd:NADP+
PQy oxidoreductase
cyt Light NADP+
bef
complex) NADPH
Plastocyanin §
Light
Proton -
gradient
Ph Pheophytin
PQj, Plastoquinone
PQg Second quinone
A, Electron acceptor chlorophyll
A, Phylloquinone

Noncyclic
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4ph<‘)Lt‘c;:1 Photosynthesis 4prhotons
10,

pHin = 4'5

Photosystem Il Cytochrome

. ) Plastocyani

m 2l \2&:4
Lumen ;' o Photosystem | ATP synthase
(pside)

A

d S S K V5 g o,
(nside) pHou = 8 s
out . . Zad 4 1
Organization of 4 Ferrdosn ,,g%%} ‘?f
Photosynthetic Machinery “"\aoe' 2 NADPH
in the Thylakoid Membrane[, _—__ {:} R
H*n = H*out = RT2.3(pHin — pHou) + (+1)(96480)(-0.05)
=5.9(-3) — 4.8 kJ/mol
=-17.7 — 4.8 kdJ/mol
=—22.5 kd/mol per proton
Enough for ~8 ATP per 12t Z 12;0%2/}§oﬁdlm0|
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Thylakoid membrane
pHin =~ 4-5
Thylakoid
Lumen pH4

Incubation for
several hours

Stroma

pH4
] Rapid change of
+ 1 pH, additi
AG'=RTIn—— 4 27°Ap e,

[H+]in !
e =-17.7 kd/mol — 4.8 kdJ/mol 7 TR
H ATP
% / / ADP and P;
]
¢ pH gradient _ @
= Membrane potential pH8

André Jagendorf
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E'° (volts)

N\
o CO; + e®% CH,0 1 0f o
i , 4 photons 4 photons mmw::::mfz
| >AE° =18V Light Light 2NADP*

'H,o) J
1010, > AE’O =15V Stroma (N side) ATP

Photosynthesis

- H0 é o,

| Net equation: 2 H>O + 2 NADP* + 8 photons — O+ 2 NADPH + 2 H* | usrtdepensen
N

2NADPH

Cyt byf o,

complex

N

» AE'y=1.14V

0, 4H*

2H,0
4Plastocyanin

=]
A
17

r Ht Light-Induced Redox
Reactions
Cause Acidification of
ATP synthase Lumen

Lumen (P side)

Thylakoid membrane

L ~3

ADP +P;
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Photosynthesis
Light Energy is Converted to ATP

Chloroplast

o Light converts e Electron carriers pump
H,0 to a good H* in as electrons flow

Light e donor. to NADP+.

(Calvin cycle)

Fleciron carterchalh * In contrast to oxidative
Thylakoid m\q‘ H+ phosphorylation, protons are

b - = pumped into the lumen, building up
mem iane\ - ”mi + a large concentration gradient

+ 2 NN quickly in the small space.
. H0 0, e . NADPH
H* H* H*,, (e~ acceptor) + The proton-motive force across the
_[ Energy of e~ flowstoredas | .~ thylakoid membrane drives the
electrochemical potential. . synthesis of ATP.
“\\t HE HE L HE g BT g "y N
+ H* aTP synthasew + . 'I_'he n.umber of ¢ subunits in Fo-
R\ H* - rings is larger in chloroplasts (~12—
- = = < 14), so synthesis of ATP costs
~  ATP P more H* per ATP (~4-5) than in
ADP+P, oxidative phosphorylation.
o ATP synthase uses electrochemical « For the same light, the ratio of ATP-
potential to synthesize ATP. to-NADPH synthesized is 3:2
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Photosynthesis

Summary of light reactions:

* Photosynthetic organisms capture energy from light (A=350-
750 nm) and funnel it via excitons using accessory pigments to
reaction centers: P680 & P700, where chemistry happens.

* In plants, electrons are freed from H,0, which generates O, ang
H*. The electrons popping out of the reaction centers reduce
PQ, which moves them through the thylakoid membrane to the
electron-transport chain (cytb,f), ending up in plastocyanin.

* Per oxygen (O,) produced from 4 photons in PS-1I, 12 H* are
mobilized into the lumen from the 2H,0 and cytb.f (Q-cycle).
This produces a proton-motive force sufficient for 3 ATPs

* The final electron acceptor for linear photosynthesis is NADP*,
which requires two electrons for conversion to NADPH. Per 8
photons (4 each to PS-I & PS-II), 2 NADPH are produced.

* When ATP stores are low, the electrons can be transported to
cytochrome b, f and cycled through the second half of
photosynthesis. This cyclic photosynthesis resulting in an
increased proton gradient and more ATP.
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ANABOLISM |
Carbohydrates
Photosynthesis and

Carbohydrate Synthesis in
Plants
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Photosynthesis
ASSimilatiOI‘l Of COZ by Plants Bright light source

(energy for photosynthesis)

CO, assimilation.

e Question was: What is the first "
compound made by p|ants when Thin flask of

green algae

they assimilated CO,? g
ALA
Calvin and Benson used the - i e
14C radioisotope to i
determine the sequence of el
reactions in CO; fixation. 3
They exposed Chlorella to e e

4CO,, then extracted the 30 min
organic compounds and

separated them by paper
chromatography.

i
Melvin Calvin, 1911-1997
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Photosynthesis

« Plant cells: can also make 3-C intermediates for further
synthesis

— made from CO,, H,0, plus ATP and NADPH from
photosynthesis

* It occurs in the stroma of chloroplasts via a cyclic process
known as the Calvin cycle.

+ Key intermediate ribulose 1,5-bisphosphate is constantly
regenerated using energy of ATP.

* It produces 3-phosphoglycerate, which is rapidly converted
to glyceraldehyde 3-phosphate (GA3P) &
dihydroxyacetone phosphate (DHAP), which are important
intermediates for all other compounds.

* The net result is the reduction of CO, with the NADPH that
was generated in the light reactions of photosynthesis.
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PhOtosyntheSiS The Three Stages of

the Calvin Cycle of

CH,0 . - .
10 enzymes [ CO, Assimilation
ADP C|=O
(6)
— bow A
Regeneration of ‘ATP CHOH (6)
acceptor (6) [ Stage 1:
C H20—® Fixation
Energy 10 Ribulose 1,5- Rubisco
production via (10) bisphosphate
glycolysis; <« (6) Coo~
starchor sugar | () fHO
synthesis c| HOH CHOH
CH,0—P) cH,0—P)
Glyceraldehyde 3-phosphate 3-Phosphoglycerate
(12) (12)
Stage 2:
Reduction
P.
(12) ATP chloroplast isoforms
NADP+ A a2
+ — 3-phosphoglycerate kinase (3PGK)
(12)  NADPH +H (12) - glyceraldehyde 3-phosphate

(12) dehydrogenase (GAPDH)
Overall: 6 CO2> + 12 NADPH + 10 H20 + 18 ATP — 2 glyceraldehyde 3-

phosphate (GA3P) + 4 H* + 12 NADP* + 18 ADP + 16 P;

*Ribulose 1.5-bisphosphate carboxvlase/oxvgenase (also RuBisCo)
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Photosynthesis

RUBISCO
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Clinical
Correlations
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