PHOTOSYNTHESIS PART 2

Calvin Cycle
Adaptations
Factors Affecting Rate



Calvin Cycle

Chloroplast

Copyright @ Pearson Education, Inc., publishing as Benjamin Cummings.



space
Thylakoids

Lumen ity akoid

f—
i
Saufin

Granum

cycle occurs in the

Inner
Membrane

Outer
Membrane




Calvin Cycle Overview

Cyclical process with 3 phases:

» Carbon fixation: incorporation of CO2

* Reduction: utilization of energy molecules to
form organic compound

* Renegeration: regenerates molecules for
another cycle
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Rubisco

* ribulose bisphosphate carboxylase /
oxygenase

* large, slow reacting enzyme
— most enzymes process 1000 reactions / second
— rubisco processes 3 reactions / second

* plants need large amounts of rubisco for
Calvin cycle

— half the proteinin a leaf
— most abundant protein on Earth
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Calvin Cycle: Energy Utilization

* ATP phosphorylates
each 3-carbon

N
6 molecule
3- Phosphoglycerate

ATP
6 ADP i
* reaction type:
= phosphorylation
1, 3-Bisphosphoglycerate ® enzyme: kinase

* energy: absorbed



Calvin Cycle: Energy Utilization

* NADPH used to
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Phase 3: Regeneration

* Of the 6 G3P produced 1 of them exits the
cycle to eventually become glucose and other
types of organic compounds

* The other 5 G3P continue in the cycle to help
regenerate the starting substances

G3P
Phase 3: “1__ X 6 0-0-0-P
. ycemldehyde-a phosphate
Regeneration of — (G3P) Phase 2:
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Calvin Cycle: Regenerate Molecules
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15 C in total

Uses ATP

reaction type: synthesis
enzyme: synthase
energy: absorbed
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C3 Plants
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C3 Plants

* Stomata are open
during the day /
closed at night

* What happens to
stomata in hot,
arid conditions?
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Olant Limitz

Carbon dioxide enters, while water and
oxygen exit, through a leaf's stomata. I N hOt,

ater & O, conditic
plants cle
stomata-
prevent
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on C
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C3 Plant Limitations

* Effect of closed

stomata on gases: _ l
— CO2decreases ; %
— O2 increases
» Effect on processes:
— No change to light
reactions
— Slow/no Calvin cydle
— No glucose
produced
» Effect on Rubisco

— rubisco binds to O2
rather than CO2

X caLviN

CYCLE

Chloroplast

CH,O
(sugar)




ssible substrates: CO2 or O2
boxylase: binds CO2 yields 2x PGA
xygenase: binds O2 yields 12x PGA and

C, carbon fixation Photorespiration

Photosynthesis ATP

ATP NADPH

Rublsco

2 PGA = \@
ATP

NADPH

hitpi//ucce.ucdavis.edu/files/repository/calag/fig6302p68a.jpg
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Phosphoglycollate (PG)

* cannot be converted directly into sugars

* is a wasteful loss of carbon

* to retrieve the carbon from it, plants must use
an energy-expensive process
called photorespiration



P h OtO res p | rat | ON (aka photo-oxidation)

"photo”: occurs in the light
— unlike photosynthesis, produces no organic fuel
(no Calvin cycle)

“respiration”: consumes oxygen (by rubisco)
— unlike cellular respiration, generates no ATP

wastes energy and reducing power
results in the production of dangerous
reactive oxygen species ( ) in the



Why does photorespiration exist?

* Evolutionary baggage:
— Metabolic relic from earlier time when
atmosphere had less O2 and more CO2
— With so much CO2, rubisco’s inability to exclude
O2 had little impact on photosynthesis

* Modern times:

— Rubisco’s affinity for O2 has a negative impact on
crop yields
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volutionary Efficie

ospheric O2 is soox higher than CO
rubisco fixes on average 4 CO2 for eve




Photosynthetic Adaptations

* 2 other plant types have adapted

photosynthesis to dry, arid conditions:
— C4 plants — spatial (structural) separation
— CAM plants —temporal (behavioural) separation



C4 Plants

- &‘ v-\"'_»‘ -;.'f.. ;,;E“ , ( 1‘)*‘; . -
Preface the Calvm cycle with an aIternate mode of

carbon fixation that produces a 4-carbon compound

as their first organic product
'\ * Agricultural C4 crops: sugar cane, corn
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C4 Plant Adaptatio

ich leaf cells are
rimarily responsible
or the light reactions
f photosynthesis?
hat is the by-product &3¥%
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else?
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‘Mesophyll cell

Bundle-
1| sheath
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p ———— Vein 7 = A\
L (vascular tissue) 1 52

_ i F anatamaw
e Difference between C3 & Cy4

leaf structure: specialized cells = E ok
* Bundle-sheath cells tightly Stoma

packed next to mesophyll cells
and around vascular bundle




C4 Plant Adaptation

* Light reactions (02) kept
separate in palisade "QO’"’;

Paxe 20
mesophyll cells QQS ﬁ@%
* Calvin cycle (rubisco) -‘ :
confined to bundle- g

oS
sheath cells %ﬁ&\\\

.
A
* Q: But then how does .‘(‘
CO2 get into the bundle-
sheath cells?




Mesophyll

Mesophyll cell cell Cco,
Photosynthetic
cells of C, plant< Bundle-
leaf sheath ps
cell carboxylase AIR
ui Oxaloacetate (4 C) PEP (3 C) SPACE
ein

(vascular tissue)

C, leaf anatomy

The C, pathway



Mesophyll

Mesophyll cell cell Cco,
Photosynthetic
cells of C, plant< Bundle-
leaf sheath
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C, leaf anatomy
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C4 Plant Adaptatio

Ism:

1: CO2 added to a
sphoenolpyruvate (PEP)
) to form a oxaloacetate
A) (4C), then to malate

2 + PEP 2 OAA =2 malate

sheath
cell

Vascular
tissue

The C, pathway



C4 Plant Adaptation

Mesophyll
cell

Mechanism:

* Step 2: 4C compound is
exported to bundle-sheath
cells where it releases CO2
and a 3C pyruvate

* Step 3a: CO2 is assimilated
into the Calvin cycle by
rubisco

e Step 3b: Pyruvate returns
to the mesophyll cell to be
converted back to PEP

(30)

¢ carboxylase W\
Oxaloacetate (4 C) PEP (3 C)

ADP
Iate (4 C)

R/ &
Pyruvate (3 C)

AIR
SPACE

4
AT

The C, pathway



C4 Plant Adaptation

Mesophyll

* Mesophyll cells actas a il 1yc:
CO2 pump Lo

e Keeps concentration of T
CO2 in bundle-sheath cells 4, €N _‘iﬁf
high (20-120x higher than ) TSt
normal) so that rubisco
can bind CO2

* But adaptation costs
energy

Bundle-
sheath
cell

Vascular
tissue

The C, pathway



C4 Plant Adaptation

ou identify where the e
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Kranzor*halo’anatomy .~~~ Section of a leaf of a C4 plant.
::;:e‘:s s:uh‘::::: da:es. - ’ €O , diffuses into the mesophyll
S cells from the nearby stoma,

Fixes carbon, but has no
Mesophyll . rubisco and does not employ
cell y the Calvin cycle.

Pumps the 4-carbon compounds
| through the membrane at the
|\ expense of ATP.

Maintains CO; level 10-120x higher

than normal.This optimizes the
Bundle use of the rubisco and less of it
sheath cell Cicrom stard needs to be made.

Calvin cycle used to fix CO, in this second
stage of the process. Rubisco protected
from oxygen, so no photorespiration
occurs.

Vein
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CAM Plant Adaptation

Daytime in hot arid conditioL_nhts: ()
e Stomata closed )
* Conserve water
* no CO2 uptake
* Light reactions make ATP
and NADPH and O2

Chloroplast

* Normally Calvin cycle stops é > 4
due to low CO2, high O2 but il
In CAM...




CAM Plant Adaptation

Nighttime:

Cooler
Stomata open
CO2 enter

Enzyme PEP carboxylase:
— Recall: high affinity for CO2
— CO2 + PEP (3C) =2 OAA (40)

Further converted to an
organic acid (malate / malic
acid) which is stored in
vacuoles of mesophyll cells

Open stoma permits

CO, uptake
and fixation:
leaf acidification

PEP carboxylase

Phosphoenol- Oxaloacetate

py:uvate "NADM | NADY/malic

3 % — ehydro-

T‘| NAD* genase
riose A

phosphate ™. Malate

\W \Starch"‘i @ /)

&_C‘hloroplast’ L2 Vacuole /
—— — "

— ———




CAM Plant Adaptation

Daytime:

e CO2in malic acid stored

In vacuoles from the

night is released to run

the Calvin cycle

— Malate (4C) = pyruvate

(3C) + CO2
* Light reactions also

occurring so the ATP &
NADPH made will help

run the Calvin cycle

NADP* malic

Decarboxylation of stored ,Closed stoma
malate and refixation of / prevents H,0 loss
internal CO,: de.a:id.fxc.nicn/' and CO; uptake
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enzyme
[CO) 07’—‘1'.137.1!0
l Pyruvate

:C.)l\'in
| cyele
 Starch Vacuole

Chioroplast



AM Plant Adaptatic

Open stoma permits  Decarboxylation of stored Closed stoma
u\ r-“ww ‘ r yof COand  malate and refixation of prevents H,0 loss

internal CO,: deacidification and CO; uptake

S— ——

/" NADP* malic |
/CO, enzy:'ne Malate «—Mallc acld
\

l Pyrwate
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CAM Plant Adaptation

e N |g htt| me: COZ CAM Day-Night Cycle

Day Night

Incorporation into

organic acids, C:,V:\CO?, . 2
cycle { bgp ]

stored in vacuole

carbhoxylase

* Daytime: Calvin 00
cycle with energy Cytoplasm
from light reaction i
and CO2 from

night storage



corporated into organic intermediates w
d into the Calvin cycle generating an environ
in CO2 so that Rubisco isn't binding O2
itial carbon fixation separated structurally
: initial carbon fixation separated temporally

Cq
CO,
Mesophyll @ CO, incorporated &
cell Organic acid into four-carbon ©OF

organic acids
(carbon fixation)

Bundle-
sheath

@ Organic acids
release CO, to
Calvin cycle

Suar

noral separation of steps
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25°C, relatively high CO2
concentration (e.g., 0.4%)

25°C ,atmospheric CO2
concenfration (0.04%)

or 15°C, relatively high COz
concentration

15°C, atmospheric CO2
concentration (0.04%)

Light Intensity
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Limitation by
CO, diffusion
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CO,
compensation

Concentra

Biochemical
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Photosynthesis Rate Factors

Factor Effect on Rate of photosynthesis

Increase to a plateau
Light (saturation) since Calvin cycle
reactions | cannot keep up with light

reactions
. Increase to a plateau since
Calvin | .
light reactions can not keep
cycle

up with Calvin cycle

Maximum rate can be
increased by increasing CO2




