KEY CONCEPTS

11.71 Photosynthesis converts light
energy to the chemical energy
of food

11.2 The light reactions convert solar
energy to the chemical energy
of ATP and NADPH

11.3 The calvin cycle uses the
chemical energy of ATP and
MADPH to reduce CO, to sugar



= Life on Earth is solar powered.
= Plants and other photosynthetic organisms contain cellular organelles called
chloroplasts, which contain molecular complexes capture light energy from the

sun and convert it to chemical energy that is stored in sugar and other organic
molecules.
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= Photosynthesis: the process of conversion of light energy from sun to chemical
energy stored in sugar and other organic compounds.
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= Photosynthesis nourishes almost the entire living world directly or indirectly.
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Types of organisms depending on the mode of nutrition:
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1. Autotrophs (Self - feeders OR Producers).
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v They sustain themselves without eating anything derived from other living
beings.
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v" They produce their organic molecules from CO2 and other inorganic raw
materials obtained from the environment.
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v They are the ultimate sources of organic
compounds for all non-autotrophic organisms.
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o Almost all plants are autotrophs; the only nutrients
they require are water and minerals from the soil
and carbon dioxide from the air.
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o Specifically, plants are photoautotrophs, organisms
that use light as a source of energy to synthesize
organic substances.
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(e) Purple sulfur bacteria
o Photosynthesis also occurs in algae, certain unicellular eukaryotes, and some
prokaryotes.
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2) Heterotrophs (Other - feeding OR Consumers).
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v’ They are unable to make their own food; they live on compounds produced
by other organisms
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v" The most obvious "other-feeding" occurs when an animal eats plants or
other organisms.

Al s o cblall il gl JST sa 433 (e g gill 138 ekl e i



v" Some heterotrophs consume the remains of other organisms by
decomposing and feeding on organic litter such as dead organisms, feces,
and fallen leaves; these types of heterotrophs are known as decomposers.
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v Most fungi and many types of prokaryotes get their nourishment this way.
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v Almost all heterotrophs, including humans, are completely dependent, either
directly or indirectly, on photoautotrophs for food—and also for oxygen, a by-
product of photosynthesis.
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o The Earth's supply of fossil fuels was formed from remains of organisms that
died hundreds of millions of years ago. Ina sense, then, fossil fuels represents
stores of the sun's energy from the distant past.
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o Because these resources are being used at a much higher rate than they are
replenished, researchers are exploring methods of capitalizing on the
photosynthetic process to provide alternative fuels.
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= Where does the ability of an organism to harness light energy and use it to
drive the synthesis of organic compounds emerge from?
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v" Photosynthetic enzymes and other molecules are grouped together in a

biological membrane, enabling the necessary series of chemical reactions to
be carried out efficiently.

Aalaia s Aadina 8 (o ATl a5 ey i) LS iy O g (sl elal) dles o35 s
BaS Allady 5 4 O Ailhe Sl SO G (e daga Ao gamne 408 &1 Cua ¢ sl gn elie JAb

= The process of photosynthesis most likely originated in a group of bacteria that
had infolded regions of the plasma membrane containing clusters of such
molecules.
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* In bacteria these enzymes are found in infolded photosynthetic membranes.
= |n eukaryotes, these enzymes are found in internal membranes of chloroplasts.

= The endosymbiont theory: the original chloroplast was a photosynthetic
prokaryote that lived inside an ancestor of eukaryotic cells.
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= Chloroplasts are present in a variety of photosynthesizing organisms.
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= All green parts of a plant, including green stems and un-ripened fruit, have
chloroplasts, but the leaves are the major sites of photosynthesis in most
plants.
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There are about half a million chloroplasts in a chunk of leaf with atop surface
area of 1 mm2.
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Chloroplasts are found mainly in the cells of the mesophyll, the tissue in the
interior of the leaf.
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Carbon dioxide enters the leaf, and oxygen exits, by way of microscopic pores
called stomata.
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Leaves use veins for the:
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1) Delivery of absorbed water (By root) to leaves.
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2) Export sugar to roots and other non-photosynthetic parts of the plant.
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A typical mesophyll cell has about 30-40 chloroplasts, each measuring about 2-
4 um by 4-7 um.
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A chloroplast has two membranes surrounding a dense fluid called the stroma.
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Suspended within the stroma is a third membrane system, made up of sacs
called thylakoids, which segregates the stroma from the thylakoid space inside

these sacs. In some places, thylakoid sacs are stacked in columns called grana
(singular, granum).
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= Chlorophyll: the green pigment that gives leaves
their color, resides in the thylakoid membranes
of the chloroplast.
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= The internal photosynthetic membranes of some
prokaryotes are also called thylakoid
membranes. It is the light energy absorbed by
chlorophyll that drives the synthesis of organic
molecules in the chloroplast.
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= OQverall equation of photosynthesis process (Has
been discovered in 1800s):
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6 CO, + 12 H,0 + Light energy — CH,,0, + 6 O, + 6 H,0

= Inthe presence of light, the green parts of plants produce organic compounds
and oxygen from carbon dioxide and water.
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= We use glucose (C6H1206) here to simplify the relationship between

photosynthesis and respiration, but the direct product of photosynthesis is
actually a three-carbon sugar that can be used to make glucose.
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o Water appears on both sides of the equation because 12 molecules are
consumed and 6 molecules are newly formed during photosynthesis.
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oc We can simplify the equation by indicating only the net consumption of
water:
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6 CO, + 6 H,O + Light energy — C,H,,04 + 6 O,

v" The chemical changes during photosynthesis are the reverse of the one that
occurs during cellular respiration.
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v" Both of cellular respiration and photosynthesis occur in plant cells.
Ll Jaly cpialeadl G ¢aaas

o Now let's divide the photosynthetic equation by 6 to put it in its simplest
possible form:
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CO, + H,0 — [CH,0] + O,

v Note: CH,0 is not an actual sugar but represents the general formula for a
carbohydrate
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One of the first clues to the mechanism of photosynthesis came from the
discovery that the 02 given off by plants is derived from H20 and not from CO2.
The chloroplast splits water into hydrogen and oxygen.
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= Before this discovery:
o The prevailing hypothesis was that photosynthesis split carbon dioxide (CO2
- C+ 02) and then added water to the carbon (C+ H20 - [CH20]). This

hypothesis predicted that the O2 released during photosynthesis came from
Co2.
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oc This idea was challenged in the 1930s by C. B. van Niel, who was investigating
photosynthesis in bacteria that make their carbohydrate from CO2 but do not
release 02. He concluded that, at least in these bacteria, CO2 is not split into
carbon and oxygen.
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o One group of bacteria used hydrogen sulfide (H2S) rather than water for

photosynthesis, forming yellow globules of sulfur as a waste product
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o Here is the chemical equation for photosynthesis in these sulfur bacteria:
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CO, + 2H,S — |CH,O| + H,O + 28§

oc Van Niel reasoned that the bacteria split H2S and used the hydrogen atoms to
make sugar. He then generalized that idea, proposing that all photosynthetic
organisms require a hydrogen source but that the source varies.
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Sulfur bacteria: CO, + 2H,S — [CH,0O] + H,0O + 28§
Plants: CO, + 2 H,0O — [CH,0] + H,O + O,
General: CO, + 2 H,X — [CH,0] + H,O + 2 X

oc Thus, van Niel hypothesized that plants split H20 as a source of electrons from
hydrogen atoms, releasing 02 as a by-product.
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= Nearly 20 years later, scientists confirmed van Niel's hypothesis by using
oxygen-18 (*20), a heavy isotope, as a tracer to follow the path of oxygen

atoms during photosynthesis.
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- The experiments showed that the 02 from plants was labeled with 20 only if

water was the source of the tracer.
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- If the 0 was introduced to the plant in the form of CO,, the label did not turn

up in the released oxygen.

A GaaniSY) o5 5 (B 180 edas &l CO; 8 180 a5 Ledie
Experiment 1: CO, + 2 H,0 — [CH,0] + H,O + O,
Experiment 2: CO, + 2 H,0 — [CH,0] + H,0O + O,

A significant result of the shuffling of
atoms during photosynthesis is the
extraction of hydrogen from water and
its incorporation into sugar. The waste
product of photosynthesis, 02, is
released to the atmosphere. The
following figure shows the fates of all
atoms in photosynthesis.

Y Figure 10.5 Tracking atoms through photosynthesis. The
atoms from CO, are shown in magenta, and the atoms from H,O are
shown in blue.

Reactants: 6 CO, 12 H,0

Products: C.H,,0, 6 H,0 60,



= Both photosynthesis and cellular respiration involve redox reactions.
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= During cellular respiration:
v Energy is released from sugar when electrons associated with hydrogen are
transported by carriers to oxygen, forming water as a by-product.
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v The electrons lose potential energy as they "fall" down the electron transport
chain toward electronegative oxygen, and the mitochondrion harnesses that
energy to synthesize ATP
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= During Photosynthesis:
o Photosynthesis reverses the direction of electron flow.
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v" Water is split, and its electrons are transferred along with hydrogen ions (H")
from the water to carbon dioxide, reducing it to sugar.
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| becomes oxidized T

v’ Because the electrons increase in potential energy as they move from water
to sugar, this process requires energy (endergonic process). This energy
boost that occurs during photosynthesis is provided by light.
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= Photosynthesis is not a single process, but two processes, each with multiple
steps.
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= These two stages of photosynthesis are known as:
1. The light reactions (the photo part of photosynthesis).
2. The Calvin cycle (the synthesis part).

: €0,
= NADP
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REACTIONS -
Thylakoid~ — 4 A{ﬁ’ Stroma
Chloroplast
[CH,0]
(sugar)

= The light reactions:
v" Occur in thylakoid.
v Convert solar energy to chemical energy in the form: ATP and NADPH.
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v" No sugar is produced.
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v" It uses H,0 to produce oxygen
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v Depends on light directly.
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e Light reactions occur in the following steps:



o Water is split, providing a source of electrons and protons (hydrogen ions, H+)
and giving off O2 as a by-product.

oc Light absorbed by chlorophyll drives a transfer of the electrons and hydrogen
ions from water to an acceptor called NADP+ (nicotinamide adenine
dinucleotide phosphate), where they are temporarily stored.
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o The light reactions use solar energy to reduce NADP+ to NADPH by adding a
pair of electrons along with an H+. The light reactions also generate ATP,
using chemiosmosis to power the addition of a phosphate group to ADP, a
process called photophosphorylation.
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oc Thus, light energy is initially converted to chemical energy in the form of two

compounds: NADPH and ATP.

.. * NADPH: Reducing
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o ATP: Energy currency
of cells.

= The calvin cycle:
v’ Occurs in stroma.
v" It uses CO2 found in the air to produce three carbon sugar called G3P that
used to produce sugar and other sugars. It uses the molecules of ATP and
NADPH produced from light reaction.
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v" The metabolic steps of the Calvin cycle are referred to as the dark reactions, or

light independent reactions, because none of the steps requires light directly.
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v" The Calvin cycle in most plants occurs during The Calvin cycle in most plants
occurs during daylight; for only then can the light reactions provide the NADPH
and ATP that the calvin cycle requires.
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1. Carbon fixation O S <,
2. Reduction  JI3aY
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= Chloroplasts are chemical factories powered by the sun. Their thylakoids
transform light energy into the chemical energy of ATP and NADPH, which will
be used to synthesize glucose and other molecules that can be used as energy
sources.
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= Lightis a form of energy known as electromagnetic energy, also called
electromagnetic radiation.

g ladY) sl Apudalina 5 Sl &l ajle llay (Al 5 A8l QST (p0 JSG ¢ guall yiiay

= Electromagnetic energy travels in rhythmic waves.
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v’ Electromagnetic waves, however, are disturbances of electric and magnetic
fields rather than disturbances of a material medium.
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=  Wavelength: the distance between the crests of electromagnetic waves.
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v" Wavelengths range from less than a nanometer (for gamma rays) to more than
a kilometer (for radio waves). This entire range of radiation is known as the
electromagnetic spectrum.
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v The segment most important to life is the narrow band from about 380 nm to
750 nm in wavelength. This radiation is known as visible light because it can be
detected as various colors by the human eye.
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= The model of light as waves explains many of light's properties, but in certain
respects light behaves as though it consists of discrete particles, called
photons.
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= Photons are not tangible objects, but they act like objects in that each of them
has a fixed quantity of energy.
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The amount of energy is inversely related to the wavelength of the light: The
shorter the wavelength, the greater the energy of each photon of that light.
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Although the sun radiates the full spectrum of electromagnetic energy, the
atmosphere acts like a selective window, allowing visible light to pass through
while screening out a substantial fraction of other radiation.
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The part of the spectrum we can see-visible light is also the radiation that
drives photosynthesis.
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When light meets matter, it may be reflected, transmitted, or absorbed.
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Pigment: Substances that absorb visible light.
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Different pigments absorb light of different wavelengths, and the wavelengths
that are absorbed disappear.

v' If a pigment is illuminated with white light, the color we see is the color most
reflected or transmitted by the pigment. If a pigment absorbs all wavelengths,
it appears black.
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v" We see green when we look at a leaf because chlorophyll absorbs violet-blue

and red light while transmitting and
reflecting green light.
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= Spectrophotometer: instrument that used
to measure the ability of a pigment to
absorb various wavelengths.
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v This machine directs beams of light of different wavelengths through a
solution of the pigment and measures the fraction of the light transmitted at

each wavelength.
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= A graph plotting a pigment’s light absorption versus wavelength is called an

absorption spectrum.

= Technique:
1. White light is separated into colors
(wavelengths) by a prism.
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2. One by one, the different colors of light are
passed through the sample (chlorophyll in
this example). Green light and blue light are
shown here.
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White Refracting  Chlorophyll  Photoelectric
light prism solution tube

Galvanometer

The high transmittance

Slit moves to Green (low absorption)

pass light light reading indicates that
\c:jazee\icr};?h chlorophyll absorbs

very little green light.

s

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



3. The transmitted light strikes a photoelectric tube, which converts the light
energy to electricity.
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4. The electric current is measured by a galvanometer. The meter indicates the
fraction of light transmitted through the sample, from which we can
determine the amount of light absorbed.
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v The high transmittance (low absorption) reading indicates that chlorophyll
absorbs very little green light.
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v The low transmittance (high absorption) reading indicates that chlorophyll
absorbs most blue light.
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= There are three types of pigments in chloroplasts:
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1. Chlorophyll (a): the key light-capturing pigment that participates directly in
the light reactions.
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2. Chlorophyll (B): accessory

. = 00 -
pigment. gg prs?llrz Chlorophyll b
Al daa: (@) désI 58
. 6 E — Carotenoids
3. Carotenoids: A separate group a8
of accessory pigments. é%

e Aliaiic Ao same 1 il S Aiale dapa
AUl Alanall Wavelength of light (nm)

(a) Absorption spectra. The three curves show the wavelengths of light
best absorbed by three types of chloroplast pigments.



= The spectrum of chlorophyll a suggests that violet-blue and red light work best
for photosynthesis, since they are absorbed, while green is the least effective

color.
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= This is confirmed by an action spectrum for photosynthesis, which profiles the

relative effectiveness of different wavelengths of radiation in driving the
process.
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Rate of photosynthesis
(measured by O, release)

400 500 600

= An action spectrum is prepared by illuminating chloroplasts with light of
different colors and then plotting wavelength against some measure of
photosynthetic rate, such as CO2 consumption or O2 release.
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= The action spectrum for photosynthesis was first demonstrated by Theodor W.

Engelmann, a German botanist, in 1883.
= He used bacteria to measure rates of photosynthesis in filamentous algae.

Aghadll Clladall g il (e g g5 (o8 S geal) bl dilae Epan Jana (el Ly il 135uly 50 g A8




= Notice by comparing Figures that the action spectrum for photosynthesis is
much broader than the absorption spectrum of chlorophyll a.This is partly
because accessory pigments with different absorption spectra also present in
chloroplasts—including chlorophyll b and carotenoids—broaden the spectrum
of colors that can be used for photosynthesis.
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= The general structure of Chlorophyll consists of:

A) Porphyrin ring: light-absorbing “head” of lll in chlorophyll 2
CHO in chlorophyll b
molecule; there’s a magnesium atom at i o
H
center. L

c '] .
~ o~ .
Hie—c” CI" S N o,—cy, Porphyrin ring:

- . 4 A T N light-absorbing
pabaial o Asaa (A5 di o) 58 e o ul ) A8l Jids @ e ol moecule:
.-L“-”}“ (53 ?_9*-“:‘-"-"“ 3_)3 A g ;°}~'4l1'l H’C/\(\:"*N /i‘: )c—cu; atom at center
H N C ?
B) Hydrocarbon tail: interacts with & "Llfc\o
CH; C=0
hydrophobic regions of proteins inside %=O %:
thylakoid membranes of chloroplasts. .
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= Chlorophyll a and chlorophyll b differ in only

Hydrocarbon tail:

one of the functional groups bonded to the interacts with hydrophobic
regions of proteins inside
A : thylakoid membranes of
porphyrln ring. chloroplasts; H atoms not
) . U i . ) . shown
«:wga.kssudgjjjlsuc\dﬁj_)ﬁmuhm J
Aalall ddadi je 3aal gdnaida g

oc Chlorophyll a 2 CH3.

oc Chlorophyll b 2 CHO.

= Aslight structural difference between them is enough to cause the two
pigments to absorb at slightly different wavelengths in the red and blue parts

of the spectrum.
duaiaal) dga gall I slaY) CadER) ) J g IS e e sl SIS S 5 o) CDEAY) a5
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= Chlorophyll a appears blue green and chlorophyll b olive green under visible
light.
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= Carotenoids:
v’ Accessory pigments.
(A ) daale Gilava
v" Structure: hydrocarbons that are various shades of yellow and orange because
they absorb violet and blue green light.
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v’ Carotenoids may broaden the spectrum of colors that can drive
photosynthesis.
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v'Function of carotenoids: Photo-protection.
A guin Gl 1l 5 Sl Adla

v'These compounds absorb and dissipate excessive light energy that would
otherwise damage chlorophyll or interact with oxygen, forming reactive oxidative
molecules that are dangerous to the cell.
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oc Carotenoids similar to the photo-protective ones in chloroplasts have a photo-
protective role in the human eye. (Carrots, known for aiding night vision, are
rich in carotenoids.)

O 3350 el 05t el ) e 8 A ) Alanl) Rl s il o3 (553
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oc They are found naturally in many vegetables and fruits.
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oc They are also often advertised in health food products as "phytochemicals"”,
some of which have antioxidant properties.
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oc Plants can synthesize all the antioxidants they require, but humans and other

animals must obtain some of them from their diets.
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= What exactly happens when chlorophyll and other pigments absorb light?
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v The colors corresponding to the absorbed wavelengths disappear from the
spectrum of the transmitted and reflected light, but energy cannot disappear.
When a molecule absorbs a photon of light, one of the molecule’s electrons is
elevated to an orbital where it has more potential energy.
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v" When the electron is in its normal orbital, the pigment molecule is said to be in
its ground state.
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v Absorption of a photon boosts an electron to an orbital of higher energy, and
the pigment molecule is then said to be in an excited state.
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55 Al

v" The only photons absorbed are those whose energy is exactly equal to the
energy difference between the ground state and an excited state, and this
energy difference varies from one kind of molecule to another.



Ala 3 e adl Ala 3l & glose 48U elliad Al A guall <l 66 6dll Galiatial o jall (S
AL G e (e aling 5 dl 1 3 Y Alla s ) s

v" Once absorption of a photon raises an electron to an excited state, the

electron cannot stay there long. The excited
state, like all high-energy states, is unstable.
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< So the excited electrons drop back down to the

ground-state orbital in a billionth of a second,
releasing their excess energy as heat.
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A

Heat

Energy of electron

Photon
(fluorescence)

Photon Ground

state

(a) Excitation of isolated chlorophyll molecule

o Some pigments, including chlorophyll, emit light as well as heat after
absorbing photons. As excited electrons fall back to the ground state, photons

are given off, an afterglow called fluorescence.
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< When electrons reach the excited state, there’s no electron acceptor so they
fall back to their ground state emitting light as a result.
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o An illuminated solution of chlorophyll isolated from chloroplasts will fluoresce
in the red part of the spectrum and also give off heat. This is

best seen by illuminating with ultraviolet light, which
chlorophyll can also absorb. Viewed under visible light, the
fluorescence would be difficult to see against the green of

the solution.
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(b) Fluorescence



= In their native environment of the thylakoid membrane, chlorophyll molecules
are organized along with other small organic molecules and proteins into
complexes called photosystems.
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= Structure of photosystems:

o A photosystem is composed of a reaction-
center complex surrounded by several light-
harvesting complexes.

Jebaivall) Sle @l 38 pe S a7 e sl pUail) ¢ S
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Thylakoid

o« The reaction-center complex is an organized
association of proteins holding a special pair
of chlorophyll a molecules and a primary
electron acceptor.
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oc Each light-harvesting complex consists of various pigment molecules (which

may include chlorophyll a, chlorophyll b, and multiple carotenoids) bound to
proteins.
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Chlorophyll (green)

Thylakoid membrane
A

v The number and variety of pigment IR

molecules enable a photosystem to
harvest light over a larger surface area
and a larger portion of the spectrum
than could any single pigment molecule
alone.

Thylakoid membrane
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= When a pigment molecule absorbs a photon, the energy is transferred from
pigment molecule to pigment molecule within a light harvesting complex until

it is passed to the pair of chlorophyll a molecules in the reaction-center
complex.
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= The pair of chlorophyll a molecules in the reaction-center complex are special
because their molecular environment—their location and the other molecules
with which they are associated enables them to use the energy from light not
only to boost one of their electrons to a higher energy level, but also to
transfer it to a different molecule—the primary electron acceptor, which is a
molecule capable of accepting electrons and becoming reduced.
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* The solar-powered transfer of an electron from the reaction center chlorophyll
a pair to the primary electron acceptor is the first step of the light reactions.
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S Remember! Isolated chlorophyll fluoresces because there is no electron

acceptor, so electrons of photo excited chlorophyll drop right back to the ground
state.

= Function of photosystems: convert light energy to chemical energy, which will
ultimately be used for the synthesis of sugar.

= The thylakoid membrane is populated by two types of photosystems that
cooperate in the light reactions of photosynthesis:
a) photosystem Il (PS I1).
b) and photosystem | (PS I).
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v" They were named in order of their discovery, but photosystem Il functions first
in the light reactions.
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v Each has a characteristic reaction-center complex—a particular kind of primary
electron acceptor next to a special pair of chlorophyll a molecules associated
with specific proteins.
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o The reaction-center chlorophyll a of photosystem Il is known as P680 because
this pigment is best at absorbing light having a wavelength of 680 nm (in the
red part of the spectrum).
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o The chlorophyll a at the reaction-center complex of photosystem | is called
P700 because it most effectively absorbs light of wavelength 700 nm (in the
far-red part of the spectrum).
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v These two pigments, P680 and P700, are nearly identical chlorophyll a
molecules. However, their association with different proteins in the thylakoid
membrane affects the electron distribution in the two pigments and accounts
for the slight differences in their light-absorbing properties.
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= Light drives the synthesis of ATP and NADPH by energizing the two types of
photosystems embedded in the thylakoid membranes of chloroplasts
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= The key to this energy transformation is a flow of electrons through the
photosystems and other molecular components built into the thylakoid
membrane "Linear electron flow".
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= The following figure illustrates the steps of linear electron flow which occurs
during the light reactions of photosynthesis:

© Light o

=l

Photosystem |
(PS 1)

Photosystem 11
(PS 1I)

1) A photon of light strikes one of the pigment molecules in a light-harvesting
complex of PS Il. boosting one of its electrons to a higher energy level.
Lae (A 2 guiall alaill b A8UAY aaladl (S jall 853 g gl dipall iy Jan 2aly (55 68 andaiay
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v' As this electron falls back to its ground state, an electron in a nearby pigment
molecule is simultaneously raised to an excited state.



sl d 48l (5 gie ) plas 0

v The process continues, with the energy being relayed to other pigment
molecules until it reaches the P680 pair of chlorophyll a molecules in the PS II
reaction-center complex.
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v" It excites an electron in this pair of chlorophylls to a higher energy state
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2) This electron is transferred from the excited P680 to the primary electron
acceptor. We can refer to the resulting form of P680, missing an electron, as
P680+.
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3) An enzyme catalyzes the splitting of a water molecule into two electrons, two
hydrogen ions (H+), and an oxygen atom.
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v The electrons are supplied one by one to the P680+ pair, each electron
replacing one transferred to the primary electron acceptor (P680+ is the
strongest biological oxidizing agent).
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v" The H+ is released to the thylakoid space.
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v" The oxygen atom immediately combines with another water molecule
generated by the splitting of another water molecule, forming 02.
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4) Each photo excited electron passes from the primary electron acceptor of PS I
to PS | via an electron transport chain.
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< The electron transport chain made up of the electron carrier Plastoquinone
(PQ), a cytochrome complex, and a protein called Plastocyanin (Pc).
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5) The exergonic "fall" of electrons to a lower energy level provides energy for
the synthesis of ATP.
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v As electrons pass through the cytochrome complex, H+ is pumped into the
thylakoid space, contributing to the proton gradient that is subsequently used
in chemiosmosis.
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6) light energy has been transferred via light harvesting complex pigments to the
PSI reaction-center complex, exciting an electron of the P700 pair of
chlorophyll a molecules located there.
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v The photo-excited electron is then transferred to PS I's primary electron
acceptor P700+ can now act as an electron acceptor, accepting an electron
that reaches the bottom of the electron transport chain from PS II.
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7) Photo-excited electrons are passed in a series of redox reactions from the
primary electron acceptor of PS | down a second electron transport chain
through the protein ferredoxin (Fd).
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8) The enzyme NADP+ reductase catalyzes the transfer of electrons from Fd to
NADP+. Two electrons are required for its reduction to NADPH. This process
also removes an H+ from the stroma.
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¥ Figure 10.15 A mechanical analogy for linear electron
flow during the light reactions.
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= Electron transport chain proteins in the thylakoid membrane of the chloroplast
pump protons from the stroma into the thylakoid space (interior of the
thylakoid), which functions as the H+ reservaoir.
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= The proton (H+) gradient, or pH gradient, across the thylakoid membrane is
substantial. When chloroplasts in an experimental setting are illuminated, the
pH in the thylakoid space drops to about 5 (the H+ concentration increases),
and the pH in the stroma increases to about 8 (the H+ concentration
decreases).
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v This gradient of three pH units corresponds to a thousand fold differences in
H+ concentration.

v" If the lights are then turned off, the pH gradient is abolished, but it can quickly
be restored by turning the lights back on.

= The light reactions and chemiosmosis: Current model of the organization of
the thylakoid membrane:

e Cyclic Electron Flow
A) In certain cases, photo-excited electrons can take an alternative path called
cyclic electron flow, which uses photosystem | but not photosystem Il.
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B) The electrons cycle back from ferredoxin (Fd) to the cytochrome complex, then
via a plastocyanin molecule (Pc) to a P700 chlorophyll in the PS | reaction-
center complex.
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C) There is no production of NADPH and no release of oxygen that results from
this process.

S ) 2% Y sl LS NADPH @il o il 138 (pe ity Y
D) Cyclic flow does generate ATP.
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= Rather than having both PS Il and PS |, several of the currently existing groups
of photosynthetic bacteria Purple sulfur bacteria and green sulfur bacteria) are
known to have a single photosystem related to either PS Il or PS I.
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= Cyclic electron flow can also occur in photosynthetic species that possess both
photosystems; this includes some prokaryotes, such as the cyanobacteria as
well as the eukaryotic photosynthetic species.
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= Plants with mutations that render them unable to carry out cyclic electron flow
are capable of growing well in low light, but do not grow well where light is
intense (Cyclic electron flow may be photo protective).
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= Chloroplasts and mitochondria generate ATP by the same basic mechanism:
chemiosmosis.
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= Chemiosmosis 4l 4y san) ;
A) An electron transport chain pumps protons (H+) across a membrane as

electrons are passed through a series of carriers that are progressively more
electronegative.
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B) Thus, electron transport chains transform redox energy to a proton-motive
force, potential energy stored in the form of an H+ gradient across a membrane.
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C) An ATP synthase complex in the same membrane couples the diffusion of
hydrogen ions down their gradient to the phosphorylation of ADP, forming ATP.
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= In the following figure, notice the difference in the direction of proton
movement and the location of the electron transport chain and ATP synthase.
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= Similarity between chloroplasts and mitochondria in chemiosmosis:
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A) Some of the electron carriers, including the iron-containing proteins called
cytochromes, are very similar in chloroplasts and mitochondria.
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B) The ATP synthase complexes of the two organelles are also quite similar. This
enzyme uses the H+ gradient to drive the synthesis of ATP by the phosphorylation
of ADP.
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v'The synthesis of ATP in Chloroplasts occurs via Photophosphorylation .
v'The synthesis of ATP in the mitochondria occurs via Oxidative phosphorylation.

= Differences between chloroplasts and mitochondria:

A) In chloroplasts the high-energy electrons dropped down the transport chain
come from water, while in mitochondria, they are extracted from organic
molecules

Loty elall ga i g yiSIY) Jas dlds yie pal (A1) Sl g J5SIVY jaime (655 ¢ o) piadl) a3l 8

B) Chloroplasts do not need molecules from food to make ATP; their
photosystems capture light energy and use it to drive the electrons from water to
the top of the transport chain.
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C) Mitochondria use chemiosmosis to transfer chemical energy from food
molecules to ATP, whereas chloroplasts use it to transform light energy into
chemical energy in ATP.
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A.

B.

The Calvin cycle is similar to the citric acid cycle in that a starting material is
regenerated after some molecules enter and others exit the cycle.
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The citric acid cycle is catabolic, oxidizing acetyl CoA and using the energy to

synthesize ATP, while the Calvin cycle is anabolic, building carbohydrates from
smaller molecules and consuming energy.
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The Calvin Cycle:

Carbon enters the Calvin cycle in the form of CO2 and leaves in the form of
sugar.
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The cycle spends ATP as an energy source and consumes NADPH as reducing
power for adding high-energy electrons to make the sugar.
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The carbohydrate produced directly from the Calvin cycle is not glucose. Itis
actually a threecarbon sugar called glyceraldehydes 3-phosphate (G3P).
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For the net synthesis of one molecule of G3P, the cycle must take place three
times. It consumes one CO2 per turn, total = 3 CO2 molecules.
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The Calvin Cycle is divided into three phases:

Phase 1: Carbon fixation (s Sl s

Phase 2: Reduction B8

Phase 3: Regeneration of the CO2 acceptor s Sl 2l Al e #L) sale
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* Phase 1: Carbon fixation.
v" Carbon fixation: incorporation of CO2 into organic material.

v'The Calvin cycle incorporates CO2 by attaching it to a five-carbonsugar named
ribulose bisphosphate (abbreviated RuBP).
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v The enzyme that catalyzes this first step is RuBPcarboxylase-oxygenase, or
rubisco.
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v'The product of the reaction is a six-carbon intermediate that is short-lived
because it is so energetically unstable that it immediately splits in half, forming
two molecules of 3-phosphoglycerate.

bl Juaily Gy 8 ey aillh Y Al jual jee ) b Ja g Jeldill 1 (e g
(O30S &0 3 e legia JS S5 ) 3-phosphoglycerate o cpu s



= Phase 2: Reduction
v" Each molecule of 3-phosphoglycerate receives an additional phosphate
group from ATP,becoming 1, 3 — bis-phosphoglycerate.
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1, 3 — bis-phosphoglycerate.

v" A pair of electrons donated from NADPH reduces 1,3-bisphosphoglycerate,
which also loses a phosphate group in the process, becoming glyceraldehyde
3-phosphate (G3P).
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< Note: the electrons from NADPH reduce a carboyx! group on 1,3-
bisphosphoglycerate to the aldehyde group of G3P, which stores more
potential energy.
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o For every three molecules of CO2 that enter the cycle, there are six molecules
of G3P formed. But only one molecule of this three-carbon sugar can be
counted as a net gain of carbohydrate because the rest are required to
complete the cycle.
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= Phase 3: Regeneration of the CO2 acceptor (RuBP)
v" In a complex series of reactions, the carbon skeletons of five molecules of
G3P are rearranged by the last steps of the Calvin cycle into three molecules
of RuBP. To accomplish this, the cycle spends three more molecules of ATP.
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< The RuBP is now prepared to receive CO2 again, and the cycle continues.



v For the net synthesis of one G3P molecule, the Calvin cycle consumes a total
of nine molecules of ATP and six molecules of NADPH.
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v" The G3P spun off from the Calvin cycle becomes the starting material for
metabolic pathways that synthesize other organic compounds, including
glucose (from two molecules of G3P), the disaccharide sucrose, and other
carbohydrates.
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