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PREFACE

® The sun is the ultimate source of energy.
® The sun powers nearly all life forms.

® Photosynthesis converts solar energy into chemical
energy.

® Photoautotrophs use solar energy to synthesize organic
compounds from carbon dioxide and water.

® They include plants, algae and some prokaryotes
® They form the base of almost every food chain/web

® Fossil fuels represent stored solar energy from the past.
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RECALL

O Phototrophs: obtawn energy from Light
O Chemotrophs: obtain energy from chemicals
O Auwutotrophs: obtain carbon from CO,

O Heterotrophs: obtain carbon from organte sowrces
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Photosynthesis
l.

Main Idea: A series of enzymatic reactions use solar energy to
produce large organic compounds from smaller inorganic
compounds.

-
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Solar Energy to Chemical Energy

® Photosynthesis likely evolved in prokaryotes which possessed
infolded membranes with enzymes and other molecules that

could harness solar energy to produce organic compounds

® The site of photosynthesis in modern photoautotrophs is the
chloroplasts

® The endosymbiotic theory explains how chloroplasts may
have evolved

Thylakoids
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Chloroplasts Loaf cross section

All green parts of a
plant have chloroplasts

Mesophyll { . » - »:

There are millions
of chloroplasts
in a single leaf

A typical mesophyll
cell contains 30-40
chloroplasts
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Chloroplasts

Double outer membrane

Chloroplast

Chloroplasts filled with a
dense fluid

A third membrane system
made of stacks called

h I I d N5 s Qntermembrane
. ylakold Thylakoid
t y a (O' S Stroma Granum space

Green pigment chlorophyll
found thylakoid membranes

membrane
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Photosynthesis is a “redox reaction”

® Recall the following
® Oxidation Reactions- removes electrons from a substance
® catabolic / breaking down a substance / releases energy
® Reduction Reactions- adds electrons to a substance

® anabolic / building down a substance / requires energy

'— becomes reduced —-j
6CO;, + |2H20 + Light —> C¢H120¢ + 60, + 6H,0

I— becomes oxidized—J
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The principle of the “redox reaction”
® (Oxidation Reactions- removes electrons from a substance

® Reduction Reactions- adds electrons to a substance

I—— becomes reduced j

Na + Cl —> Na™ + CI-

I__ becomes oxidized_T

I— becomes reduced—l Ae th « | ¢ d s
} e clectron daonor
Ae + B —> A + Be- . .
is the reducing agent

becomes oxidized

B the “electron acceptor”
is the oxidizing agent
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Redox Rxns Release Energy

® Energy is required to pull electrons away from an atom.

® The more electronegative the atom, the more energy is
needed to pull away that/those electrons.

® recall: electronegativity measures the pull that atom exerts on its electrons

® An electron(s) loses potential energy if moves from a less
electronegative atom to a more electronegative atom.

® Because a highly electronegative atom is more stable, it is going
to require relatively more energy to pull it away, assume that the
release of energy is roughly equal regardless of the atom, thus
the amount of NET energy release will be less in the highly
electronegative atom.
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Redox Analogy

HIGH LOW
Potential Energy Electronegativity

A ball rolling downhill loses potential energy
A ball rolling downhill releases kinetic energy

An electron moving from an an atom with
lower electronegativity loses potential energy
An electron moving from an an atom with
lower electronegativity loses potential energy

LOW HIGH
Potential Energy Electronegativity
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Photosynthesis: Occurs in Two Stages

® Photosynthesis takes place in two stages:

® The Light Reactions & The Calvin Cycle

® FEach stage consists of multiple steps

CALVIN
CYCLE

Chloroplast

[CH,0]
(sugar)
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® Light Reactions

® occurs in the grana (thylakoid membranes)
® converts solar to chemical energy (NADPH & ATP)

® harvests electrons and hydrogens from water

® generates ATP by photophosphorylation

Chloroplast
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® Calvin Cycle

® occurs in the stroma
® uses chemical energy (NADPH & ATP) to make sugar

® builds sugars using carbon from CO;

® does not require light

this step is the

carbon fixation
portion of

photosynthesis

Chloroplast
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Splitting Water

Reactants 6C0O;  12H0

Products c.H,,0. 6H.0 6 O;

Here is the significant point- Building a carbohydrate

requires putting atoms together but the atoms need

“glue” to hold them together...the electrons serve as
the “glue” and they are harvested from water.
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Photosynthesis
1l.

Main Idea: Comprehending photosynthesis requires knowledge of
about the nature of light and pigments.




Nature of Sunlight

® |ightis a type of energy called electromagnetic radiation.
® |ight travels as waves or particles.

® |ight waves are rhythmic disturbances in electric or magnetic
fields.

® The distance between the crests of these waves are called
wavelengths, the amount of energy in this electromagnetic
radiation is indirectly correlated with wavelength.

Wavelength The wavelength can
4 » be measured from any
point to the identical
point on the next wave

«—»
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Nature of Sunlight

® The entire range of wavelengths of radiation is called
electromagnetic spectrum.

® Shorter wavelengths are the most energetic!

MICRONAVE
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ELECTROMAGNETIC RADIATION SPECTRUM
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Nature of Sunlight

® |ight also acts like a particles at times.
® |ight particles are called photons.
® FEach photon has a fixed amount of energy.

® The amount of energy is inversely proportional to
wavelength.

® Violet light has almost 2X the energy of red light

ROY GBIV
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Photosynthetic Pigments

® When light hits matter it can be reflected, absorbed or
transmitted.

-

nnnnnnnnnnn Reflec Absorptio

® Pigments are molecules that
absorb light.

® Different pigments absorb
different wavelengths of light.

'l:ransmimd \
light Chloroplast
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Photosynthetic Pigments

® When white light strikes pigment the color we see, is the
color that is reflected or transmitted.

® White color / light = no pigments present in matter
® Black color / no light = pigments absorb all wavelengths

® Green color (etc) / green light = pigments absorb all
wavelengths of light except green

Absorption and Reflection

e
D sus

RED
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Photosynthetic Pigments

Sunlight ‘

Reflectéd
light

light colors Transmission

%
8, O red
Gre:e/)
Yoy, n
W L ge“\a
g W2
orange
yellow g
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Action Spectrum

® The action spectrum profiles the relative effectiveness of each
wavelength in driving photosynthesis.

Rate of
Photosynthesis

Wavelength 500 600 700 nm
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Action Spectrum of Chiorophyll

® The first evidence emerged in the late 1800’

Aerobic bacteria

Filament
of alga

400 500 600 700

Engelmann‘s experiment. In 1883, Theodor W. Engelmann illuminated a filamentous alga with light
that had been passed through a prism, exposing different segments of the alga to different wavelengths.
He used aerobic bacteria, which concentrate near an oxygen source, to determine which segments of the
alga were releasing the most O, and thus photosynthesizing most. Bacteria congregated in greatest

numbers around the parts of the alga illuminated with violet-blue or red light.

Light in the violet-blue and red portions of the spectrum are most effective in driving
photosynthesis.
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Action Spectrum

® TJoday’s equipment has confirmed Engelmann’s Conclusions.

Illuminate chloroplast
suspension with
different colors and
measure rate of
photosynthesis

Rate of
Photosynthesis

Wavelength 500 600 700 nm

You can measure rate of photosynthesis by
examining C02 uptake or 02 release
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Photosynthetic Pigments

® An graph plotting a pigment’s light absorption versus wavelength
is called an absorption spectrum.

® The absorption spectrum of chlorophyll provides evidence to
which wavelength(s) are driving photosynthesis.

Absorption

400 450 500 550 600 650 700
Wavelength (nm)

How did we determine this absorption spectrum?
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Absorption Spectrum of Chlorophyll

® TJoday we can determine absorption spectrums using
spectrophotometers.

o A spectrophotometer measures the amounts of light of
different wavelengths absorbed and transmitted by a pigment

S O I Utl O n * White Refracting Chlorophyll Photoelectric
light prism solution tube
Galvanometer
© ©_ [
0 [O\ \\\\\\ (17 7 (00]
\_~ s 2
i Green
S!tsgnlci)vr?ts to light The high transmittance
gf sele%ted (low absorption)
wavelength reading indicates that

chlorophyll absorbs
very little green light.

N

-~
S~ \N\\\\rs2 s 7
/7 : =
< - '—J

The low transmittance
(high absorption) reading
chlorophyll absorbs most blue light.

Blue
light
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Absorption Spectrum

® TJoday, spectrophotometers can measure the absorption of
certain wavelengths by individual pigments .

The photosynthetic pigments absorb much of the spectrum

chlorophyli b

chlorophyll a

f\‘/
(/, A\ yeopens

Absorption

600 700
Wavelength (nm)

400
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Absorption Spectrum

® Chlorophyll a and Chlorophyll b are the main pigments driving
photosynthesis.

® Chlorophyll a reflects a blue-green color.
® Chlorophyll b reflects an olive green color.

® (Carotenoids are accessory pigments that also drive
photosynthesis.

® |nterestingly carotenoid pigments are more important to plant
for their photoprotective roles:

® they dissipate excessive light energy that may do damage

® they also act as antioxidants, binding harmful radicals
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Light Intensities

® |ight waves not only vary in wavelength but they can vary in
amplitude as well.

® The amplitude is the height of each wave.

® |ight with higher amplitudes are brighter or more intense

amplitude
brightness
intensity

Many metric units for different purposes
We will use an easy-to-remember English unit: foot-candle

0 fc = darkness

100 fc = living room

1,000 fc = CT winter day

10,000 fc = June 21, noon, equator, 0 humidity
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What intensities of light drive photosynthesis?

100%

b @

© &

5 s adding to
S reserves
S can grow
14

reproduce

using up Respiration
reserves and
may die 0 4 _
0 10 100 1,000 10,000

compensation

point L ight Intensity (fc)

The example plant shown here “breaks even” at an
intensity we have in our homes...a house plant!
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Light Intensity & Photosynthetic Rate

¢ The compensation point depicts the light intensity that
produces more product (sugars) faster than they are being used
up by cell respiration.

® Every plant has a different compensation point.

® Some plants can even be damaged or killed if light intensity is too

great. What intensities of light drive photosynthesis?

100%

Can you suggest a plant
that might have a low
compensation point? High!?

Reaction Rate

using up Respiration
reserves and

may die 0

Low- houseplants, ferns 010 100 1000 10,000
compensation

High- crop plants, cacti point  Light Intensity (fc)

The example plant shown here “breaks even” at an
intensity we have in our homes...a house plant!
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Exciting Chlorophyll by Light

When a pigment absorbs a wavelength(s) of light that
wavelength disappears but the energy can not!

® Remember light also acts as particles, when photons hit
molecules they impact can send “electrons flying”

® FElectrons in their normal energy level are said to be in their
ground state. (they are stable)

® Photons can boost electrons to higher energy levels called
their excited state. (they are unstable) Excited

state

Heat

-y
iy

Photon =~ 2.0
(fluorescence)

Energy of election

" B
l""/..]::ﬂ___
Photon |

e

P—
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® FEach photon carries a certain quantity of energy, this energy is
equal to the difference between ground and excited states.

® The energy to boost electrons varies depending on the
molecule which explains why some pigments absorb certain

wavelengths and not others

Chlorophylla Chlorophyll b R-Carotene Zeaxanthin

Electrons in the rings, CH,

7

particularly the metals are "o G5 O - o
the ones excited cha CH,
H,C c"CH H,C CH
H HC
) ©-CH, H‘%c-cuf,
r:CH ‘CH
HC H
-CH, -CH,
Where do suppose Hc\;c u\?
you might find —_— ,.c;c" ch"
. CH CH
these long chains? He-¢ He-¢
CH /CH
Hé H}
H H
Hc-C HC-
In membranes, of the é:cu (;cu
H CH H CH
chloroplast of course ) H,C @ : HyC ’
SHs £H:  Photosynthetic HC H,C
H°c:c.13 "f‘cﬂa pigme)t,\ts are ?H
HC HC amphipathic Lutein
H.,C CH, H.C CH,

Tuesday, January 22, 2013



Exciting Chlorophyll by Light
® An electron can not stay in the unstable, excited state.
® |n a billionth of second it falls back to the ground state

® releasing the excess energy as heat and sometimes light

® |n isolation chlorophyll releases heat and light (fluorescence).

Excited
e- state

Energy of electron

1111& fluorescence
Chlorop ( )

Photon
molecule Ground

state
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The absorption of light relates to electron excitation states

Absorption
400
500 <
Q
o
> 600 2
o = lowest excited state (3
e = —
w | S o 700 &
s 2 =
S S fluorescence Podomam 3
c Thermodynamics-
o S_ The fluorescence 800 —
‘E"_ has to be a longer
o = wavelength/lower
n 7] energy than the
ﬁ ﬁ incoming light 900

Chlorophyll Ground State Emission
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Photosynthesis
111.

Main ldea: Light and an array of molecules found in the thylakoid
membranes convert solar energy into chemical.
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Light Reactions

® We know that light reactions convert solar energy into chemical
energy

® We know that light reactions occur in the thylakoid membranes
of the chloroplasts

® We know that the chemical reactions involve “redox’ reactions
® We know that only certain wavelengths power photosynthesis
® We know that certain light intensities are also necessary

® We know that pigments absorb light

® We know that electrons are excited in pigment molecules when
a photon of light strikes them

But we do not YET know..HOW
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Photosystems

® Needless to say excited chlorophyll molecules act very differently
in when they are intact in their chloroplasts compared to when
we isolate them in a flask.

® After all, leaves are not warm and fluorescent red in nature!

® TJo understand the mechanism of of the light reactions, the first
of stages in photosynthesis we need to understand the structure
of photosystems.
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General Photosystem

association of proteins holding a
many different accessory pigments

Thylakoid

Photosystem STROMA : : . .
PR&ton y association of proteins holding

A

nght harvesting IlleactlonwI Cthl'Oth" a plgments

complexes center Primary electron
acceptor

-7y
Q'Qgtz y

Yo

R
ilm

“‘l‘.*
\)

Transfer Special Pigment accessory or antennae
of energy chlorophyll a molecules pigments which transfer

molecules .
THYLAKOID SPACE energy to special
chlorophyll a pigments

\010 33
R0
i\.\‘

i
1))

a molecule (similar to chlorophylil)
that captures an electron, it is
“reduced”

Thylakoid membrane
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over-simplified

in reality there are hundreds
of pigments, with 2-6
different types of pigments
there are ~300 chlorophyll
pigments and ~40 accessory
or antennae pigments

Antenna pigment
molecules

below you see the energy transfer
between these accessory pigments

A

U~/
S

One Photosystem

Reaction
center

more pigments and variety increase
the amount of light and wavelengths
that a plant can capture Reaction Center

Tuesday, January 22, 2013



Side Bavr...

® Remember “leaves are not warm and fluorescent red in nature!”

Photon Reaction
center
@ K ®
@ 5P Pigment
> — molecules

® When the pigment is excited in isolation the electrons fall back
to the ground state, releasing energy as heat and light but in
plants the primary acceptor does not allow the electron to fall

back down and thus “keeps” that potential energy to do work
we will see later.
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Photosystem | and |i

® TJo complete the light reactions plants require 2 different
photosystems working together to harvest the energy and

electrons needed to build sugar.

® Photosystem | was the first one discovered but it turns out that
it the second photosystem used in the light reactions.

electrons

Photosystem| NADP" " |
- - . 6 Sy _

Photon

A

Thylakoid membrane

Thylakoid v ) e
space Electron transport chain
O Provides energy for synthesis of - ATP ) ene rgy

by chemiosmosis

Tuesday, January 22, 2013



E.T.C. Establishes a H" ion Gradient

® The electron transport chain makes no ATP.

® The e transfer releases energy as the electron moves
through the chain, this energy is used to pump H" ions
through a membrane.

® This generates a electrochemical gradient with great potential energy
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E.T.C. and Chemiosmosis

® Stored energy in the form a H* ion gradient across a
membrane is called the proton motive force, it is used
to produce ATP (or drive other cellular work), which is
called chemiosmosis.

o Chemiosmosis is an energy coupling mechanism that
uses energy stored in in the form of H+ ion gradients
across membranes to drive cellular work

® (Osmosis is the diffusion of water

® Chemiosmosis is the diffusion of H™ ions

® Specifically an enzyme ATP synthase uses the energy to
produce ATP from ADP
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Electron Acceptors & Transport

Electron Carriers

General ldea

Energy

KEY

(Reduction

Oxidation

Electron

C Acceptor
@
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Z-Scheme of Electron Transport in Photosynthesis

Redox Potential, electron volts

=
S
-
»
>
®
o
-
o
£
Q.

_ Lowel' - ENERGY - nghcl’ ﬁ

@ Govindjee & Wilbert Veit (2010)

hitp/dwww. lde.ilinois edu/govindjee’paged himil; hitpiiwww. lfe. ilinois adugovindjeatextzsch. tm; and httpwww.molecularadventures. nat/
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“The Big Picture Before We Continue”

® Building sugar in stage 2 of photosynthesis (Calvin
Cycle) requires:

® building blocks,
® electrons,

® energy

® The building blocks (carbon) simply come from atmosphere via
carbon dioxide.

® But the electrons (carried by NADPH) have to come from the
light reactions via water

® And the energy (ATP) has to also come from the light reactions
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Linear Electron Flow

[CH,0] (sugar)

Photosystem li
(PS II)

1. Photon of light strikes pigments in PSII,
‘excites electron, electron falls and energy
excites electron of nearby pigment, this
continues until the electrons of the P680
chlorophyll are excited

Orn
trop Aay,. Orr
tr, /,
spo Fd) 7
B NADP*
ytochrome ’ . +2 H*
complex NADP
reductase N\ opn
+ H*
Light

Photosystem-l
(PS 1)
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Linear Electron Flow

Photosystem li
(PS II)

2. P680 chlorophyll is excited and loses its
" electron to the primary acceptor in PSII

&,
7}’6 ¢S,c""’o
Elecy 0608"0/;7
fon . U
“spo Fd) 7
: NADP*
ytochrome " R + 2 H*
complex NADP
reductase N\ opn
+ H*
Light

Photosystem-l
(PS 1)
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Linear Electron Flow

An enzyme catalyzes the splitting of water, thus

removing its electrons, transferring and replacing
4. them to the P680 pigment, meanwhile two
oxygen atoms combine to form water and the
hydrogen ions are released into thylakoid lumen

L
"o Ton
Slectro, ¢ heg Tt
r,
@ Mspe 7
: NADP*
ytochrome ’ . + 2 H*
complex NADP
reductase NADPH
+ H*
Light

strongest biological

oxidizing agent known,
G ' Photosystem-|
Photosystem Il it “loves” electrons (PSy |)

(PS II)
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Linear Electron Flow

[CH,0] (sugar)

Photosystem li
(PS II)

Each electron moves from PSII to the P700
2. chlorophyll pigment in the PSI via of an
electron transport chain, a series of molecules
each with a slightly higher electronegativity

&,
dr 7. Sy,
il Q/) 0/7
EIGCt ¢ C'/; "?’o
rop tl’an 6/,) ‘¥
PO >
= NADP*
ytochrome ’ . + 2 H*
complex NADP
reductase N\ opn
+ H*
Light

transfers redox
energy to proton
motive force that is
used to make ATP
we will see shortly

Photosystem-l
(PS 1)
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Linear Electron Flow

&' The energy released from the electrons
“fall”’ is used to pump H" into thylakoid
lumen, creating a H* (proton) gradient

&,
7};9 ec[,.o
Elecy 06’)%0/;7
fon . U
spo Fd) 7
’ NADP*
ytochrome " . + 2 H*
complex NADP
reductase N\ opn
s
4 Light

Photosystem-l
Photosystem li (PS 1)

(PS II)
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Linear Electron Flow

Photon of light strikes pigments in PSI, excites
&, electron, electron falls and energy excites
electron of nearby pigment, this continues until
P700 chlorophyll is excited and loses its electron
to the acceptor, the electrons are continuously
replaced by incoming electron from from PSII

&,
2. Se,
Ele c’:’)’sp:o’)
tr, /,
Mspe 7
B NADP*
ytochrome ’ . + 2 H*
complex NADP
reductase N\ opn
+ H*
Light

&,

Photosystem-l
Photosystem li (PS 1)

(PS II)
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Linear Electron Flow

[CH,0] (sugar)

Photosystem li
(PS II)

"’7‘l Each electron moves from PSI to NADP™

via of an electron transport chain, but
proton a gradient is not produced and
thus no ATP is produced

&
?ﬂ N /ecl‘ro
ron tr Y,
Nspo 7
: NADP*
ytochrome " . + 2 H*
complex NADP
reductase NADPH
+ H*
Light

Photosystem-l
(PS 1)
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Linear Electron Flow

Photosystem li
(PS II)

)74 An enzyme transfers 2 electrons to NADP?

|

thus reducing it to NADPH, the H* come

from the stroma, the electrons in NADPH

are at a higher energy level then water and
thus easier to use in the Calvin Cycle

NADP*

NADP* I *2H
reductase NADPH

Light 2’: "

ytochrome
complex

Photosystem-l
(PS 1)
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Light Reactions- Mechanical Analogy
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Cyclic Electron Flow

® |n some cases the electrons take an different route through the
photosystems...the cyclic flow circuit

Primary
Primary acceptor
acceptor Fd
NADP*
NADP*
reductase

Cytochrome NADPH
complex

5 Ph I
Photosystem li ﬁ: otosystem

® Cyclic flow uses only photosystem | and generates additional
ATP without any additional NADPH
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Cyclic Electron Flow- Evolutionary Perspective

® Several groups of bacteria have photosystem | but no
photosystem |l for these bacteria cyclic flow is the sole means

of generating their ATP
® ex. purple sulfur bacteria

® Biologists hypothesize that cyclic flow may have been the
precursor for modern photosynthesis

® TJoday cyclic flow is found in photosynthetic organisms, even
those that possess both photosystems.

*As it stands 1 ATP is made for every INADPH but more the Calvin
Cycle requires 9 ATP and 6 NADPH,

We do know that cyclic flow is essential to C4 plants discussed
later who adapted to very challenging conditions and

it may also play a photoprotective role.
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Chemiosmosis

® Chemiosmosis is an energy coupling mechanism that uses energy
stored in the form of an H* gradient arracc 2 mamhrana ta driva

cellular work

® it employs an electron
transport chain & ATP
synthase

® it can be found in
prokaryotes & eukaryotes

® itis used in photosynthesis
& cell respiration
(as well as other cellular
processes)

@ Q @ :::'::::tratlon
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@ @ uses gradient @
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@ Low H*
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ATP Synthase

l}UUUUUUt }I}UUUU

smnmmm = N

¥ N W Y A ' N N W A

MITOCHONDRIAL MATRIX

A rotor within the
membrane spins
clockwise when
H* flows past

it down the H*
gradlient.

A stator anchored
in the membrane
holds the knob
stationary.

A rod (or “stalk™)
extending into
the knob also
spins, activating
catalytic sites in
the knob.

Three catalytic
sites in the
stationary knob
join inorganic
Phosphate to ADP
to make ATP.
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Photophosphorylation

® Chloroplasts are able harness solar energy (photo) to produce
ATP (ADP + P = phosphorylation)

it does so through chemiosmosis

casy)

CHLOROPLASM

(Low H* concentration) Cytochrome

Photosystem |l complex Photosystem |

\ NADP*
T I . AT W— ; e - reductase
37 ."..:..o". ,.'.:0 Sy = :' XA A o —— NADP* + 2H*

..........

. e
» s
"""""""

y B
1',5“" , : ; ') : .
'f \
T """"' 'f"“( w\ A "‘“ L

P
.
e "000000000"’.

THYLAKOID SPACE @ (1) 'h@

(High H* concentration) +2 H* 2H‘
‘llllllll“llllllllllllllll..

Thylakoid
membrane ATP

STROMA
(Low H* concentration)
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Photosynthesis




C3 Photosynthesis
1V.

Main Idea: The Calvin Cycle builds sugars from carbon dioxide
using energy from ATP and electrons from NADPH.
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The Calvin Cycle (C3 photosynthesis)

® The Calvin Cycle is an anabolic, energy consuming pathway of
reactions that produce sugar form carbon dioxide

Input
30
CO;
*.\. \
/Tﬁ\j Q
_— 000909 @0
0000000 \o—é @-O -
— 3, Energy
g CALVIN ¢ —
Energy.gf”‘} = CYC L E O-@-@-9-0
> 1 Electrons
E,  —
@900
" QOO
ooo0— G3P
(a sugar)
Output
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The Calvin Cycle (C3 photosynthesis)

® The Calvin Cycle uses ATP and NADPH from the light
reactions

CALVIN 6 ADP

X}EL“F 3¢ 6 ATP
3ATP % — CYCLE  coooo

— = NADP

— 6 NADPH*

Q-0-0<« i" < G3P
“ (a sugar)
Output
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The Calvin Cycle (C3 photosynthesis)

® The Calvin Cycle can be divided into three phases.

Input
30
CO,
K 1. Carbon Fixation
— — _'—J‘-\, o
— 09909990
-
@990 .
_ sMzeATP
s W
~ " 6ADP
3ADP _ CALVIN
o, o .
3ATPS N‘% CYCLE 0-@-@-0-0

~ INADPH
/~~ 6 NADPH*
~—— O

QOO i
2. Reduction

OO0 G3P
(a sugar)
Output
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The Calvin Cycle (C3 photosynthesis)

® Phase |:Carbon Fixation

® (CO; + Ribulose Biphosphate rubisco | 3 Phosphoglycerate
Input
*30% of all leaf 3@ (Entering one at a time)
nitrogen goes to C,C?z

mak? I’Ul.')iSCO., COSt')’ l ‘ 1. Carbon Fixation -€©02 is fed into the cycle
cor.15|der|ng.n|jcrogen *RuIQiSCO'{ﬁ\f~ one at a time by adding it

's often limited // 3 P"OgQOQ*fP intermediate to ribulose biphosphate

= ‘
RS eRed sssos o (RUED)
phosphate 3-Phosphoglycerate 'z
RyEP) . -it is believed that the
P CALVIN V enzyme that catalyzes the
“i CYCLE 0-0-0-0-0 reaction is the most
p— abundant protein in the
X /L/_/ - world
s @909
“ @990 -this produces an unstable
s ﬁ - molecule that splits in half
rubisco is one of only | /
a few enzymes that does {/ -each half is a
not end in -ase T 3phosphoglycerate
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The Calvin Cycle (C3 photosynthesis)

® Phase 2: Reduction

(ﬁ@
Light jﬁ —

/ |
c1L L/
LA P NADP*,
& |
g L“ WL ADP
4
y

LIGHTJ\
REACTION

{: i ..
© — p=——0e g @990

y Wl

600 0P
3- Phosphoglyce&te 6 . ATP

CALVIN
P CYCLE
' 6 PoooP

S 1,3- Blsphoglycerate
— [6.NADPH

— » 6 NADPH*

e —— - '

6 P

=2 6ADP

§

60-00P
yceraldehyde-3-

osphate
(G3P)

10000 —

G3P
(a sugar)
Output

Glucose and
other organic
compounds

-each molecule of
3phosphoglycerate receives
another phosphate from ATP
to make |,3biphosphoglycerate

-NADPH then removes
phosphates and adds electrons
to |,3biphosphoglycerate
thereby reducing it to
glyceraldehyde 3-phosphate or

G3P

-G3P is essentially a half of
glucose

2. Reduction
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The Calvin Cycle (C3 photosynthesis)

® Phase 3: Regeneration

(H,0)
T | ®
/ "’..‘ﬂn,» v’é» ADP
[ e [
\_ T \
= 11— = “‘—-._
[ﬁ |

— 09 goog O

-

3 Booooobk Q9000 3
Ribulosebisphosphate SN W"f}
RuBP) T
3 ADP «—. CALVIN
3atP3, & CYCLE e
g™
°0-0-0-B
60008
Phase 3: lyceraldehyde-3-
Regeneration of osphate
the CO; acceptor (G3P)
(RuBP)
Q‘Q‘Q‘O"—"‘\

-in a complex series of
reactions the G3P is

rearranged back into RuBP

-to accomplish these

reactions 3 more ATP are

required

-regenerating RuBP
enables the cycle to
continue to fix carbon
dioxide and thus make
more sugar
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The Calvin Cycle (C3 photosynthesis)

® Do some accounting work! (Track the number of carbon atoms)

(Entering one —
@ atatime) 3X1 _3

1o08o0go 3X6 =18
gsvoeo 6x3 =18

CALVIN
CYCLE 6x3 =18

0 ceoeoeo
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The Calvin Cycle (C3 photosynthesis)
e NOW put it all together!

(a) The Calvin cycle has three phases. (b) The reaction occurs in a cycle.

Carbons are symbolized as
"l red balls to help you follow

/vé =\
= —= ¥ 8 CO2 them through the cycle

//

/i /4 /,, 3 Z 3 PLLLLL-P 1. 6 O OL-P
I‘ ' 1 = RuBP Fixation of 3-phosphoglycerate
- ., | All three phases of the 3ADP + 3P, carbon dioxide
“{ Calvin cycle take place in 6 ATP
the stroma of chloroplasts 3 ATP

6 ADP + 6 P,

3. D 3
1. Fixation Regeneration of§ Reduction of
RuBP from G3P ; 3-phospho-

3 RuBP + 3 CO5 —» 6 3-phosphoglycerate glycerate

to G3P 6 NADPH

2. Reduction 5 G3P to step 3 —
6 3-phosphoglycerate + 6 ATP + 6 NAD PH{ 6 O-CC-P
1 G3P yield
3. Regeneration to glucose/fructose *
5G3P + 3ATP — 3RuBP 1 G3P =P =P Glucose, fructose

© 2011 Pearson Education, Inc.
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The Calvin Cycle

Copyright © 2001 by Benjamin Cummings,
an imprint of Addison Wesley
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Maximum Photosynthetic Production

® There are two in which plants can increase there photosynthetic
output or production.

® |ncrease the rate of CO; into the leaf (could be accomplished
by opening more and more stomata).

® |ncrease the rate of carbon fixation (could be accomplished by
using nitrogen and other nutrients to build more enzymes).

Why do you suppose that actual plant production is
much lower than its theoretical maximum?
Because life is all about trade-offs, open too many stomates

plant dehydrates, build too many enzymes plant depletes its
nitrogen stores which are usually limited to begin with
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Photosynthesis
V.

Main Idea: Metabolic adaptations have evolved that help plants
conserve water in dehydrating environments while still producing
a sufficient amount of sugar to sustain themselves.
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The Challenge of Terrestrial Life

® FEver since plants moved on land they have struggled to obtain
and conserve sufficient amounts of water to sustain themselves.

® |nterestingly the water problem for plants is really an energy
problem.

® C(Carbon dioxide is required to build sugars and sugars of
course lead to the production of cellular fuel (ATP).

® (CO; enters the leaf through stomata, and it is the stomata
that allow most water loss through the plant.

® Should plants close stomata in hot, dry climates to conserve
water they risk a low photosynthetic output, if they keep
stomata open in hot, dry climates they risk dehydration.

® Plants have the precarious task of balancing sugar production
with water loss
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C3 Photosynthesis
e RECALL, the Calvin Cycle

® We call this C3 photosynthesis because the first product of the
Calvin Cycle is a 3 carbon compound (PGA).

() =1carbon 3x CO2
P | =Phosphate D

3X RuBP

P -O-0-0-0-0- P

Phase 1:

6 ADP +6P; Fixation of
carbon dioxide

6 ATP Phase 3: Phase 2:
Regeneration Reduction of

6 ADP + 6 P; This OCCUYrY'S in

3x Ribulose 5-phosphate of RuBP 3-phosphoglycerate R °
O-0-0-0-0-p TomG3P to G3P 6 NADPH - iCeé
N swore -+ =Wheat
5x G3P 6x G3P

@09 ‘70-0-09 -SOY

oo @ all very important
a f:* starch fOOd crops
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Photorespiration

® .. .the aberrant use of O; by chloroplasts.

® ..an interference with carbon fixation as a result of O»
outcompeting CO; for the binding site of rubisco.

Occurs in the Uses O: and produces
light...hence “photo” CO: hence..."respiration”

Reaction catalyzed
by rubisco Plasma membrane

P TR AR | R T
l-:.-.: o MR B ER TR RN \_3;\.).,:_.\_”{\

' RuBP Glycolate/ > (€Cred
SR ._._«;-;f"'/':.' Gly(Olate .

Chloroplast Peroxisome

Tuesday, January 22, 2013



Ribulose-5-
’BD, od phosphate
0,
> © Ribulose-15-— Calvin
' H,0 bisphophate Cycle
2-Phospho-
Glycolate 41-1— <—L
©  9lycolate 3-Phospho- Glyeraldehyde- Dihydroxy- Dihvdr
oxy-
glycerate 3-phosphate —P acetone TP ,irtone
ADP + P, ATP A l
2-Oxo-~
Glutamate ‘%—glutarate (8] — ADP + P,
A} 11 — ATP Fructose-1,6-
‘A) '8 | T Glycerate Chloroplast bisphosphate
1 1 {( 8 Q )
(A] 4
|
: Sucrose <=€— UDP-Glucose
|
_______________
v Cytosol / — |
2-Oxo- [
Glycolate | Glycerate |
glutarate A / :
o = NAD*
I —— NADH, / I
\ Pyruvate €= Serine ¢ £ re) Sering |
0, = 6] Lr |
© : NHZ NAD* & €O,
H,0
| Dok [ NADH, ©
Y | \
O Giyoxytate » Glycine 3 ¢ —— Gylcine
H,0+ %0, Peroxisome \ Mitoghogdrion
\- — ——
O(PO,H
e
S o ~ o e OH OH PN OH /O(PO,H,)
/C =0 0 /0(P03H2) OH > //O IS NH, — H.C @—> ch\ E ch\ —> H‘.C\
HC—OH : .H,C\ ) H HC, HS HC—NH, c= HC—OH HC —OH
gl COOH COOH COOH COOH  HOOC HOOC HOOC HOOC
H.C
A\
O(PO,H,)
Ribulose-1,5-  2-Phospho- Glycolate Glyoxylate Glycine Serine Pyruvate Glycerate 3-Phospho-
bisphophate glycolate glycerate

Photorespiration

m
S
<
3
a

RubisCO

Phosphoglycolate phosphatase
Glycolate oxidase
Glutamate-Glyoxylate aminotransferase
Glycine decarboxylase complex
Serin-Glyoxylate aminotransferase
Pyruvate reductase

Glycerate kinase

Catalase

0000000 0OS

Glutamate synthase &
Glutamine synthetase

Translocators

(A Glycerate-Glycolate translocator

'8 Malate-Glutamate/2-Oxoglutarate
translocator

[LS] Amino acid translocator

Abbreviations

P, /(POH,) Phosphate
ATP/ADP Adenintri/diphosphate
NADH, Nicotinamide adinine dinucleotide

NH,* Ammonium
NH, Amino group
H,0, Hydrogen peroxide

RubisCO Ribulose-1,5-bisphosphate

carboxylase/oxygenase

Not drawn to scale! Enzymes and some
compounds not directly involved in
photorespiration are omitted for clarity.

Buchanan BB, Gruissem W, Jones RL (2000).
Biochemistry and Molecular Biology of
Plants. Am Soc Plant Phys (Rockville).
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Photorespiration

® _.occurs in hot,dry, windy conditions when plants close stomata.

® _.as plants close stomata to conserve H,O the [ O3 ] increases
and while the [ CO; ] decreases and O; outcompetes CO; for
the binding site of rubisco.

this not only
drains away CO;
and decreases the
sugar production
but also consumes
ATP
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Photorespiration

® ..is wasteful.

® _.ultimately it decreases photosynthetic output and when the
plant is a crop plant this equates to a lower crop yield (less food).

Destroyed,
Oxidized

1€0-0-0-0 e Glucose and

G3P other organic
(a sugar) compounds
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Photorespiration

® _.is likely evolutionary, metabolic relic.

® ..when photosynthesis first evolved rubisco’s binding site would
NOT have needed to be CO; specific because the concentration
of O at that time was so very small.

C, carbon fixation Photorespiration
ATP
ATP NADPH
\,. _ RuBP Q /O/ RUBP ~ <’ CO,
PGA
CH.O / CO.
ATP ATP

NADPH NADPH
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What phenotype would be highly beneficial for Cs
plants today? If you could “order up” a mutation what
would it do?

C, carbon fixation Photorespiration

ATP
ATP NADPH

CH.O Co.

Rublsco

2 PGA / \PG + PGA

ATP ATP
NADPH NADPH

One that would effect the rubisco binding site, one
that would change the binding site to bind solely CO:

Sorry evolution does not work that way!
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Trade Offs (2)

® There is evidence that suggests that photorespiration plays a
protective role in some plants.

® Photorespiration may act to neutralize harmful products that
build up during times of low [CO2].

® This may explain why a seemingly wasteful metabolic pathway has
persisted for so long.

However, in other plants where perhaps there are no
benefits from photorespiration we find adaptations and
mechanisms that minimize photorespiration...

C4 Plants & CAM Plants
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C4 Photosynthesis

e:' a7 "
$ \’ '\".“Lj“‘_;f:’;~
) Mesophyll cell SR > Via N/
: \_EL‘{ g Sy » )
- - L = N
| ~ ?'o/
. $ o~ Q\‘

VAR
; N
® Thousands of so called C4

(3C) Phosphoenol-

A - > Oxaloacetate | (4C)

Bees | plants preface the Calvin Cycle
AP\ with an alternate mode of
W) T carbon fixation that

Pyruvate

S consequently results in a
product with 4 carbon atoms.

(3C)|Pyruvate

Examples Include:
Giucose]_ Sugarcane
corn
Grasses

© 2007 Thomson Higher Education
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C4 Photosynthesis

® |t is easy to see from the last slide that this adaptation has its own
unique metabolic pathway

® |t is however a unique anatomy that enables the success of the
metabolic pathway

C3 LEAF /‘

Cells are NOT photosynthetic Chloroplast

In C3 leaves Bundile Sheath it il ‘ \
Bundle y

sheath cell =
(Non-photosynmeﬁc)[ =

Vein
Mesophyll

cell e
C4 intercellular _—
N air space 2
Stoma
: S C4lL
3 / ~ Mesophyll cel
We sheath cet P 3
| Mesophyll cell ﬁ@:éo <L
Bundle Sheath Cell IS Intercellular air space — 425> /
photosynthetic in C4 cells Shoma" Bl C C >
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C4 Photosynthesis

‘Mesophyli
Photosynthetic (Mesophyl cell
cells of C, plant cell PEP carboxylase
leaf < Bundle- |
sheath
Q@ |
cell ',
_ \Oxaloacetate (4 C) PEP (3C) |
Vein ‘

(vascular tissue)—{
" Malate (4 C)

C, leaf anatomy '

Pyruvate (3 C)

Bundle-
Sheath
cell

Stoma

-step one: CO; is added to PEP which creates the 4 carbon
oxaloacetate

-the enzyme that catalyzes this reaction (PEP carboxylase) has
a much higher affinity for CO; rather than O, |

Vascular
tissue

-thus plants can close stomata, save water, and photosynthesis
continues even if the [Oy] is far greater than [CO3]

Tuesday, January 22, 2013
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C4 Photosynthesis

‘Mesophyli
Photosynthetic (Mesophyl cell
cells of C, plant cell PEP carboxylase
leaf < Bundle- |
sheath
Q@ |
cell ',
_ \Oxaloacetate (4 C) PEP (3 C)
Vein .

(vascular tissue)—{
“Malate (4 C)

C, leaf anatomy '

Pyruvate (3 C)

Bundle-
Sheath
cell

Stoma

-step two: after CO; is fixed oxaloacetate is converted into
malate another 4 carbon compound

Vascular

-malate moves through the plasmodesmata into the bundle of ( o

sheath cells \

-the [CO3] is artificially being increased by “smuggling” in CO;

Tuesday, January 22, 2013
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C4 Photosynthesis

‘Mesophyli
Photosynthetic (Mesophyill cell
cells of C, plant cell PEP carboxylase CO;
leaf 3 Bundle- |
sheath
- |
cell |
i 'Oxaloacetate (4 C) P "
Vein EP (3C)

(vascular tissue)—{
“Malate (4 C)

C, leaf anatomy '

Pyruvate (3 C)

Bundle-
Sheath
cell

Stoma

-step three: malate is converted back to pyruvate, thus
releasing CO;

-ATP is used to power a reaction that converts pyruvate back
to PEP so that more CO; can be “smuggled” in |

Vascular
tissue

-at the same time [CO3] has been artificially increased so that
the normal Calvin Cycle using rubisco can produce sugar
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C4 Photosynthesis

Photosynthetic (Mesophyill
cells of C, plant cell

leaf < Bundle-
sheath
"~
cell

Vein
(vascular tissue)_{

ﬂ (/18
2 gl I 1\ K8
70 = A
O\ 4
-

|
D

C4 leaf anatomy

Stoma

In Summary

(O2 and CO») are going to diffuse into Bundle of Sheath

will be more O to diffuse but here we paying money
(energy) to “smuggle” CO; into the cells thereby artificially
increasing levels CO; and making it more competitive

Tuesday, January 22, 2013

You might think about C4 photosynthesis like this: Both gases

cells, if closing the stomata increases the O3 levels then there /

‘Mesophyli
cell

|
|

PEP carboxylase | CO:

Oxaloacetate (4 C) PEP (3C)
| ADP

\ Malate (4 C)

A _

Bundle-
Sheath coO
cell

L 3 ¥

7 ‘

Pyruvate (3 C)

Vascular
tissue




C4 Photosynthesis

Mesophyll
Photosynthetic (Mesophyll 1 cell
cells of C,4 plant cell PEP carboxylase ‘ CO,
leaf 3 Bundle | |
sheath | |
. l
cell | |

Ja | Oxaloacetate (4 C ,'
2 4C)  PEP(3C)

Vein
(vascular tissue)_{

2 af

\\Malate (4 C)

C,leaf anatomy =~ |© -
| Bundle-
Sheath
Stoma cell

C4 photosynthesis uses 3-6X
less rubsico (less nitrogen)
than C3 photosynthesis but

uses more ATP

/ Vascular
tissue
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Distribution of C; Photosynthesis
" o “I' :

0%

20%

\

80%

60%

Use this map of C4 plant distribution to answer the following.

Describe the effect of each variable: abundance of light, water

availability and temperature on the distribution of C4 and C3
plants (assume the % difference are C3 plants)?
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C4 Photosynthesis Trade Offs

PROS CONS

Not subject to Energetically
Photorespiration expensive

aaaaaaaaaaaaaaaaaaaaaa



C3 Photosynthesis Trade Offs

PROS CONS

Energetically Subject to
Inexpensive Photorespiration

aaaaaaaaaaaaaaaaaaaaaa



CAM PhOtosynthESiS (crassulacean acid metabolism)

® These plants open there stomata at night and close them in the day
(opposite of most plants).

Examples Include: Pineapple, Cacti, Succulents

CO, is stored at night ... ... and used during the day.

G3P
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CAM Photosynthesis

® C4is a “spatial” solution ® CAM is a “temporal” solution

Mesophyll Cell
" Night
== Mesophyll
Cell
Bundle- Da
sheath cell y

Temporal separation of
steps. In CAM plants, carbon
fixation and the Calvin cycle
occur in the same cells

at different times.

Spatial separation of
steps. In C, plants, carbon
fixation and the Calvin
cycle occur in different
types of cells.

Sugarv
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_~ Epidermal ¢ell

— Stoma

= CAM pl.ml\ Llow their
| stomata during the day,

when temperatures are
- high and humidity low.

' CAM plants open their
- stomata and take in
CO, at night when
temperatures are lower
and humidity higher,

Mesophyll cell

At night CAM plants - C; acids synthesized at
combine PEP with CO; | - might break down ;
to form four-carbon | ' during the day to
organic acids. pyruvate and CQO,.

Mesophyll cell
Day Y/

‘;‘ Mesophyll cell

\Night /

\[’Ch

(-(),_/I')EP S / )

e TR CO,— PGA

/ S <= Pyruvate ¢ ~\2
[ g

RuBP

Sugars,
starch

—

Pyruvate bmll up dunn" ' CO, concentrated in the

the day is converted to  bundle sheath cell by the

| PEP, which combines | breakdown of the C, acid
with CO; the next night, | combines with RuBP to
starting the daily cycle | form PGA.

over again.
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CAM Photosynthesis

® The distribution of CAM plants are generally correlate with arid areas of
the world.

® There is one notable exception...epiphytes found in tropical rain forests.

Why would plants in
the wet, damp and
shaded portion of the
rainforest use CAM?

Their structure dictates such, they
have no roots and as a result get
little water through the humid air
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CAM Photosynthesis

\ . Maleic acid Vacuol -
Triosephosphate | * — " I Lines, arrows, and symbols

PEP

AMP
+ PP,

: —1 Inhibition =) Promotion
NADPH NADP* A 2H only at daylight at daylight or at night

ATP + P, 0, | ! ok [] U only at night @) phosphorylated

Malate ~— Malate ——— Enzymes

-~ | =————Pyruvate

PEP carboxylase

Malat 2H* ATP
¢ ADP+P,

=]
- PEP + CO, Q@) —» Oxalacetate fV’ C: s
A ADp | NADH /

P
1
ATP Expression of Ppck

N IS

U
-
irich ) \\ lTranscription ATP  Adenosin trisphosphate

PEP carboxylase kinase

PEP carboxylase phosphatase

NAD malate dehydrogenase

Either Malic enzyme or PEP carboxykinase

Q000O00Q

Pyruvate phosphate dikinase

Abbrevations

ADP  Adenosin diphosphate
AMP  Adenosin monophosphate
"/ . ¥ 4 B/\ J - \/ NSNS NADP  Nicotinamide ADP

g PEP  Phosphoenolpyruvate
Translation Q P, Monophosphate

s Nucl é PP, Diphosphate (= Pyrophosphate)
Ppck  Gene encoding PEP carboxylase kinase
Through opened Rise in C::) &

guard cells temperature

Not deawn to scale! Not oll enzymatic reactions are shown,
Borland TM, Taiby T (2004), J Exp Bot (55) 1255-1265;
Hortwell J (2005), Biochem Soc Trans (33) 945-948;
Nimmo HG (2003), Biochemn Soc Trons (31) 728-730;

Sitte P, Weiler EW et al. (2002), 35th ed,, Spektr Akad Verl.

CAM - Crassulacean Acid Metabolism
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CAM Photosynthesis Trade Offs

PROS CONS
Not subject to Energetically
Photorespiration expensive
Low

Can live through
extended periods
of drought

photosynthetic
capacity, slow
growth
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Structure Dictates Function

What is unique about a succulent plant’s appearance!

They have thick, fleshy, water storing leaves or stems
Where do CAM plants store there acids over night!?

In their vacuoles

What other common molecule do you find in vacuoles!?

Water
Do you see it yet!

The more acids you can store at night, the more sugars you make in the
day. To store more acids you need big vacuoles, the bigger the vacuoles
the more water you have thus...thick, fleshy anatomy
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Photosynthesis in Review

Light reaction Calvin cycle

Light
TER
«P) \

RuBP 3-Phosphoglycerate

NADPH

mino acids
Fatty acids

Chloroplast
@ Sucrose

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,O and release O, to the NADP+ to the light reactions

atmosphere
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Importance of Photosynthesis

® |00% of the sugar made by photosynthesis provides the entire
plant with carbon building blocks and energy.

® 50% of the sugar is used by the mitochondria for fuel.

® Sugar leaves the “photosynthetic cells” as sucrose, the other
cells use this for energy or to build a variety of other
molecules

® Most plants, most of the time produce more sugar than they use
per day.

® The sugar is stored in chloroplasts, roots, tubers, seeds and
fruits.
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Importance of Photosynthesis

® On a global scale photosynthesis is responsible for our oxygen
rich atmosphere.

® Photosynthesis collectively produces |60 billion metric tons of
carbohydrate per year.

® mass equivalent tol 7 stacks of your textbook from here to the
sun.

® No other chemical process on earth can match this output!

® No other chemical process is more important to the welfare of
ife on earth.
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