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Definition

mPhysiology
principle for life
aPlant

A life that Is
Autotrophic
Photosynthesis
Cell wall



Overview of Photosynthesis

* Process by which chloroplast
bearing organisms transform R | =
solar light energy into chemical %
bond energy ,;f”/

e 2 metabolic pathways involved
e Light reactions: convertsolar
energy into cellular energy

e Calvin Cycle: reduce CO, to
CH,0




Photosynthesis Equation

e Photosynthesis
Reactants: 6;(:..02 12 H2Q 6C02 +6H20 + Iight _) C6H1206 + 602

’// NN » Reduction of carbon
e O A dioxide into carbohydrate
! via the oxidation of energy
carriers (ATP, NADPH)

1 mole of CO, consumed  Light reactions energize the
as 1 mole of Oz produced carriers

» Calvin Cycle produces
PGAL
(phosphoglyceraldehyde)
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Chloroplast (X)) &
thilakoid membrane (X550

photosynthetic pigment(-L £ F' );thw I+thylak0|d

membrance(;‘iglgaqgi) Ry tglgaqgﬁlplasma membrance(if!
lﬂi@"kﬁﬁ%@’cﬁ(phosphohplds bilayers

Chiloroplast

photosynthetic membranes
with chiorophyll

Each plastid creates multiple copies of the
circular 75-250 kilo bases plastid genome.

I3 v
lamella  granum

stroma The number of genome copies per plastid is

flexible, ranging from more than 1000 in
envelope rapidly dividing cells, which generally contain
*;Ez':;bmmﬂ few plastids, to 100 or fewer in mature cells,
PPN | \where plastid divisions has given rise to a
DNA large number of plastids.

_________ ipi The plastid genome contains about 100
droplet genes encoding ribosomal and transfer
ribosomes ribonucleic acids (rRNAs and tRNASs) as well

as proteins involved in photosynthesis and

1 FcBl | plastid gene transcription and translation.
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Chlorophylls are the primary light gathering pigments

They have a heterocyclic ring system that constitutes an extended
polyene structure, which typically has strong absorption in visible light.
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Plastid differentiation

Plastids

Etioplast Proplastid

@

Amylob[aSt Elaioplast Proteinoplast

Statolith

Plastids in algae

In algae, the term leucoplast (leukoplast)
Is used for all unpigmented plastids.
Their function differ from the

leukoplasts in plants. Etioplast,
amyloplast and chromoplast are
plant-specific and do not occur in
algae. Algal plastids may also differ
from plant plastids in that they contain

All plastids are derived from proplastids
(formerly "eoplasts", eo-: dawn, early),
which are present in the meristematic
regions of the plant. Proplastids and young
chloroplasts commonly divide, but more
mature chloroplasts also have this capacity.
In plants, plastids may differentiate into
several forms, depending upon which
function they need to play in the cell.
Undifferentiated plastids (proplastids) may
develop into any of the following plastids:
= Chloroplasts: for photosynthesis; see
also etioplasts, the predecessors of
chloroplasts

= Chromoplasts: for pigment synthesis
and storage

= Leucoplasts: for monoterpene synthesis;
leucoplasts sometimes differentiate into
more specialized plastids:

= Amyloplasts: for starch storage

= Statoliths: for detecting gravity

= Elaioplasts: for storing fat (> [Fil"if )
= Proteinoplasts: for storing and modifying
protein



Plastid development

e
2

FIGURE 1.18 Electron micrographs illustrating several
stages of plastid development. (A) A higher-magnitication
view of a proplastid from the root apical meristem of the
broad bean (Vicia faba). The internal membrane system is
rudimentary, and grana are absent. (47,000x%) (B) ‘A meso-
phyll cell of a young oat leaf at an early stage of differentia-
tion in the light. The plastids are developing grana stacks.
(C) A cell from a young oat leat from a seedling grown in
the dark. The plastids have developed as etioplasts, with
elaborate semicrystalline lattices of membrane tubules
called prolamellar bodies. When exposed to light, the etio-
plast can convert to a chloroplast by the disassembly of the
prolamellar body and the formation of grana stacks.

(7,200:) (From "uunnlngj and Steer 1996.) s
Crystalline
core

Plastids

Etioplasts <=
T

Prolamellar —
bodies

Microbody

Mitochondrion




P

Chromoplast *Fﬁ?}p@\l Hy £, 1

Vacuole Tonoplast Grana stack FIGURE 1.17  Electron micro-

" / . graph of a chromoplast from

: : -~ tomato (L on escilen-

tum) fruit at an early stage in
the transition from chloroplast
to chromoplast. Small grana
stacks are still visible. Crystals
of the carotenoid lycopene are
indicated by the stars.

(27,000%) (From Gunning and

Lycopene crystals
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(B)

Thylakoid —

Granum —JL

Stroma —

Stroma
lamellae
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s Thylakoids

Stroma

Granum
Enibnloeaitd il (stack of
yiakaon = i thylakaids
Grhas Thylakoid ¥ i
membranmne
(D)

FIGURE 1.16 (A} Eleclron micrograph of a
chloroplast from a leafl of mothy grass,
Phlewursn pratense. (18,000:<) (B) The same
preparation at higher magnification.
(52.000>) (C) A three-dimensional view of
grana stacks and stroma lamellae, showing
the complexity of the organization. (12)
Diagrammatic representation of a chloro-
plast, showing the location of the H -
ATTases on the thylakoid membranes.
(Micrographs by W. I. Wergin, courtesy of
H. H. Newcomb.)

|— Stroma




Plastid origin and algal evolution

heterotrophic
protist

cyanabacterium

l gene

transfer

proto-alga gene
[T13

E;i;n.nﬁ;rrrﬂ:iusis

gene

Green alga

Gla Uc;::phyrte alga

heterotrophic
protist

transfer

ancestral
chromalveolates

Second
undnsy:zinsis

Hedges, S. Blair et al. (2004) "A molecular timescale of eukaryote evolution and the
rise of complex multicellular life" BMC Evolutionary Biology 4:2



簡報者
簡報註解
Bhattacharya, D. (Ed.) 1997 Origins of Algae and their Plastids. Springer-Verlag/Wein, New York.



Photosynthesis
2n CO, + 2n H,0 + photons — 2(CH,0)n + 2n O,

1 photochemical H,0
processes

By
- i r
b

Co,

'
]

Cycle

1 enzymatic processes

sugar


http://en.wikipedia.org/wiki/File:Simple_photosynthesis_overview.svg
http://en.wikipedia.org/wiki/Photons
http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Carbohydrate

energy from
sunlight

N CYCLE

Light-dependent
reactions ococur
in thylakoids.

Light-
independent
reactions

(C4 cycle) occur
in stroma.

o

NADP*

end product = glucose




the conversion of light energy into chemical energy

Light Energy y (ﬂ_’:femffaf
Energy

Chlorophyll
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VISIBLE g Sun Radiation
Y-

SPECTRUM

g Chlorophyll is the main

g photosynthetic pigment
—_ [} Photosynthetically
Short Wavelngth active radiation, often
abbreviated PAR,
chioraphyll - designates the spectral
range (wave band) of
solar radiation from 400
to 700 nanometers that
photosynthetic

organisms are able to
violet tive (IS use in the process of
oo ss0 e ssn 700 M photosynthesis.

and corresponding color
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Pigment for photosynthesis

Essential pigments

Absorption

chlorophyll: 2, 3

i
\a !

400 500 600 700

= ACCESSO ry plgments Wavelength (nm)
Ca rOtenOid : 5 +~——\isible spectrum—a-.i Infrared

h b : I 2 N 4 FIGURE7.7 Absorption spectra of some phutusmnﬂwefu

p yCO I IprOte IN: pigments, Curve 1, bacteriochlorophyll 4; curve 2, chlorophyll
a; curve 3, ¢ ldurup]n I b; curve 4, phu,m,nthrt'rlulm curve 5,
p-carotene. The absorption spectra shown are for pure pig-
ments dissolved in nonpolar solvents, excepl for curve 4,
which represents an aqueous buffer of |.=h'i, coerythrin, a pro-

. tein from cyanobacteria that contains a phycoerythrobilin

B a Cte rl O C h | O ro p h yl | : 1 chromophore covalently attached to the ]I?E]_pl'ldt chain. In
many cases the spectra of photosynthetic pigments in vivo
are Hl]hkﬂﬁl‘lﬂ“\ atfected by the environment of the pigments
in the photosynthetic membrane. (After Avers 19H5.)




Absorption (%)

Photosynthesis Rate (%)
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CHLOROPHYLL a

500 600
Wavelength (nm)

FIGURE7.5 Light absorption and emis-
sion by chlorophyll. (A) En level
diagram. Absorplion or emission of light
is indicated by vertical lines that connect
the ground state with excite clron
states. The blue and red absorption
bands of chlorophyll (which absorb blue
and red photons, respectively) corre
spond to the upward vertical arrows,
signifying that energy absorbed from
]l,.,'n.' causes the molecule to change from
the ground state to an excited state Thl.
dn\\. \'.ar-.i-pomh rrow indic:
fl orescence, in which the mole I.UIH goes
from the lowest excited state to the
ground stale while re-emitting energy as
a photon. (B) Spectra of absorption and
fuorescence. The long-wavelength (red)
absorption 1 of chlorophyll corre-
.Em! hd: the energy

cu.:tui ~t.1tx
The ahnrt wavelength (blue) absorption
band corresponds to a lrans e a
higher excited state
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porphyrin ring

{\r/ \( S
j_\\k/ C—H

H—C

phytol tail

Chlorophylls consist of a light-absorbing with a magnesium atom
at the center and a long phytol tail that anchors the molecule in a
membrane (Figure 1). They absorb light in the blue and red parts
of the spectrum, but the green wavelengths are transmitted or
reflected.



Photosynthetic pigments are associated with membrane proteins

thylakoid

stroma

Chlorophyll-a (R is C
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HO

CH,

Photosynthetic ":C
pigments are
amphipathic
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The photosynthetic pigments absorb much of the spectrum

chiorophyll b Notice the sequence of

pigments in terms of
absorption of decreasing
energy
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1 A change in chlorophyll to light quality change

TABLE 1. CHLOROPHYLL CONTENT OF HYDRILLA AND VALLISNERIA AS A
FUNCTION OF WATER DEPTH.4

Chloro-
Depth Chlorophyll Content (mg/g fr wt) phyll

Species (m) a b total a/b Ratio

0.7835 d 0.4420 ¢ 1.2252 d
0.3787 ¢ 0.2408 b 0.6194 ¢
0.2887 b 0.1784 a 0.4667 b
0.1736 a 0.1508 a 0.3253 a

0.5296 ¢ 0.3012 ¢ 0.8270 ¢
0.5011 ¢ 0.2392 b 0.7402 bc
0.4062 b 0.2262 b 0.6323 b
0.0842 a 0.0411 a 0.1227 a
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SLEE L
jl

Vallisneria

g
]
nl

0.0
0.5
1.0
1.5
0.0
0.5
1.0
1.5

DO
B
¥

.!\'Jb--'.[\')l—l
oo
[l

2 Values in a column followed by the same letter are not significantly
different at the 59, level as determined by Duncan’s Multiple
Range Test. Each value is the mean of four replications,




Phycobiliproteins, bilin variation, and group Ill CA regulation.

A
chlorophyll .
phycoerythrin (PE) +PEB
g phycocyanin (PC)+PCB
E E
o
a carotenoids
[0
400 500 600 700 800
wavelength (nm)
B C

/ Cgi System

Kehoe D M PNAS 2010;107:9029-9030

©2010 by National Academy of Sciences | | g A : E


簡報者
簡報註解
Phycobiliproteins, bilin variation, and group III CA regulation. (A) Phycocyanin and phycoerythrin (blue and red lines, and in vials) absorb in regions of the visible spectrum not well absorbed by chlorophyll or carotenoids. Attached bilins: PEB, phycoerythrobilin; PCB, phycocyanobilin. (B) Natural diversity in coloration of many different cyanobacterial species due to variation in their bilin content [photograph by Christophe Six. Reproduced with permission from Six et al. (2007) (Copyright 2010, Biomed Central Ltd.)]. (C) Group III CA regulation model for F. diplosiphon in red light, showing the asymmetric regulation of red-light active genes (orange) and green-light active genes (yellow) by the Rca and Cgi systems. Dashed line represents proposed repression by the Cgi system; yellow balls, phosphoryl groups; blue boxes, RcaC binding sites.


1 Phycobilins occur only in three groups of algae:
cyanobacteria (blue-green algae), Rhodophyta
(red algae), and Cryptophyceae (cryptophytes),
and are largely responsible for their distinctive
colors, including blue-green, red, and yellow.

1 Five different phycobilins have been identified to
date.
Phycocyanobilin — & f#iA
_ gkl

phycobiliviolin
A fifth phycobilin, which absorbs deep-red light (697 nm)

1
1
1 phycourobilin
1
1

Todd M. Kana, "Phycobilin," in AccessScience, ©McGraw-Hill Companies,
2008, http://www.accessscience.com



1 The two most common are phycocyanobilin
[structure (1)], a blue pigment, and
(2), a red pigment.
1 phycocyanobilin absorbs light maximally in the orange
(620-nanometer) portion
1 absorbs green (550-nm) portion

=
)
=1
o
L=
]
&
0
<L

Todd M. Kana, "Phycobilin,"
in AccessScience, s T
©McGraw-Hill Companies, Wavelength (nm)

2008, __
http://www.accessscience.c
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Absorption spectra (colored lines) and fluorescence emission spectra (white lines) for
several isolated phycobiliproteins. (After M. N. Kronick, The use of phycobiliproteins as
fluorescent labels in immunoassay, J. Immunol. Meth., 92:1-13, 1986)

(a) R-phycoerythrin
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1 A blue-green light (495-nm) absorbing pigment,

phycourobilin, is found in some cyanobacteria and red
algae.

1 A yellow light (575-nm) absorbing pigment,
phycobiliviolin (also called cryptoviolin), is apparently
found in all cryptophytes, but in only a few cyanobacteria.

1 A fifth phycobilin, which absorbs deep-red light (697 nm),
has been identified spectrally in some cryptophytes, but
Its chemical properties are unknown



Seme phycobiliproteins and thelr characteristics
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Phycobiliprotein in cyanobacteria

In oceanic waters, cyanobacteria comprise only two main genera: Synechococcus
and Prochlorococcus. -

These antennae (called
"phycobilisomes" in
Synechococcus) are
composed of pigment-
proteins complexes Phycocyanin (PC) Phycoerythrin | (PEI)
arranged in such a way @\ | Ay Prvcoenthrinl PEN)
to capture light with a W\ e
high efficiency. Pigments
that are bound to
antenna systems may
have very different : b
colours (such as green,
blue, pink or orange) and
this will determine the

Isowlectric

wavelengths of the solar P g—

(IEF})
spectrum that cells can

efficiently harvest in the
oceanic waters.




complementary chromatic

Structure of a hemidiscoidal
phycobilisome of Tolypothrix tenuis
under different light conditions. (a) When
illuminated by white light, the
phycobilisome contains phycoerythrin,
phycocyanin, and allophycocyanin.
Energy absorbed by phycoerythrin is
transferred to phycocyanin and
allophycocyanin. The allophycocyanin
core proteins are attached, via a linker
protein, to the photosynthetic membrane,
which is not shown. (b) When
illuminated by red light, the
phycobilisome undergoes
complementary chromatic adaptation, in
which phycoerythrin is no longer
produced but additional phycocyanin is

produced. (After R. MacColl and D.
Ciriard_Crinar Dhyvenhilinrntoaine CDRDC
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Physiology

e Several environmental factors can influence the phycobiliprotein
content. Algal cells grown under low light intensity may have up to 20
times more phycobiliprotein than those grown under high light
intensity. This response increases the ability of the alga to absorb light
when it is in limited supply. Some cyanobacteria and red algae are also
influenced by the color of the growth light and exhibit a phenomenon
called complementary chromatic adaptation. For example, when the
cyanobacterium Tolypothrix tenuis is grown under red light, it produces
red-light-absorbing phycocyanin as its accessory pigment. However,
when grown under green light, it produces green-light-absorbing
phycoerythrin along with small amounts of phycocyanin .

 This response is controlled by an unidentified photoreversible pigment
in @ manner similar to the action of phytochrome, but with absorption
maxima near 545 and 645 nm.

* This process is regulated at the level of deoxyribonucleic acid (DNA)
transcription.



.

Phosphorelay regulation of CCA. Theleft side depicts RL-stimulated phosphorylation of
components of the signal transduction pathway, activation ofcpcB2A2, and suppression of
cpbeBA.

RLx %QGL

cpcB2A42 * cpeBA + cpcB2A42 * cpeBA *

Grossman A R et al. J. Biol. Chem. 2001;276:11449-11452

'6'
©2001 by American Society for Biochemistry and Molecular Biology j c


簡報者
簡報註解
Phosphorelay regulation of CCA. Theleft side depicts RL-stimulated phosphorylation of components of the signal transduction pathway, activation ofcpcB2A2, and suppression of cpeBA. Theright side depicts dephosphorylation of signal transduction components in GL and the suppression of cpcB2A2and activation of cpeBA. Pigmentation of cells under the different light conditions is shown.


"'HN'CyS‘CO"‘" Grossman ef af. (1993)
phycobiliprotein I HO’EG COEH

may also link

PHYCOERYTHRIN

PHYCOCYANIN

ALLOPHYCOCYANIN

TERMINAL
PIGMENT

PS I

phycobiliviolin and phyco-
urobilin also have opposite
stereochemistry at e.

phycocyanobilin: by, ¢ phycobilivioling a, ¢ PSTII
phycoeryihrobilin: b, d phycourobilin: a, d

Absorption

complementary chromatic
adaptation (CCA)

550 600 The Journal of Biological Chemistry,
Wavelength (nm) 276, 11449-11452 (2001)




Regulation of phycobiliprotein

concentration

1 Excdept light quality and intensity, phycobiliprotein
concentration also depends on the availability of
nutrients, including nitrogen, carbon dioxide,
phosphorus, sulfur, and iron. Nutrient starvation

general
the rod

y causes a loss of phycobiliprotein, with
oroteins of the phycobilisomes being lost

more ra

nidly than the core proteins.

1 In cyanobacteria, this reduction is due to specific
proteolytic degradation of biliprotein present in the

cell and

repression of synthesis of new biliprotein.



Light reaction

1 2 plgment SyStem: v, Chemical
photosystem II (PS 1) and |
photosystem I (PS 1)

- light harvesting pigment-protein
complex(LHPC); antenna pigment;
reaction center(chlorophyll-a-protein
complex, PS1I:P680; PS I :P700)

- xanthophylls play a role in the
removal of excess energy
(xanthophylls cycle)

8 non-cyclic electron transport:
NADP+ is reduced to NADPH and
generate ATP, and O, gas

8 cyclic electron transport: ATP
8 absorbed radiation energy

- fluorescent and phosphorescent light
and heat
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Photosystem i

lutein
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f%be ( zeaxanthin )

( R-carotene
. P500

In each energy transfer
some energy is lost as heat:
2" |Jaw of thermodynamics.

But enough energy
is passed to P680 to
eject an electron to the

electron transport system.

chlorophyll
P680
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Light harvesting involves
resonance energy
transfer, whereas,
photooxidation involves
e- transfer from
chlorophyll to the electron
acceptor called
pheophytin which
becomes negatively
charge as denoted by
*Pheo-.

Importantly, the oxidized
chlorophyll molecule (now
positively charged, Chl*)
returns to the ground state
by accepting an electron
through a coupled redox
reaction involving the
oxidation of H,0.

Light energy

4/ Light absorption

Ground | , ! :
state Y H kicks an e- into a
(Chly) M higher orbital,
l what happens
_ next is either
Eﬁfd ® energy transfer,
(Chly™ photooxidation,
or fluorescence.
/ \
Resonance energy transfer Photooxidation
Y N
S @ & Chly* - Chig+
Chly* > Chly & L@ ]| (oxdized)

T ) energy
transfer

Chly — Chly*

electron
transfer
e)
Pheo —» *Pheo”

(reduced)



Electron transfer

Energy transfer
A A

light”

Pigment molecules

peas

.....

Acceptor

e

,,,,,

......

.....

e
Antenna complex Donor
FIGURE 7.10  Basic concept of energy transfer during photo-
synthesis. Many pigments together serve as an antenna,
collecting light and transferring its energy to the reaction
center, where chemical reactions store some of the energy
by transferring electrons from a chlorophyll pigment to an
glectron acceptor molecule. An electron donor then reduces
the chlorophyll again, The transfer of energy in the antenna

154 purely physical phenomenon and involves no chemical
changes.
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S
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Flash energy (number of photons)
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FIGURE7.11 Relationship of oxygen production to flash
energy, the first evidence for the interaction between the
antenna pigments and the reaction center, At saturating
energies, the maximum amount of O, produced is T mole-
cule per 2500 chlorophyll molecules.



Now all we have to do is follow the photons,
electrons, and protons starting with PSI|
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Photosystem Il (PSII)
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Photosystem Il contains chlorophylls a and b and absorbs light at
680nm. This is a large protein complex that is located in the thylakoid
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FIGURE 7.25 Structure of the photosystem II reaction center from
the cyanobacterium Synechococcus elongatus, resolved at 3.8 A. The
structure includes the 1 and D1 core reaction center proteins, the
CP43 and CP47 antenna proteins, cytochromes besg and Csope the
extrinsic 33 kDa oxygen evolution protein PsbO, and the pigments
and other cofactors. Seven unassigned helices are shown in gray.
(A) View from the lumenal surface, perpendicular to the plane of
the membrane. (B) Side view parallel to the membrane plane. (After
Zouni et al. 2001.)
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LHC-11

= MOST ABUNDANT MEMBRANE PROTEIN IN
CHLOROPLASTS OF GREEN PLANTS

= A TRANSMEMBRANE PROTEIN

= BINDS
~ 7/ CHLOROPHYLL a MOLECULES

~ 5 CHLOROPHYLL b MOLECULES
TWO CAROTENOIDS

= COMPRISES ABOUT 50% OF ALL CHLOROPHYLL
IN' BIOSPHERE



Functional organization of
the PSII complex

photons
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The electron that was
transferred from the P680
chlorophyll reaction center
needs to be replaced, this
replacement electron comes
from the oxidation of H,O within
the oxygen evolving complex.

The tricky part is that the
oxidation of H,O releases 4 e-,
however, photooxidation only
transfers one e- at a time to
pheophytin.

2H20 Oxygen

Evolving

Therefore, the Mn atoms must Complex

be able to “store” electrons and 4 H+ + 02
release them one at a time.




What Next?

At the reaction center are
2 molecules
— Chlorophyll a
— Primary electron acceptor

* The reaction-center
chlorophyll is oxidized
as the excited electron is
removed through the
reduction of the primary
electron acceptor

e Photosystem I and I

Electron transfer

®1080 Addison Wesley Longman, Inc.
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FIGURE 7.14 7 scheme of photosynthesis. Red light
absorbed by photosystem I (PSI) produces a strong
oxidant and a weak reductant. Far-red light
absorbed by photosystem I (PSI) produces a weak
oxidant and a strong reductant. The strong oxidant
generated by PSII oxidizes water, while the strong
reductant produced by PSI reduces NADP*. This
scheme is basic to an understanding of photosyn-
thetic electron transport. P680 and P700 refer to the
wavelengths of maximum absorption of the reaction

center chlorophylls in PSIL and PSI, respectively.




Cytochromes include a heme group and a membrane protein
heme of cytochrome-c

protoheme of cytochrome-b protein

Cytochrome [Fe3*] + & -«——> Cytochrome [FeZ*]
-ic -0Us

Plastocyanin [Cu2*] + e© ««——> Plastocyanin [Cu'*]




Plastoquinone is a shuttle for protons
across the thylakoid membrane

Plastoquinone
0 H,C

|
H,C [cH—c=cH-CH, | H

2e
HC T 2H OH H,C
H,C [cH~C=CH-CH, |+ H

H,C

oH Plastohydroquinone




Functional organization of the
The same deal
cytochrome bgf complex here as in

complex Il of
ETS, we need to
convert the 2 e-

4 H carrier PQBH,
?trpma % into a 1 e- carrier
. - \-, T in PC. The
Y ON Ner™ «  answer is the Q

2PQpH 2 ¢ e (’f@ \ cycle, duh!

2pQg <
P ™

PS |

Thylakoid lumen

8H*




The light-driven Q cycle is responsible for
translocation of 8 H* from the stroma to the lumen

4 photons 4 H+

4 H*

Stroma

T s\
Cytbf)
de- f

\® S

4x1e

Thylakoid lumen

+ ATP synthase
12H complex




Photosystem | (PSI)

The final stage of photosynthesis: the absorption of light energy by
PS | is at a maximum of 700 nm. Again 4 photons are absorbed, but

in this case, the energy is used to generate reduced ferredoxin, which
Is a powerful reductant.

4Fe-4S _ ﬁ}h%w

clusters - *’T\f
Stroma

Thylakoid--lumen

Spélcial pair

Structure of PS | complex showing Fe-S clusters



Functional organization of
the PSI complex
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Ferrodoxin NADP*
reductase plays a
crucial role in
converting redox
energy into a
useable form for
the Calvin Cycle
by generating
NADPH.

Since e- arrive in
PSI one at a time,
the FAD
coenzyme must
store on e-in a
semiquinone

chemical structure.

Ferrodoxin
NADP+
reductase

Ferrodoxin




Paraquat was once used extensively as an aerial herbicide to
destroy illegal fields of marijuana and coca plants in North and South
America. However its use was discontinued because smoking
paraguat-contaminated plants causes lung damage.

Hydrogen peroxide

- s+ Reactive
2 » ROS ) oxygen
uperoxide Species
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Energy input at both the PSIl and PSI reaction centers

SASTSS

CERFAEN P A, i
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Fig. 2. Cartoonrepresentation of Z-scheme, courtesy of Richard Walker [6,17]. Now available in animated form
(http:/fwww.alegba.demon.co.uk/CARTOON.AVI) [18].
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Electron Flow

Two routes for the path of electrons stored in the primary
electron acceptors

Both pathways

begin with the capturing of photon energy
utilize an electron transport chain with cytochromes for chemiosmosis

Noncyclic electron flow

uses both photosystem Il and |

electrons from photosystem Il are removed and replaced by electrons
donated from water

synthesizes ATP and NADPH
electron donation converts water into O, and 2H*

Cyclic electron flow

Uses photosystem | only
electrons from photosystem I are recycled
synthesizes ATP only



Noncyclic Electron Flow

1 Electron at reaction-center
energized

2 H20 split via enzyme

catalysed reaction forming : 5% L
2H*, 2e,and O, - o 0,0 | tr‘
Electrons move to fill | Croer| Pag | o
- 3 ®. | S s

orbital vacated by i | ol

w 12(2Y .z | (4] 6*— o ,,-.'if?,-{a? 9
removed electron R xS SIS

: _ RV @ e, S e
3,4 Each excited electron is eSISP e puorosve
PHOTOSYSTEM II & .Vl/\'[""

passed along an electron
transport chain fueling the
chemiosmotic synthesis of
ATP



Energy of electron

Noncyclic Electron Flow
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5 The electron is now
lower in energy and
enters photosystem |
where it Is re-energized

6 This electron is then
passed to a different
electron transport system
that includes the iron
containing protein
ferridoxin. The enzyme
NADP* reductase assists
In the oxidation of
ferridoxin and
subsequent reduction of
NADP* to NADPH



Cyclic Electron Flow

Primary N
acceptor @ @
+
NADP
reduct NADP
Cytochrome /’
complex \» R—

 Electron in Photosystem | is excited and transferred
to ferredoxin that shuttles the electron to the
cytochrome complex.

 The electron then travels down the electron chain
and re-enters photosystem |



The Z-scheme of the Light Reactions: An Energy Diagram
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Redox mechanism

Redox properties of ground and excited
states of reaction center chlorophyll

Poor — | | Good
oxidizing - | Acceptor Donor £ | reducing
agent orbital = | agent

Poor Acceptor Good
reducing orbital orbital | | oxidizing
agent === agent

Ground-state Excited-state
chlorophyll chlorophyll

FIGURE 7.23 Orbital occupation diagram for the ground and
excited states of reaction center chlorophyll. In the ground
state the molecule is a poor reducing agent (loses electrons
from a low-energy orbital) and a poor oxidizing agent
(accepts electrons only into a high-energy orbital). In the
excited state the situation is reversed, and an electron can
be lost from the high-cnergy orbital, making the molecule
an extremely powerful reducing agent. This is the reason
for the extremely negative excited-state redox potential
shown by P680* and P700* in Figure 7.21. The excited state
can also act as a strong oxidant by accepting an electron
into the lower-energy orbital, although this pathway is not
significant in reaction centers. (After Blankenship and
Prince 1985.)




Thylakoid structure and location of the Light Reactions
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Components of e” transport

STROMA (low H*)

@ Electrochemical

3 Plastocyanin potential
K gradient
Oxidation

of water

LUMEN (high H*)

FIGURE 7.22 The transfer of electrons and protons in the
thylakoid membrane is carried out vectorially by four pro-
tein complexes. Water is oxidized and protons are released
in the lumen by PSIL S| reduces NADP* to NADPH in the
stroma, via the action of ferredoxin (Fd) and the flavopro-
tein ferredoxin-NADJ reductase (FNR). Protons are also
transported into the lumen by the action of the cytochrome
b, f complex and contribute to the electrochemical proton

gradient. These protons must then diffuse to the A1’ syn-
thase enzyme, where their diffusion down the electrochem-
ical potential gradient is uscd to synthesize ATI” in the
stroma. Reduced plastoquinone (PQLL,) and plastocyanin
transfer electrons to cytochrome b, f and to PSI, respec-
tively. Dashed lines represent electron transfer; solid lines
represent proton movement.




The Photolysis Unit is an “embrace” of Manganese a
Photolysis is a four-step process: 2H,0>4H*+0,

his of
D1 protein




the complex. Another similar sequence of clectron flow
fully reduces the plastoguinone, which picks up protons
from the stromal side of the membrane and is released
from the b, fcomplex as plastohydroguinone.

The net result of Bwo turnovers of the complex is that
two electrons are transferred to P700, two plast()llydrof
quinones are oxidized to the quinone form, and one oxi-
dized plastogquinone is reduced Lo the hydroguinonce form.

In addition, four protons are transferrcd from the stromal
to the lumenal side of the membrane.

Strorma

By this mechanism, electron flow connecting the acceptor
side of the PSIT reaction center to the donor side of the PSI
reaction center also gives rise to an electrochemical potential
across the moembrane, due in part to bl F conmcentration differ-
ences on the two sides of the membrane. This electrochemi-
cal potential is used to power the synthesis of ATE The cyclic
electron flow through the cyvtochrome b and plastoquinone
increases the number of protons pumped per electron
beyond what could be achieved in a strictly lincar sequence.

Plastoguinone and Plastocyanin Carry Electrons
between Photosystems Il and 1|

The location of the two photosystems at different sites on
the thylakoid membranes (see Figure 7.18) requires that at
least one component be capable of moving along or wwrithin
the membrane in order to deliver electrons produced by

photosystem TI to photosystem 1. The cytochrome b, fcom-
plex is distributed equally between the grana =@ ndd the
stroma regions of the membranes, but its large size makes
it unlikely that it is the mobile carrier. Instead, plasto-
quinone or plastocyanin or possibly both are thought to
serve as mobile carriers to connect the two photosystems.

Plastocyanin is a small (10.5 kIDa), water-soluble, cop-
per-containing protein that transfers electrons bebween the
cytochrome b, fcomplex and P700. This protein is found in
the lumenal space (sce Figure 7.29). In certain green algae
and cyanobacteria, a c-ty pe cytochrome is some times found
instead of plastocyanin: which of these two proteins is synn-

thesized depends on the amount of copper available to the
OTZanisir.

The Photosystem | Reaction Center
Reduces NADP*

The PST reaction center complex is a large
multisubunit complex (Figure 7.30) (Jordan
et al. 2001). In contrast to PSII, a core
antenna consistng of about 100 chlorophylls
is a part of the PSI reaction center, P700. The
core antenna and P700 are bound to two
proteins, PsasA and IPsaB, with molecular
massecs in the range of 66 to 70 kIDa (Bretiel
1997; Chilnis 2001 ; see also Web Topic 7.8).

The antenna pigments form a bowl sur-
rounding the electron tran sfer cofacltors,
which are in the center of the complex. In

Lumean

FIGURE 7.320 Siructure of photosystem L. (A Structural model of the PSI
reaction center. Components of the PSL reaction center are organi zed
around two major proteins, PsasA and PsaB. Minor proteins PsacC to Psalw
are labelled € to MN. Electrons are transferred from plastocyanin (PC) to
P700 (sec Figures 7.21 and 7.22) and then to a chlorophyll molecule, Ay, ki
phyllogquinone, A ,, to the FeS,. FeS,. and FeS,. Fo S centers, and finally {4
the soluble iron—sulfur protein, ferrodoxin (FdES

. (B) Side view of one
monomer of I"S1 from the cyanobacterium Synrechococcus elorigatus, at

2.5
resolution. The stromal side of the membrane is at the top, and the lume
side is at the bottom of the figure. Transmembrane ac-helices of PsaA and

PsaB are shown as bluec and red cyvlinders, respectively. (A after Buchana
ct al. 2000; B from Jordan et al. 2001.)




The Z-scheme of the Light Reactions: An Energy Diagram
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ATP generation
Chemiosmosis In 2 Organelles

Both the Mitochondria and Chloroplast
generate ATP via a proton motive force
resulting from an electrochemical
Inbalance across a membrane

Both utilize an electron transport chain
primarily composed of cytochromes to
pump H* across a membrane.

Both use a similar ATP synthase
complex

Source of “fuel” for the process differs
Location of the H* “reservoir” differs

MITOCHONDRION

T Y ,rl]"::;\
|

High H*

INTERMEMBRANE THYLAKOID

SPACE |

H*.., Diffusion

MEMBRANE

MATRIX

Low H*
concentration

1999 Addison Wesley Longman. Inc



The H* gradient across the thylakoid drives ATP synthesis
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Generation of ATP

(A)
Outer and Inner
membranes ..

Stroma

lamellae

Thylakoid —

Granum -

Stroma —

Stroma
lamellae

)

Thylakold ¢
lumen

FIGURE 1.16

(A} Electron micrograph of a
chloroplast [ 5

a leal of timothy

) (B) The sa
nagnification
dimensional view of
grana stacks and stroma lamellae, showing
the complexity of the organization. (1)
Diagrammatic representation of a chloro
plast, showing the lacation of the H'-
ATPases on the thylakoid membranes,
(Micrographs by W. I, Wergin, courtesy of
E. H. Newcomb.)

Chloroplast

thy\akoid% F[]Ui“hl’aﬂ()n transferred
S _—

Buftered -

medium  /~

dient generated by this manipulation provided a driving
force for ATP synthesis in the absence of light. This experi-
ment verified a prediction of the chemivsmotic theory stal
ing that a chemical potential across a membranc can pro-
vide energy for ATP synthesis.

FIGURE7.32 Summary of the experiment carried out by
Jagendorf and coworkers, Isolated chloroplast thylakoids
kept previously at pH 8 were equilibrated in an acid
medium at pH 4. The thylakoids were then transferred to a
buffer at pH § that contained ADP and F;. The proton gra-

,Outer membrane

", Inner memhrane

 Thylakoids

Stroma

Chemo-osmotic theory

S Granum
{stack of
thylakaoids)

membrane

|~ Stroma
|




ATP (Adenosine triphosphate)

*ATP ATP is a nucleactide that performs many essential roles in the cell.
It is the major energy currency of the cell, providing the energy for most of the energy-consuming activities of the cell.
It is one of the monomers used in the synthesis of RNA and, after conversion to deoxyATP (dATP), DNA.
It regulates many biochemical pathways.

*Energy
When the third phosphate group of ATP is removed by hydrolysis, a substantial amount of free energy is released.
The exact amount depends on the conditions, but we shall use a value of 7.3 kcal per mole.
ATP + H20 -> ADP + Pi
ADP is adenosine diphosphate. Pi is inorganic phosphate.

*Synthesis of ATP
ADP + Pi -> ATP + H20
requires energy: 7.3 kcal/mole
occurs in the cytosol by glycolysis
occurs in mitochondria by cellular respiration
occurs in chloroplasts by photosynthesis

*Consumption of ATP
Most anabolic reactions in the cell are powered by ATP.
Examples:

assembly of amino acids into proteins
assembly of nucleotides into DNA and RNA
synthesis of polysaccharides
synthesis of fats
active transport of molecules and ions
beating of cilia and flagella




*Nicotinamide adenine dinucleotide (NAD) & its relative nicotinamide adenine
dinucleotide phosphate (NADP) are two of the most important coenzymes in the
cell. NADP is simply NAD with a third phosphate group attached as shown at the
Bottom

of the figure.

*Because of the positive charge on the nitrogen atom in the nicotinamide ring
(upper right), the oxidized forms of these important redox reagents are often
depicted as NAD+ and NADP+ respectively.
«In cells, most oxidations are accomplished by the removal of hydrogen atoms.
Both of these coenzymes play crucial roles in this. Each molecule of NAD+ (or
NADP+) can acquire two electrons; that is, be reduced by two electrons. However,
only one proton
accompanies the reduction. The other proton produced as two hydrogen atoms are
removed from the molecule being oxidized is liberated into the surrounding
medium.
*For NAD, the reaction is thus:

NAD+ + 2H -> NADH + H+
*NAD participates in many redox reactions in cells, including those

in glycolysis and most of those

I n the citric acid cycle of cellular respiration.

*NADP is the reducing agent
produced by the light reactions of photosynthesis
consumed in the Calvin cycle of photosynthesis and
used in many other anabolic reactions in both plants and animals.

eUnder the conditions existing in a normal cell, the hydrogen atoms shown in red
are dissociated from these acidic substances.
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FIGURE 7.34 Simiilarities of
photosynthetic and respira-
tory electron tlow in bacteria,
chloroplasts, and mitochon-
dria. In all three, electron flow
is coupled to proton transloca-
tion, creating a transmem-
brane proton motive force
(Ap). The energy in the proton
motive force is then used for
the synthesis of ATP by ATP
synthase. (A) A reaction center
(RC) in purple photosynthetic
bacteria carries out cyclic elec-
tron flow, generating a proton
potential by the action of the
cylochrome be, complex. (B)
Chloroplasts carry out non-
cyclic electron flow, oxidizing
water and reducing NADP*.
Protons are produced by the
oxidation of water and by the
oxidation ot POQLL, (Q) by the
cytochrome b, f complex. (C)
Mitochondria oxidize NADIL
to NAD*' and reduce oxygen
to water. I'rotons are pumped
by the enzyme NAIH dehy-
drogenase, the cytochrome be,
complex, and cytochrome oxi-
dase. The ATP synthases in
the three systems are very
similar in structure.




Pay attention to the
compartmentalization
inside and outside of
the chloroplast.

The product of the
carbon fixation is
glyceraldehyde-3P
(GAP) which is
converted to hexose
sugars for use as
chemical energy at
night.

What pathway
has GAP as a
central
Intermediate,
does this make
sense here?
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fixation

Triose

Chlorophyl phosphates

o, STATP = CO5 + H-0

Light reactions Carbon reactions

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).

ciency of photosynthesis. This chapter will also describe
biochemical mechanisms for concentrating carbon dioxide
that allow plants to mitigate the impact of photorespira-
tion: CO, pumps, C, metabolism, and crassulacean acid
metabolism (CAM). We will close the chapter with a con-
sideration of the synthesis of sucrose and starch.

THE CALVIN CYCLE :
Ablgplhofesynthetic g‘.ujﬂ}&ﬁ'l‘:;, from the most primitive alga

to the Lnu:;L.c.aé_:-':ﬁnced angiosperin, reduce CO, to ca rbohy-
drate via the same basic mechanism: the photosynthetic car-
bon reduction cycle originally described for C; species (the
Calvin cycle, or reductive pentose phosphate [RPP] cycle).
Other metabolic pathways associated with the photosyn-
thetic fixation of CQO),, such as the C, photosynthetic carbon
assimilation cycle and the photorespiratory carbon oxida-
tion cycle, are either auxiliary to or dependent on the basic
Calvin cycle.

In this section we will examine how CO, is fixed by the
Calvin cycle through the use of ATP and NADPH generated
by the light reactions (Figure 8.1), and how the Calvin cycle
is regulated.

The Calvin Cycle Has Three Stages: Carboxylation,
Reduction, and Regeneration

The Calvin cycle was elucidated as a result of a series of
elegant experiments by Melvin Calvin and his colleagues
in the 1950s, for which a Nobel Prize was awarded in 1961
(see Web Topic 8.1). In the Calvin cycle, CO, and water
from the environment are enzymatically combined with a
five-carbon acceptor molecule to generale two molecules
of a three-carbon intermediate. 'This intermediate (3-phos-
phoglycerate) is reduced to carbohydrate by use of the ATP
and NADPH generated photochemically. The cycle is com-
pleted by regeneration of the five-carbon acceptor (ribu-
lose-1,5-bisphosphate, abbreviated Rul3l’).

The Calvin cycle proceeds in three stages (Figure 8.2):

. Carboxylation of the CO, acceptor ribulose-1,5-bispho-
sphate, forming two molecules of 3-phosphoglycerate,
the first stable intermediate of the Calvin cycle

2. Reduction of 3-phosphoglycerate, forming gyceralde-
hyde-3-phosphate, a ca rbohydrate

3. Regeneration of the CO), acceptor ribulose-1,5-bisphos-
phate from glyceraldehyde-3-phosphate

The carbon in €O, is the most oxidized form found in
nature (14). The carbon of the first stable intermediate, 3-
phosphoglycerate, is more reduced (+3), and il is further
reduced in the glyceraldehyde-3-phosphate product (+1).
Owverall, the ecarly reactions of the Calvin cycle complete the
reduction of atmospheric carbon and, in so doing, facilitate
its incorporation into organic compounds.

The Carboxylation of Ribulose Bisphosphate Is
Catalyzed by the Enzyme Rubisco

CO, enters the Calvin cycle by reacting with ribulose-1,5-
bisphosphate to yield two molecules of 3-phosphoglycerate
(Figure 8.3 and Table 8.1), a reaction catalyzed by the chloro
plast enzyme ribulose bisphosphale ca rhoxylase / oxy-
genase, referred to as rubisco (see Web Topic 8.2). As indi-

Start of cycle
Ribulose-1,5- CO, + HL0

bisphosphate

Carboxylation

3-phosphoglycerate

Glyceraldehyde-3-
phosphate €

|

Sucrose, starch

FIGURE 8.2 The Calvin cycle proceeds in three stages: (1)
carboxylation, during which CO, is covalently linked to a
carbon skeleton; (2) reduction, during which carbohydrate
is formed at the expense of the photochemically derived
ATT and reducing equivalents in the form of NADPTL; and
(3) regeneration, during which the CO; acceptor ribulose-
1 ,:;—bi‘;phusp}mtc re-forms.




Calvin Cycle
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Variations Anyone?

 In hot/arid regions plants may run

short of CO, as a result of water
conservation mechanisms

C, Photosynthesis

CO, may be captured by
conversion of PEP
(Phosphoenolpyruvate) into
oxaloacetate and ultimately malate
that Is exported to cells where the
Calvin cycle is active

CAM Photosynthesis

CO, may be captured as inorganic
acids that my liberate CO, during
times of reduced availability

MESOPHYLL

CELL Cco;

PEP
carboxylase

AIR
Oxaloacetate (4 C) PEP E?DP Sl

BUNDLE-
SHEATH CO2
CELL

VASCULAR
TISSUE

(b) The C4 pathway



C2 cycle: photorespiration

CHLOROPLAST

Calwvin cycle
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FIGURE 8.7 The main reactions of the photorespiratory
eycle. Operation of the C, axidative photosynthetic cycle
involves the cooperative interaction among three

organelles: chloroplasts, mitochondria, and peroxisomes.
Two molecules of glycolate (four carbons) transported from
the chloroplast into the peroxisome are converted to

glycine, which in turn is exported to the mitochondrion

and transformed to serine (three carbons) with the concur
rent release of carbon dioxide (one carbon). Serine is trans-
ported to the peroxisome and transformed to glycerate. The
latter flows to the chloroplast where it is phosphorylated to

3-phosphoglycerate and incorporated into the Calvin cycle.
Inorganic nitrogen (amumonia) released by the mitochon-
drion is captured by the chloroplast for the incorporation
into amino acids by using appropiale skeletons (o-ketoglu-
tarate). The heavy arrow in red marks the assimilation of
ammonia into glutamate catalyzed by glutamine syn-
thetase. In addition, the uptake of oxygen in the peroxi-
some supports a short oxygen cycle coupled Lo oxidative
reactions. The flow of carbon, nitrogen and oxygen are indi
cated in black, red and blue, respectively. See Table 8.2 for a
description of each numbered reaction.




Thank You!
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