Biochemistry

6) Photosynthesis

Photosynthetic stages and light-absorbing pigments
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This large glucose polymer and the disaccharide sucrose are the principle end products of
photosynthesis. Both are built of six-carbon sugars. Disaccharide glucose + fructose = sucrose
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Photosynthesis:

Three of the four stages in photosynthesis occur only during

illumination:

1) Absorption of light

2) electron transport leading to formation of O, from H,0, reduction of
NADP+ to NADPH, and generation of a proton-motive force pmf

3) Synthesis of ATP, and

4) Conversion of CO, into carbohydrate, commonly referred to carbon
fixation.

All four reaction stages of photosynthesis are tightly regulated, coupled
and controlled so as to produce the amount of carbohydrate required by
the plant.

All the reactions in stages 1-3 are catalyzed by proteins in the thylakoid
membrane.

the enzymes that incorporate CO, into chemical intermediates and then
convert them to starch are soluble constituents of the chloroplast
stroma. The enzymes that form sucrose from three-carbon
intermediates are in the cytosol.
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LIGHT REACTIONS CALVIN CYCLE

Chloroplast

I Stage-1: Absorption of light:

The initial step in photosynthesis is the absorption of light by chlorophylls attached to
proteins in the thylakoid membranes.

Like the heme component of cytochromes, chlorophylls consist of a porphyrin ring
attached to a along hydrocarbon side chain. In contrast to hemes, chlorophylls contain a
central Mg?*ion (rather than Fe atom) have an additional five-membered ring. The
energy of the absorbed light is used to remove electrons form an unwilling donor (water,
in green plants), forming oxygen:

light
2H,O —> O,+4H"+4¢e

and then to transfer the electrons to a primary electron acceptor, a quinone designated
Q, which is similar to CoQ.
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Structure of chlorophyll a, the principle pigment that traps light energy.

Chlorophyll a

TS
(i‘,H

C
g \C/ \C/ \

() i

H,C—C

& | |
Sc—nN =c7
- N
H—C Mg Cc—H
b o - =z
HoC. S Nt
_c g (l: C—CH,
H \C/ oL \C/
i TS
7 H e
tH, co,CH, ©
O=(I:
o CH, CH,
Phytol | | |
CH,— CH=—C—CH,— (CH,— CH,—CH— CH,);H

The CH; group (green) is replaced by a CHO group in chlorophyll b. In the porphyrin ring

(yellow), e” are delocalized among three of the four central rings and the atoms that
intercannect




Stage-2: Electron Transport and Generation of a Proton-
Motive Force

Electrons move from the quinone primary electron acceptor through a series of
electron carriers until they reach the ultimate electron acceptor, usually the
oxidized form of nicotinamide adenine dinucleotide phosphate (NADP+),
reducing it to NADPH. (NADRP is identical in structure with NAD except for the
presence of an additional phosphate group. Both molecules gain and lose
electrons in the same way. The transport of electrons in the thylakoid
membrane is coupled to the movement of protons from the stroma to the
thylakoid lumen, forming a pH gradient across the membrane (pH, men <
PHsioma)- This process is analogous to generation of a proton-motive force
across the inner mitochondrial membrane during electron transport.

Thus, the overall reaction of stages 1 and 2 can be summarized as:

light
2H,0 + 2 NADP+ ----> O, +2 H* + 2 NADPH

Stage-4: Carbon Fixation

The ATP and NADPH generated by the 2" and 3 stages of photosynthesis
provide the energy and the electrons to drive the synthesis of polymers of six-
carbon sugars from CO, and H,O. The overall balanced chemical equation is

written as:

6 CO, + 18 ATP* + 12 NADPH + 12 H,0 e
CgH1206 + 18 ADP% + 18 P2+ 12 NADP* + 6 H*

The reactions that generate the ATP and NADPH used in the carbon fixation
are directly dependent on light energy; thus stages 1-3 are called the light
reactions of photosynthesis. The reactions in stage 4 are indirectly dependent
on light energy; they are sometimes called the dark reactions of photosynthesis
because they can occur in the dark, utilizing the suppliers of ATP and NADPH
generated by light energy. However, the reactions in stage 4 are not confined to
the dark; in fact, they occur primarily during illumination.

Stage-3: Synthesis of ATP

Protons move down their concentration gradient from the thylakoid lumen to
the stroma through the FyF; complex (ATP synthase), which couples proton
movement to the synthesis of ATP from ADP and P;. The mechanism whereby
chloroplast FyF; harnesses the proton-motive force to synthesize the ATP is
identical with that used by ATP synthase in the inner mitochondrial membrane

and bacterial plasma membrane.

Each Photon of Light has a Defined Amount of Energy
Quantum mechanics established that light, a form of electromagnetic radiation,
has properties of both waves and particles. When light interacts with matter, it
behaves as discrete packets of energy (quanta) called photons. The energy of
a photon, ¢, is proportional to the frequency of the light wave: ¢ = hy, where h is
the Planck’s constant (1.58 x 10-%* cal s, or 6.63 x 1034 J s) and v is the
frequency of the light wave.

It is customary in biology to refer to the wavelength of the light wave, A, rather

then to its frequency y. with ¢ as the velocity of light (3 x 10'° cm/s in a vacuum)

it comes: y = ¢ / A; note hat photons of a shorter wavelength have higher

energies. Thus, E = Nhy = Nhc/ A . The energy of light is considerable, as we

can calculate for light with a wavelength of 550 nm (550 x 107 cm), typical of

sunlight:

E =[(6.02 x 1022 photons/mol) (1.58 x 1034 cal s) (3 x 10° cm/s) ]/ (550 x 107cm)
=51,881 cal/mol

or about 52 kcal/mol. This is enough energy to synthesize several moles of ATP

from ADP and Pi, if all the energy were used for this purpose.
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Photosystems comprise a Reaction Center and Associated
Light-Harvesting Complexes

The absorption of light energy and its conversion into chemical energy occurs in
multiprotein complexes called photosystems. Found in all photosynthetic
organisms, both eukaryotic and prokaryotic, photosystems consist of two closely
linked components: a reaction center, where the primary events of photosynthesis
occur, and an antenna complex consisting of numerous protein complexes, termed
light-harvesting complexes (LHCs), which capture light energy and transmit it to the
reaction center. Both reaction centers and antennas contain tightly bound light-

absorbing pigment molecules. Chlorophyll a is the principal pigment involved in
photosynthesis, being present in both reaction centers and antennas. In addition to
chlorophyll a, antennas contain other light-absorbing pigments: chlorophyll b in

vascular plants and carotenoids in both plants and photosynthetic bacteria.
Carotenoids consist of long hydrocarbon chains with alternating single and double
bonds; they are similar in structure to the visual pigment retinal, which absorbs light
in the eye. The presence of various antenna pigments, which absorb light at
different wavelengths, greatly extends the range of light that can be absorbed and
used for photosynthesis.

The rate of photosynthesis is greatest at wavelengths of light
absorbed by three pigments

Action spectrum
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The action spectrum of photosynthesis in plants, that is, the ability of light of different wavelengths to support
photosynthesis, is shown in black. Absorption spectra for three photosynthetic pigments present in the antennas of
plant photosystems are shown in color. Each absorption spectrum shows how well light of different wavelengths is

absorbed by one of the pigments. A comparison of the action spectrum with the individual absorption spectra
suggests that photosynthesis at 680 nm is primarily due to light absorbed by chlorophyll a; at 650 nm to light
absorbed by chlorophyll b, and at shorter wavelengths to light absorbed by chlorophyll a and b and by carotenoid
pigments, including B-carotene

Photosystems comprise a Reaction Center and Associated
Light-Harvesting Complexes

One of the strongest pieces of evidence for the involvement of chlorophylls and
carotenoids in photosynthesis is that the absorption spectrum of these pigments is
similar to the action spectrum of photosynthesis. The latter is a measure of the
relative ability of light of different wavelengths to support photosynthesis.

When chlorophyll a (or any other molecule) absorbs visible light, the absorbed light
energy raises the chlorophyll a to a higher energy (excited) state. This differs from
the ground (unexcited) state largely in the distribution of electrons around the C and
N atoms of the porphyrin ring. Excited states are unstable and return to the ground
state by one of several competing processes. For chlorophyll a molecules dissolved
in organic solvents such as ethanol, the principal reactions of light (fluorescence
and phosphorescence) and thermal emission (heat). When the same chlorophyll a
is bound to the unique protein environment of the reaction center, dissipation of
excited-state energy occurs by a quite different process that is the key to

photosynthesis.

Photoelectron transport, the primary event in photosynthesis, from energized reaction-center
chlorophyll a produces a charge separation

. Primary electron Strong reducing
Reaction zcceptor agent (electron donor)

Light center

Stroma

Charge
separation

Thylakoid

membrane
)

Lumen

Chlorophyll a Strong oxidizing

agent (electron acceptor)

After absorption of a photon of light, one of the excited special pair of chlorophyll @ molecules
in the reaction center (left) donates an electron to a loosely bound acceptor molecule, the

quinone Q, on the stromal surface of the thylakoid membrane, creating an essentially
irreversible charge separation across the membrane (right). The electron cannot easily return
through the reaction center to neutralize the positively charged chlorophyll a.
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Photoelectron transport, the primary event in photosynthesis, from energized reaction-center
chlorophyll a produces a charge separation

The absorption of a photon of light of wavelength = 680 nm by chlorophyll a increases
by its energy by 42 kcal/mol (the first excited state). Such an energized chlorophyll a
molecule in a plant reaction center rapidly donates an electron to an intermediate
acceptor, and the electron is rapidly passed on to the primary electron acceptor,
quinone Q, on the stromal surface of the thylakoid membrane. This light-driven electron
transfer, called photoelectron transport, depends on the unique environment of both the
chlorophylls and the acceptor within the reaction center. Photoelectron transport, which
occurs nearly every time a photon is absorbed, leaves a positive charge on the
chlorophyll a close to the luminal surface and generates a reduced, negatively charged
acceptor (Q’) near the stromal surface.

The Q produced by photoelectron transport is a powerful reducing agent with a strong
tendency to transfer an electron to another molecule, ultimately to NADP*. The positively
charged chlorophyll a*, a strong oxidizing agent, attracts an electron from an electron
donor on the luminal surface to regenerate the original donor on the luminal surface to
regenerate the original chlorophyll a. In plants, the oxidizing power of four chlorophyll a*
molecules is used, by way of intermediates, to remove four electrons form 2 H,O
molecules bound to a site on the luminal surface to form O,.

2 H,0 + 4 chlorophyll a* --->4 H* + O, + 4 chlorophyll a

These potent biological reductants and oxidants provide all the energy needed to drive
all subsequent reactions of photosynthesis: electron transport, ATP synthesis, and CO,
fixation.

Light-Harvesting Complexes increases the Efficiency of Photosynthesis

Energy transfer from light-harvesting complexes to associated reaction center in
photosystem | of cyanobacteria

Light Reaction Energy resonance
center transfer
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The multiprotein light-harvesting complex binds 90 chlorophyll molecules (white and blue) and 31 other small molecules,
all held in a specific geometric arrangement for optimal light absorption. Of the six chlorophyll molecules (green) in the
reaction center, two constitute the special-pair chlorophylls (ovals) that can initiate photoelectron transport when excited

(blue arrows). Resonance transfer of energy (red arrows) rapidly funnels energy from absorbed light to one of two
“bridging” chlorophylls (blues) and thence to chlorophylls in the reaction center.

Photoelectron transport, the primary event in photosynthesis, from energized reaction-center
chlorophyll a produces a charge separation
Ty 5 ?;' :

Chlorophyll a also absorbs light at discrete wavelengths shorter than 680 nm. Such absorption

raises the molecule in several higher excited states, which decay within 102 seconds (1
picosecond, ps) to the first excited state with loss of the extra energy as heat. Because
photoelectron transport and the resulting charge separation occur only from the first excited

state of the reaction-center chlorophyll a, the quantum yield — the amount of photosynthesis
per absorbed photon — is the same for all wavelengths of visible light shorter (and, therefore, of
higher energy) than 680 nm.

i

Taking home message:

The principle end products of photosynthesis in plants are oxygen and polymers of
six-carbon sugars (starch and sucrose)

The light capturing and ATP-generating reactions of photosynthesis occur in the
thylakoid membrane located within chloroplasts. The permeable outer membrane and
inner membrane surrounding chloroplasts do not participate in photosynthesis.

In stage 1 of photosynthesis, light is absorbed by chlorophyll a molecules bound to
reaction-center proteins in the thylakoid membrane. The energized chlorophylls
donate an electron to a quinone on the opposite side of the membrane, creating a
charge separation. In green plants, the positively charged chlorophylls then remove
electrons from water, forming oxygen.

In stage 2, electrons are transported from the reduced quinone via carriers in the
thylakoid membrane until they reach the ultimate electron acceptor, usually NADP+,
reducing it to NADPH. Electron transport is coupled to movement of protons across
the membrane from the stroma to the thylakoid lumen, forming a pH gradient (proton-
motive force pmf) across the thylakoid membrane.

In stage 3, movement of protons down their electron-chemical gradient through FoF,
complexes powers the synthesis of ATP from ADP and P;.
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aking home message:

- In stage 4, the ATP and NADPH generated in stage 2 and 3 provide energy and the
electrons to drive the fixation of CO, and synthesis of carbohydrates. These reactions
occur in the thylakoid stroma and cytosol.

Associated with each reaction center are multiple light-harvesting complexes (LHCs),
which contain chlorophylls a and b, carotenoids, and other pigments that absorb light
at multiple wavelengths. Energy is transferred from the LHC chlorophyll molecules to
reaction-center chlorophylls by resonance energy transfer.

Linear electron flow in plants, which requires both chloroplast photosystem, PSI and PSII

In linear system, ATP synthesis and NADPH generation
Only PSII generates a H* gradient, No H* gradient in PSI

— NADP + H*|

Q cycle: additional ~>NADPH  JADP ATP

gy Protontransport .
Stroma
SR 4H*
Thylakoid
membrane
2 photons 2 photons
R 0,-evolving ) 4H"
Lumen P complex Plastocyanin !
680 2HY H* 700
chloroph chlorophyll
Cytoch bf PSl reaction Fy F1 complex
PSll reaction center complex center

Blue arrows indicate flow of electrons; red arrows indicate proton movement. LHCs are not shown. Left: in the PSII reaction center, two
sequential light-induced excitations, of the same Pggo chlorophylls result in reduction of the primary electron acceptor Qs to QH,. on the
luminal side of PSII, electrons removed from H,O in the thylakoid lumen are transferred to Pego*, restoring the reaction-center chlorophylls to
the ground state and generating O.. Center: the cytochrome bf complex then accepts electrons from QH,, coupled to the release of two
protons into the lumen. Operation of a Q cycle in the cytochrome bf complex translocates additional protons across the membrane to the

thylakoid lumen, increasing the proton-motive force pmf generated. Right: in the PSI reaction center, each electron released from light-excited
Pz00 chlorophylls moves via a series of carriers in the reaction center to the stromal surface, where soluble ferredoxin (an Fe-S protein)
transfers the electron to FAD and finally to NADP*, forming NADPH. P7* is restored to its ground state by addition of an electron carried from
PSiI via the cytochrome bf complex and plastocyanin, a soluble electron carrier. The pmf generated by linear electron flow from PSII to
NADP-FAD reductase powers ATP svnthesis bv the FaFs complex.

3-D structure of photosynthetic reaction center form the purple
bacterium F?hodobacter spheroides
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Pheophvytin

Top: the L subunit (yellow) and M subunit (white) each form five transmembrane « helices and have a very similar
structure overall; the H subunit(light blue) is anchored to the membrane by a single transmembrane o helix. A
fourth subunit (not shown) is a peripheral protien that binds to the exoplasmic segments of the other subunits.
Bottom: within each reaction center is a special pair of bacteriochlorophyll a molecules (green), capable of
initiating photoelectron transport; two voyeur chlorophylls (purple); two pheophytins (dark blue), and two quinones,
Qa and Qg (orange). Qg is the primary electron acceptor during photosynthesis.

Cyclic electron flow in the single photo-system of purple bacteria

In cycling system, only ATP synthesis
Q cycle: additional
proton transport  y+

2 H*

Cytosol

Plasma
membrane

2 photons

+++ +
Periplasmic
space Special-pair

chlorophylls

Bacterial reaction Cytochrome bc, Fo F; complex
center complex

Blue y
illustrated here) energizes one of the special-pair chlorophylls in the reaction center. Photoelectron transport from the energized
chiprophyll via-pheophytin (Rh)-and quinone A (Q,), to quinone B (Qg) forms the semigainone Q- and Ieaves‘a positive charge on
the-chicrophyll- Fellowing absorption of a second photon and transfer of a second! elecfron to the semlqulnone it rapidly picks up two
protons from the eytosol fo form 'QH,. Center: After diffusing through the membrane and binding to the Q, sjte on the exoplasmic face

of the cytochrome be; complex, QH, donates two electrons and simultaneously glves up two protons to thd external medium,

generating a proton-motive force pmf (H*, ic yiosolic)- Electrons are transposted back to the reactién-center chlorophyll via a
soluble cytochrome, which diffuses in the plasmic space. Operation of a Qleycje in.the cytochrome b¢; complex pumps additional
protons across the membrane to the external medium, as in mitochondria. The pmf is used by the FUF‘ complex to synthesize ATP
\and ; as in‘other bacteria, to transport molecules in and out of the cell.
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Electron flow and O, evolution in chloroplast PSII

PSIl reaction
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4 photons chlorophylls

Thylakoid

lumen i
O,-evolving
complex

2H,0 4H"+O0,

The PS|Iireaction center, comprising two integral proteins, D1 and D2, spgbial-pair chlorophylis (Pego), and other
electron carriers, is associated with an oxygen-evolving complex on the luminalsurface. Boyind tojthe three
extrinsic proteins (88, 23, and 17 kDa) of the oxygen-evolving comp|éx &lre four manganesg ions (red), a Ca2* ion
(blue), and a Cl- ion (yellow). These bound ions function in the splitting,of H0 and maintain.the environment
essential for high rates of O, evolution. Tyrosine-161 (Y161) of the D1/polypeptide conducts electrons from the Mn
ions to the.oxidized reaction-center chlorophyll (Pgg,*), reducingit to,the ground state Pggo.

plexes in the thylakoid membrane and regulation of linear

PSIl membrane domains (unstacked)
(stacked) CO,
Carbohydrate ATP
Thylakoid membrane
Light STATE 1 Light NADeIiH ADP + P,
Stroma H+
Lumen ATP
synthase
No NAPDH ATP
Thylakoid membrane No Carbon fixation
STATE 2 '-'gh‘ " ADP + P;
Stroma H*
Lumen
ae
synthase

Topiin stinlight, PSI'and PSII ate equally activated, and the photosystems are organized:in state I. in this anfangemem, light-
harvesting.complex Il (EHCII) is not phosphorylated and is tightly associated with'the PSli reaction center \r;’ the grana. As a result,
PS|l'and PSI can function in parallel'in linear electron flow. Bottom: when light excitation of the two pholos)‘/s!ems is unbalanced,

LHCII'becomes phosphorylated, dissociates from PSII, and diffuses into the unstacked membranes, whefé it associates with the PSI
and its-permanently associated LHCI. In this alternative supramolecular organizatjon (state Il), most of/the absorbed light energy is
transferred to PSI, supporting cyclic electron flow and ATP production but no formation of NADPH and thus no CO; fixation. PC =
plastocyanin )

A single PSII absorbs a photon and transfers an electron four times to generate one O,

= 4 photons generate 1 O,

09 evolved per flash

| I NN N N N N N N R
1 2 3 4 5 6 7 8 9 10 11 12

Flash number

Dark-adapted chloroplasts were exposed to a series of closely spaced, sort (5 us) pulses of light
that activated virtually all the PSlls in the preparation. The peaks in O, evolution occurred after
every fourth pulse, indicating that absorption of four photons by one PSll is required to generate
each O, molecule. Because the dark-adapted chloroplasts were initially in a partially reduced state,
the peaks in the O, evolution occurred after flashes 3, 7, and 11.

In' fhé’single togystem (of purple bacterla) cyclic electron flowfrom light-excited-—
'-chlorophyli amole

in two photosystems PSI and PSII, which have different functions and are
phyS|ca1Iy separated in the thylakoid membrane. PSII splits H,0 info ©,. PSI reduces
NADP* 16 NADPH. Cyanobacteria-have two analogous photosystems.

I chloroplasts, light energy absorbed by light-harvesting/complexes (LHCs) is
transferred to chlorophyll 'a molecules in the reaction centers (P680 in.PSll and Py in
PSI).

Electrons flow through PSII via the same carriers that.are present in the‘bacterial
photosystems In contrast to the bacterial system, photochemlcally omdlzed Pggo* in
PSIl s regenerated to Peg, by electrons derived from the splitting of HZO with
"evolutlon of O,.

In'linear electron flow, photochemically oxidized P, ooﬁm PSlis reduqed regeneratmg
P00, DY €lectrons transferred from PSII via the cytochrome bf complex and soluble
plastocyanin. Electrons lost from P,,, following excitation of PS| afe transported via
several carriers ultimately to NADP+, generating NAPDH. ¢
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’, In contrast to Ilneafelectron flow,-which requires both PSIl and':PS}k eyclic electron
“flow in pl invelves only PSI. In this pathway, neither NADPH nor O; is formed,
althou I ton-| motlve force pmf is generated.

The pmf generaled by photoelectrons transport in plant and bacterial photosystems is
augmented by'operation'of the Q cycle in cytochrome bf complexes assomated with
each of the- photosystems

Reversnble phosphorylation and dephosphorylation of the PSlI light-harvesting
camplex control the functional organization of the photosynthetic apparatus in
thylakoid membranes. State | favors linear electron flow,: whereas state || favors cyclic
electron flow.

' The initial reaction that fixes CO, into organic compounds
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o, Ribulose Enzyme-bound intermediate 3-Phosphoglycerate
(via stoma) 1,5-bisphosphate (two molecules)

In this reaction, catalyzed by ribulose 1,5-bisphosphate carboxylase (rybisco), CO,
condenses with the five-carbon sugar ribulose 1,5 bisphosphate. The’products are two

molecules of 3-phosphoglycerate.

' CO, Metabolism during Photosyntheéis

| The pathway of carbon
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Top: six molecules of CO, are converted into two molecules of glyceraldehyde 3 phosphate. These reactions, which constitute the Calvin cycle,
occur in the stroma of the chloroplast. Via phosphateltriosephosphate antiporter, some glyceraldehyde 3-phosphate is transported to the cytosol
in exchange for phosphate. Bottom: in the cytosol, an exergonic series of reactions converts glyceraldehyde 3-phosphate to fructose 1,6-
bisphosphate and, ultimately, to the disaccharide sucrose. Some glyceraldehyde 3-phosphate (not shown here) is also converted to amino acids
and fats, compounds essential to plant growth. The fixation of 6 CO, molecules and the net formation of 2 glyceraldehyde 3-phosphate molecules
require the consumotion of 18 ATPs and 12 NADPHSs. aenerated bv the liaht-reauirina process of bhosphosvnthesis.
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(In/C; plants,) these competing pathways are both initiated by ribulose 1,5-bisphosphate cérboxylase
(rubiseo);;:and both utilize ribulose 1,5-bisphosphate . CO, fixation, pathway 1, is favored by high CO; and low
0, pressures; photorespiration, pathway 2, occurs at low CO, and high'O, pressures (th? s under-normal

sugarcane and sugar beets

* brown, white, powdered

CHLOROPLAST |

glycolate

glycerate 4]:
oxaloglutarate

ATP

PEROXYSOME ‘

- 2 glycolate

lutarnate lutarate
1450, g oxygl

CHONDRON

NAD

2 glyoxylate ——=2 glycine

7 glycine
L

hydroxypyruvate -a— — Serine -

———— glycerate
———oxaloglutarate

—— glutamate

erine

NADH

MITO-

This is called photo-
respiration because

lit'only occurs in the

light (when Rubisco
is active), releases
CO2 (in the mito=
chondria) and uses
O2(in the peroxi-

somes) /

atmospheric conditions). Phosphoglycolate is recycled via a complexset of reactions that take place in
peromsomes and mitochondria, as well as chloroplasts. The net resLﬂt for every two/molecules of
phosphoglycolate formed by photorespiration (four C atoms),/one molecule of 3- phosphoglycerate is
ultimately<formed and recycled, and one molecule of CO, isdost.

C4 plants: Spatial separation of CO, fixation gff&y

Calvin Cycle (Rubisco reaction)

scular bundle
em, phloem)

Mesophyll
cells

Bundle
sheath
cells

Epidermis

Chloroplast

Leaf anatomy of C,4 plants and the C4 pathway.

a) In C4 plants, bundle sheath cells line the vascular
bundles containing the xylem and phloem.
Mesophyll cells, which are adjacent to the substomal
air spaces, can assimilate CO; into four-carbon
molecules at low ambient C nd deliver it to the
interior bundle sheath cells. dle sheath cells

contain abundant chloroplasts and are the sites of
phosphosynthesis and sucrose synthesis. Sucrose

is carried to the rest of the plant via the phloem. In
Caplants, which lack bundle sheath cells, the Calvin
cycle operates in the mesophyll cells to fix CO,. b)
the key enzyme in the Cy pathway is
phosphoenolpyruvate carboxylase, which assimilate
CO; to form oxaloacetate in mesophyll cells.
Decarboxylation of malate or other C,4 intermediates
in bundle sheath cells releases CO,, which enters
the standard Calvin cycle.

Mesophyll cell ﬁ NADPH ?I) Bundle sheath cell
it - .. .
1 CO, fixation | =0+ HC }ADP £ 2" CO, fixation
?H ?H2
c=0 H—C—OH Calvin
i cI o cl—o’ o
Phosphoenolpyruvate (l_l) g
carbaxlase N Oxaloacetate Malate Malate NADP*
. s G CH CH
Cco, co, I Pyruvate— 5 ¢ 3
?—O—F'oa2 p:m:::e (|: ° ([;=0 NADPH + H'
ﬁ— o c—0" ﬁ—o*
Il
o AMP  ATP
Phospho- + + 0 0
enolpyruvate PP, P, Pyruvate Pyruvate

,
\
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ATP and NADPH

iring

A cycle requi

Mesophyll Cell

C, Photosynthes

C, Photosynthesis: The first fixation is a 4-carbon compound

Bundle Sheath Cell

Bundle Sheath Cell

Mesophyll Cell
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pyruvate Rl
cycle
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-00CCCCOO-
malate

pyruvate &=
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pyruvate-
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The C, and C, reactions are spatially separated
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The C, and C, reactions are spatially separated
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The C, and C, reactions are spatially separated
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CAM PhotosynthQSis: Crassulacean Acid Metabolism Reulation of CAM PEPc: Phosphorylation
erefore, C3 and
ible at aI'I time; Hzo

ivity.
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» CAM photosynthesis is inherently inefficient
* Daily use of accumulated starch
+ CAM plants are among the slowest growing on Earth!

Schematic diagrams of the two vascular systems — xylem and phloem — in higher plants, showing

the transport of water (blue) and sucrose (red)

— Plasmodesmata

Loss of water by . H,0 % - - Mesophyll cell
transpiration Photosynthesis | | @ —— (photosynthetic
H.0 c High i - o source of sucrose)
3 < osmotic< |~ ~% ® ®—— Chloroplast
pressure {Ax Sucrose
- -
c — Companion cell

i’z

U
1%

£ i
osmotic< |=eeFEEsp= =0
pressure %_LB-? 0

TV S sieve plate
Upward Sucrose and water g % Sieve—:)ube cell

water movement movement ‘L T
in acellular xylem in cellular phloem (1 .

| B 0

s . " ‘ 0

. : \ Absorption by Low 1 40 _7 ("ts)ﬁ\k(':'eofssucrosei
" i ) root cells ~ o]
M-Zellen H,0, K*, Na*, C'M

(

V

a) Water and salts enter the xylem through the roots. Water is lost by evaporation, mainly through the leaves, creating a suction pressure that
draws the water and dissolved salts upward through the xylem. The phloem is used to conduct dissolved sucrose, produced in the leaves, to
other parts of the plant. b) enlarged view illustrates the mechanism of sucrose flow in a higher plant. Sucrose is actively transported from
mesophyll cells into companion cells, and then moves through plasmodesmata into the sieve-tube cells that constitute the phloem vessels. The

- @

resulting increase in osmotic pressure within the phloem causes water carried in xylem vessels to enter the phloem by osmotic flow. Root cells
and other nonphotosynthetic cells remove sucrose from the phloem by active transport and metabolize it. This lowers the osmotic pressure in
the phloem, causing water to exit the phloem. These differences in osmotic pressure in the phloem between the source and the sink of sucrose
provide the force that drives sucrose through the phloem.
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Why Algae?

Biomass-energy option Problems
Food crop (e.g., corn or sugar cane) to ethanol (C;HsOH)  Very low net energy yield, competition with food crops, water pollutio] . M u Ch g reater prOd u Cthlty tha n the Ir
inherently low yield per unit area terrestrial cousins
Food crop (eg., corn or sugar cane) to butanol (C;HsOH)  Low net energy yield, competition with food crops, water pollution,
inherently low yield per unit area ™ N o) n_food resource
Cellulosics (e.g, switchgrass or Miscanthus) to ethanol or  Unproven at large scale; low net energy yield
butanol

= Use otherwise non-productive land

Complex biomass (e.g, animal waste) to methane (CH,) ~ Conversion efficiency is not yet high enough; unit cost is higher than
from natural-gas deposits today

Complex biomass (e.g., animal waste) to hydrogen (H,) Technology is immature; conversion efficiency today is very low - Can Utl|lze Sallne Water
Complex biomass (e.g, animal waste) to electricity (¢”) via  Technology is nascent; conversion efficiency is not established L Can utlllze Waste CO2 Strea ms
the microbial fuel cell (MFC)
= Can be used in conjunction with

Plants (e, Jatropha, soy beans, or sunflowers) to biodiesel  Technology is immature; yield per unit area is inherently low; compete

(mainly C-16 and C-18 aliphatics) with food crops wa Ste Water treatment
Phototrophic microorganisms (algae or cyanobacteria) to  Technology is at an early stage; may require a significant capital
biodiesl invstment = An algal biorefinery could (froduce
oils, protein, and carbohydrates

Taking hqrﬁé};fne.ssage:

i="“Inthe Calvin cycle > isifixed into organic molecules in a series of reactions that-

[““occut inithe'chloroplast stroma. The initial reaction, catalyzed by rubisco, forms a 3-
carbon intermediate. Some of the glyceraldehyde 3-phosphate generated in the cycle
is transported to he cytosol and converted to sucrose.

The Ilght-dependent activation of several Calvin cycle enzymes and other
mechanlsms increase fixation of CO,. in the light.

In'C5 plants, much of the CO, fixed by the Calvin cycle is/lost as the result of*
photorespiration, a wasteful reaction catalyzed by rubisco that is favored-at low CO,
and high O, pressures.

In C, plants; €O is fixed initially in the outer mesophyll cells by:reaction/with
phosphoenolpyruvate. The 4-carbon molecules, so generated, are shuttled to the
interior bundle sheath cells, where the CO, is released and then used in the Calvin
‘cycle. The rate of photorespiration in C, plants is mueh lower than in Gsplants.

Sucrose from photosynthetic cells is transported thr
nonphotosynthetic parts of the plant. Osmotic pregsure dlfferences rovide the force

Alkanes or i Alcohols .3
[Hydrogen] Creon Diml; [Blo(iesel] (Ethanol) | E:T Luquud% [Memane] that drives sucrose transport.

Fuel

13



The Iightb“rfea‘ctvioné ahd"chemiosmosis: the organization of
the thylakoid membrane

STROMA
(Low H* concentration)

THYLAKOID SPACE
(High H* concentration)

(Low H* concentration)

NADP*
reductase

membrane

In linear system, ATP synthesis and NADPH g
Only PSI'generates a H* gradient, No H* gradient in PSI

The Importance of Photosynthesis: 4 Review
+ Areview of photosynthesis

Light reaction Calvin cycle

RuBP 3-Phosphoglycerate
Starch

Amino acids
Fatty acids

Chloroplast .

Light reactions: Calvin cycle reactions:
 Are carried out by molecules in the * Take place in the stroma
thylakoid membranes * Use ATP and NADPH to convert
 Convert light energy to the chemical CO, to the sugar G3P
energy of ATP and NADPH * Return ADP, inorganic phosphate, and
« Split H,0 and release O, to the NADP+ to the light reactions
atmosphere
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