BB 422/622

OUTLINE: ANABOLISM I: Carbohydrates
PHOTOSYNTHESIS:
Exam-1material  Overview of Photosynthesis
Exam-2 material Key experimen‘l's:

Light Reactions

energy in a photon

pigments

HOW

Light absorbing complexes-"red-drop expt”
Reaction center
Photosystems (PS)

PSII - oxygen from water splitting
PSI - NADPH

Proton Motive Force - ATP
Carbon Assimilation - Calvin Cycle
Stage One - Rubisco
Stage Two - making sugar
Stage Three - remaking Ru 1,5P;
Overview and regulation
Calvin cycle connections to biosynthesis
C4 versus C3 plants
Kornberg cycle - glyoxylate

Exam-3 material

ANABOLISM I
Carbohydrates

Photosynthesis and
Carbohydrate Synthesis in
Plants
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Introduction to Anabolic Pathways

So far, we were mainly concerned
with CATABOLISM: how to extract
energy from biomolecules.

The rest of the semester we’ll be
concerned with - how
to build biomolecules.
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Photosynthesis
Key topics:

* Photosynthetic electron transfer and photophosphorylation

* CO, assimilation in photosynthetic organisms
* Photorespiration in C3 plants

* Avoiding photorespiration in C4 plants Rohenmo.,...) Hill
Key experiments: 21,0 + 24 ) 240, + 0,
% Light caused O, (Hill reaction) 4F€3f‘(CN)s ﬂFe‘~'+(EN)a ﬁ
 Light caused reduction of O ;_:“:; ~light causes
NADPH (Ochoa reaction) b cledton flow,
Severo Ochoa light O”drlz;’h.«,e:w“ 'i?:cf::?)m and QZ evo Utlon
"Wl 2H,0 + 2NADP* — 2NADPH + 2H™ 4 Q, owwewwes  that did not
~light causes electron flow to NADPH (=A) involve any CO..

....The lack of involvement of CO; in this light-caused oxygen production was
definitively shown in 1941

Photosynthesis

+Light caused evolution of Oz — Hill reaction: 2H,0 + 4Fe3+ (CN)6 4Fe2+(CN)6 + 4H+ + O, E




Photosynthesis

CO; + H20 = CH20 + 02

Use heavy isotope of oxygen ('80) to "label” the oxygen separately in CO. and H,O, then

test the O, that is produced

HYPOTHESISP The oxygen released by photosynthesis

comes from water rather than CO,.

METHOD
Experiment1 Experiment 2

H,'®0, CO, H,0, C'®0,
RESULTS 1 1
0,

1802
CONCLUSIONP Water is the source of the oxygen atoms
in the O, produced by photosynthesis.

Photosynthesis |
S

CO; + H,0 = CH20 + 02

Light

(photon)
e /

~ Triose phesphates €O,

Light Energy is
Converted to ATP
in Plant
Chl last Chiorophyt — S
oroplasts oy

Photophosphorylation

2H20 = O, + 4e- + 4H™ (2NADPH + 2H%)

4e- + 4H* + CO; = CH;0 + HO
Both of these half-reactions are VERY unfavorable!!




Photosynthesis
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Photosynthesis

—If Light Energy is Converted to Max Planck was a physicist who initiated the particle theory

. . of light; its not just electromagnetic waves. Einstein
ATP, how much ||ght is needed? developed the concept of a photon, or a quanta of light.

—What is the energy in ONE photon  Thus, quantum mechanics was born.

of |ight’_) Electromagnetic energy could be emitted only in
quantized form, in other words, the energy could only be a
multiple of an elementary unit:

—There is enough Light Energy to

E=hv v=c/h
make >5 ATP = hec/n
—How do you convert photons to where his Planck's constant, also known as Planck's action
i n quantum, and v is the frequency of the radiation. Note that
chemical energy the units of energy are represented by hz and not simply by
—You go through electrons.... v. So, the energy comes in units and not just a spectrum or

—So we have to do re-dox — continuum.

—ox-phosinreversel  Energy of one mole of photons (1 einstein):
1728 alterNerst Albet B o ane bty = Planck’s constant (6.626 x 10-34 J-s)
) c=3x108 m/s
A=700x10°m
E =2.84 x 10-1? J/photon x 6.022 x 1023 photons/einstein
E =17.1 x 10* J/einstein
E =171 kd/einstein
E = 41 kcal per mole of photons....In terms of volts:
E = +1.8 volts per mole of photons




Photosynthesis

—If we have to do re-dox, what is it -
that must be done?

CO; + H20 = CH20 + 02

1
-
o
T

Because we know that oxygen
comes from the water, using the
energy from the light, and we know P —

T
a
L

that NADPH is the reductant.....we APy ;
have a problem! z | -0.32V -
We need an electron acceptor G oof §
with E, more positive than water i > AI.‘:° for Z
We need an electron donor with Mito -1.1av)
E, more negative than NADPH |

«

'H,0 <
) L . 2 +0.82V 1
—First thing is to absorb the light. 1.0 -%o)

Photosynthesis

Various Pigments Harvest the Light Energy

ClHO in chlorophyll &
c"!

CH
i in bacteriochlorophyll |—| | * |
7 i [EH CH, Saturated bond in
5 bacteriochlorophyll

CH,CH,

Wavelength (nem) H
Chlorophyll a r phytol gide chaic K¢ H,
i o
absorl?s higher cH, cH, cH, cH, “ H
energies than "’C/K/\A/\A/\/K/\ L SH: H
Chlorophyll b N 0 CH, /C\ o
CH;0 O
<,°° o0 Chlorophylla
W, y
0 o) r . L
5 /\I S\/Z—( "
HiC OH
He_ o, s
| Unsaturated bond
eoerythrobilin %0 at, CHy CHy M CHy
L w
He eH, M SHy HyC
H, CH, H,
Hy

I pB-Carotene I




Photosynthesis

The excited state has several choices for dissipating the energy: —LI g ht Absorpti on
internal conversion (heat), fluorescence (emit light), or energy transfer.

Which occurs depends on several factors: e~ hole!
Excited state e~ gained!
E e re—
:':1"51 '{%?eyr—‘ —
l & =S % —_—
[ Ly ~) e f——— .
g i We have chemistry!
special Chl special Chl
—— —— (Donor) (Acceptor)
| }Vibrational
| & & states
Ground state g% s,%

Reaction Center
(1) The overlap of the fluorescence band of the donor and

the absorption band of the acceptor (Forster's overlap
integral).

(2) The distance between the two molecules; essentially a
dipole-dipole interaction obeying Coulomb’s law
proportional to r. They have to be close.

(3) The orientation of the dipoles of the donor and the

““ A acceptor molecules.

Chib (F), Chia (A)

N/
Chib (A) Chia (F)

aol

Photosynthesis

Organization of Light-
Absorbing Molecules__
in Chloroplasts complex

200 chlorophylls
and 50 carotinoids

The probability of energy
transfer is ~50% when
the "critical distances" are,

chloroplast, the distance
between different pigment
molecules much less than
50 A, so that the
probability of energy
transfer is high. 2
It is actually >90% efficiency

and fast <100 ps




Photosynthesis

Organization of Light-
Absorbing Molecules
_in Chloroplasts
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Photosynthesis

Harvested Light causes charge separation in the
Reaction Center

S o
ST S BT j W' E
} ~ _ Antenna Reaction-center [ 3
A - L)‘molecules chlorophyll € =

== © This energy is transferred to a
: chlorophyll, exciting it.

Light NG

molecule (chlorophyll or

accessory pigment),
raising an electron toa

0 Light excites an antenna
higher energy level.

[ e

passes an el

GME Lets look at this

o The excited antenna molecule n reallty
nergy to a neighboril

p:"“’.—.L." e e e The el hole inthe

transfer), exciting it. filled by an electron from an electron

J98
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Photosynthesis

Harvested Light causes charge separation in the Reaction

Ce nter Exciton
=
N E N p* Chlorophyl
g \ ? / special pair ((Chl),)
The absorption gfa photon has caused . : Chlorophyll
separation of chajfge in the reaction center.

— Pheophytin (H* in place

of Mg?*)
All these ‘ <
distances @f (200 ps)
are ~10 A — " Q
3]
P'B (6 ps) ! '
P B @The excited chlorophyll special

00, PIRS 145V pair passes an electron through a
Bg By P'H? | MN,\BA 0.25 ev chlorophyll monomer to pheophytin

(very very fast).

1
," 1 1002000 P*Hy 1 .
He H [ I\ @from which the electron moves
A dmy m A \'~°°°S rapidly to the tightly bound

menaquinone, Qa.

i pa-
; Poy -0.045v @ This quinone passes electrons

s —————

AE. for much more slowly to the diffusible
PS[IJI~1 5V ubiquinone, Qg, through the non-
T heme Fe.

i
i

What is PS II? Vi
Is there a RS I? Ground State

PhOtOSVhthESiS RED-DROP Experiment

How do we know there were two PSs?
Red-Drop Experimept:

Keep yellow light on.
Give flashes of
higher and higher

N
4
b

|
] — |
|
c ! / \\ ,/ £ a
wavelengths L 6 7 ~- \ s 2
S i g S
/ \ / g s
8 4 /g8
. 8 3 ~ ! 2%
Conclusionis that ¢ 9 NV I o &
there are two > ' 3
>1r t < 5
photosystems: 3 | \ 3
PS 1 (P700) & 400 500 600 700 noo,
Wavelength (nm) fter 680
PS 1l (P680) 680 nm aner
AND, PS llis
responsible for 02 = below 680 nm there is photosynthesis system that generates oxygen
prod uction But, above 680 nm there must be another photosystem because the

overall photosynthesis still goes on.
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Photosynthesis

¢ /CI;47?A\\?
b )

Mn,CaO;
\

Lumen
(pside)

Stroma

(n side)
Chlorophylls Chlorophylls
Photosystem Il (P680)
Photosynthesis
2H,0 4H*+ 0, % N

D2

Lumen Special pair of
(p side) chlorophylls

Stroma
(nside)

Photosystem Il Evolves Oxygen from Water




Photosynthesis

Waters \n,CaO; The water-splitting complex
offers single electrons to
photosystem Il to fill the hole
after charge separation.

Mn After four electrons are freed
from two waters, a single O,
is released.

Overall reaction:
2H;0 = O + 4e- + 4H*

Goes through a
neutral free

Mn
radical: -0- + - OXygen-evolving Complex

6 st Exciton 2nd Exciton 3rd Exciton 4th Exciton w

' Qe+ i
’ \/ _-—b()2

Photosystem Il PhotosyntheSiS

Transfers Electrons

to Plastoquinones 2H,0 4H*+0, [NOTE on what side of the thylakoid
e h0|e| is the water splitti hine-----

2H20 = O, + 4e- + 4H*

D2 D1 ﬁ
Special pair of i

chlorophyll ‘ ‘ A l e

<

Lumen
(pside)

Recall that the AE, is
@ enough to provide an
1] electron hole deep
enough to dissociate
|\ /l/]  water (E, +1.45V), but not
[l areductant with the
YY) ability to reduce NADP+
Stréeia T (PQ, like CoQ, likes e- more
(nside) aH* e~ gained! than NADH).

Plastoquinones are structurally and functionally similar to
ubiquinones (CoQ) found in the mitochondria.

These lipid-soluble small molecules transport two electrons to
the cytochrome bgf complex.

12



Photosynthesis

 Thylakold . S_tru_cturally and functlpnally
{ similar to Complex Il in the
Plastocyanin x2 electron-transport chain
4H*
. * Protons are removed from

Rieske iron-
sulfur protein

plastoquinones (PQH.) as

plastoquinones are
oxidized (PQ).

Thy"kf'd("pu:;:ie:; * The PQ cycle is similar to

P the Q cycle in the ETC.

* Electrons are funneled to
plastocyanin, a single

oo ARRRRDABED D electron carrier, which

PQH,

stroma  cgrries the electron to PS-I.
2H* (N side)
Cytochrome bsf Complex Translocates Protons into the
Lumen

Photosynthesis
(mec The Q Cycle -icoan] N piy
) %/\Cys&
Plast T~ OB > OB A COO]  Mel92 N
astocyanin @ijaxm» 1 c‘:}m ./

2CoQH; +.Colr> ZCoQ + CoOMH; + 2 Cyloc? _[:Gog |
, o & -Coa,

Plastocyanin
(E, is +0.37)
4 What do we do with all the
Cavern - reduced Plastocyanin?
Cytochrome bsf Complex Translocates Protons into the Lumen

13



Photosynthesis

PQ, Plastoquinone
PQg Second quinone
A, Electron acceptor chlorophyll } pSI

A, Phylloquinone

(n side)

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

(Eyis ~1.4)
Photosystem | (P700)

Photosynthesis A

— oAqy

Lumen
(p side)

o)

Plastocyanin -0s2v
Lo 3

(Ebis +0.37) AE, for 3

Mito -1.1a9)

" :) +0.82V

— @ -

Shuttling the electron quickly out: Y ::}-
PQ, Plastoquinone

PQg Second quinone Pl

A, Electron acceptor chlorophyll
A, Phylloquinone PSI

(nside)
Photosystem | creates
the strongest biological
‘ “’? reductant known: Ag~

5 (Eyis ~1.4)
~soin  Photosystem | (P700)
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Photosynthesis

NADPH is ~
produced by the S L% | L
NADPH Reductase o
in the Stroma

Photosystem | created
reduced ferrodoxin (Fy)

a
(

.
‘&g‘//}
A
(E’ is —0.4)
Fqis a 1-e~ carrier, so 2 Fg4 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 Dy bickop somam

NADPH.
. 17 —
Photosynthesis |
Ao (-1.4)
; e . [ (=0.4) 16

NADH Redlitase ; " _032 V >
3 ®
Qa (-0.05) f Iy
PQ (+0.08) 9
Cytochrome bsf Complex > A EO for 8
2x PC (+0.37) *P700 (+0.4) Mito 1.1av) &

PS-1
“4+0.82V o

PS-II

N 2NADP* + 2H0 g O + 2NADPH + 4H*

*Peso (+ 1.45) »




