
CARBOHYDRATE 

BIOSYNTHESIS IN PLANTS AND 

BACTERIA



Anabolic pathways, use chemical energy in the form of 
ATP and NADH or NADPH to synthesize cellular 
components from simple precursor molecules.

Anabolic pathways are generally reductive.

Catabolism and anabolism proceed simultaneously in a 
dynamic steady state, so the energy-yielding degradation 
of cellular components is counterbalanced by 
biosynthetic processes, which create and maintain the 
intricate orderliness of living cells.

Plants are autotrophs, able to convert inorganic carbon (as 
CO2) into organic compounds.



Biosynthesis occurs primarily in plastids, membrane-
bounded organelles unique to plants, and the movement 
of intermediates between cellular compartments is an 
important aspect of metabolism.

Plants are not motile: they cannot move to find better 
supplies of water, sunlight, or nutrients.

They must have sufficient metabolic flexibility to allow 
them to adapt to changing conditions in the place where 
they are rooted.

Plants have thick cell walls made of carbohydrate 
polymers, which must be assembled outside the plasma 
membrane and which constitute a significant proportion 
of the cell’s carbohydrate.



1. Photosynthetic Carbohydrate 

Synthesis



Plants and photosynthetic microorganisms can synthesize 
carbohydrates from CO2 and water, reducing CO2 at the 
expense of the energy and reducing power furnished by 
the ATP and NADPH that are generated by the light-
dependent reactions of photosynthesis.

Plants can use CO2 as the sole source of the carbon atoms 
required for the biosynthesis of cellulose and starch, 
lipids and proteins, and the many other organic 
components of plant cells.



Assimilation of CO2 into biomass in plants

The light-driven synthesis of ATP and NADPH provides energy and 
reducing power for the fixation of CO2 into trioses, from which all the 
carbon-containing compounds of the plant cell are synthesized.



Green plants contain in their chloroplasts unique enzymatic 
machinery that catalyzes the conversion of CO2 to 
simple) organic compounds, a process called CO2

assimilation. 

This process has also been called CO2 fixation or carbon 
fixation.

3-phosphoglycerate is the precursor of more complex 
biomolecules, including sugars, polysaccharides, and the 
metabolites derived from them.

Carbon dioxide is assimilated via a cyclic pathway, is often 
called the Calvin cycle or, more descriptively, the 
photosynthetic carbon reduction cycle.



Plastids are organelles unique to plant cells and algae

Most of the biosynthetic activities in plants occur in 
plastids, a family of self-reproducing organelles 
bounded by a double membrane and containing a small 
genome that encodes some of their proteins.

Chloroplasts are the sites of CO2 assimilation.

The enzymes for this process are contained in the stroma, 
the soluble phase bounded by the inner chloroplast 
membrane.



Carbon dioxide assimilation occurs in three stages
The first stage in the assimilation of CO2 into biomolecules is 

the carbon-fixation reaction: condensation of CO2 with a 
five-carbon acceptor, ribulose 1,5-bisphosphate, to form 
two molecules of 3-phosphoglycerate. 

In the second stage, the 3-phosphoglycerate is reduced to 
triose phosphates. 

Overall, three molecules of CO2 are fixed to three molecules 
of ribulose 1,5-bisphosphate to form six molecules of 
glyceraldehyde 3-phosphate in equilibrium with dihyd-
roxyacetone phosphate.

In the third stage, five of the six molecules of triose
phosphate are used to regenerate three molecules of 
ribulose 1,5-bisphosphate, the starting material.



The sixth molecule of triose phosphate, the net product of 
photosynthesis, can be used to make hexoses.

Thus the overall process is cyclical, with the continuous 
conversion of CO2 to triose and hexose phosphates.

Fructose 6-phosphate is a key intermediate in stage 3 of 
CO2 assimilation; it stands at a branch point, leading 
either to regeneration of ribulose 1,5-bisphosphate or to 
synthesis of starch. 

The pathway from hexose phosphate to pentose 
bisphosphate involves many of the same reactions used 
in animal cells for the conversion of pentose phosphates 
to hexose phosphates during the nonoxidative phase of 
the pentose phosphate pathway.



The three stages of CO2 assimilation in photosynthetic organisms

Stoichiometries of three key intermediates (numbers in parentheses) reveal the fate 
of carbon atoms entering and leaving the cycle. 

Three CO2 are fixed for the net synthesis of one molecule of glyceraldehyde 3-
phosphate. 

This cycle is the photosynthetic carbon reduction cycle, or the Calvin cycle.



Stage 1: Fixation of CO2 into 3-phosphoglycerate
Calvin illuminated a suspension of green algae in the presence 

of radioactive carbon dioxide (14CO2) for just a few seconds, 
then quickly killed the cells, extracted their contents, and 
with the help of chromatographic methods searched for the 
metabolites in which the labelled carbon first appeared.

The first compound that became labelled was 3-phospho-
glycerate, with the 14C predominantly located in the 
carboxyl carbon atom.

These experiments strongly suggested that 3-phospho-
glycerate is an early intermediate in photosynthesis. 

The many plants in which this three-carbon compound is the 
first intermediate are called C3 plants.



The enzyme that catalyzes incorporation of CO2 into an 
organic form is ribulose 1,5-bisphosphate carbox-
ylase/oxygenase, a name shortened to rubisco.

As a carboxylase catalyzes the covalent attachment of CO2 to 
the five-carbon sugar ribulose 1,5-bisphosphate and 
cleavage of the unstable six-carbon intermediate to form 
two molecules of 3-phosphoglycerate, one of which bears 
the carbon introduced as CO2 in its carboxyl group.

As the catalyst for the first step of photosynthetic CO2

assimilation, rubisco is a prime target for regulation.



Stage 2: Conversion of 3-phosphoglycerate to 
glyceraldehyde 3-phosphate
The 3-phosphoglycerate formed in stage 1 is converted to 

glyceraldehyde 3-phosphate in two steps that are essentially 
the reversal of the corresponding steps in glycolysis, with 
one exception: the nucleotide cofactor for the reduction of 
1,3-bisphosphoglycerate is NADPH rather than NADH.

In the first step of stage 2, the stromal 3-phosphoglycerate 
kinase catalyzes the transfer of a phosphoryl group from 
ATP to 3-phosphoglycerate, yielding 1,3-bisphospho-
glycerate.

Next, NADPH donates electrons in a reduction catalyzed by 
the chloroplast-specific isozyme of glyceraldehyde 3-
phosphate dehydrogenase, producing glyceraldehyde 3-
phosphate and Pi.



Triose phosphate isomerase then interconverts glycer-
aldehyde 3-phosphate and dihydroxyacetone phosphate.

Most of the triose phosphate thus produced is used to 
regenerate ribulose 1,5-bisphosphate; the rest is either 
converted to starch in the chloroplast and stored for later 
use or immediately exported to the cytosol and converted 
to sucrose for transport to growing regions of the plant.



3-Phosphoglycerate is 
converted to glycer-
aldehyde 3-phosphate 
(red arrows). 

Also shown are the 
alternative fates of the 
fixed carbon of glycer-
aldehyde 3-phosphate 
(blue arrows). 

Most of the glycer-
aldehyde 3-phosphate 
is recycled to ribulose
1,5-bisphosphate.

Second stage of CO2 assimilation

A small fraction of the “extra” glyceraldehyde 3-phosphate may be used 
immediately as a source of energy, but most is converted to sucrose for 
transport or is stored in the chloroplast as starch.



Second stage of CO2 assimilation

In the latter case, 
glyceraldehyde 3-
phosphate condenses 
with dihydroxyacetone
phosphate in the stroma
to form fructose 1,6-
bisphosphate, a pre-
cursor of starch. 

In other situations the 
glyceraldehyde 3-
phosphate is converted 
to dihydroxyacetone
phosphate, which 
leaves the chloroplast 
via a specific transpor-
ter and, in the cytosol,
can be degraded glycolytically to provide energy or used to form fructose 6-
phosphate and hence sucrose.



Stage 3: Regeneration of ribulose 1,5-bisphosphate from 
triose phosphates

The first reaction consumes ribulose 1,5-bisphosphate and, for 
continuous flow of CO2 into carbohydrate, ribulose 1,5-
bisphosphate must be constantly regenerated.

This is accomplished in a series of reactions.

The product of the first assimilation reaction (3-
phosphoglycerate) thus undergoes transformations that 
regenerate ribulose 1,5-bisphosphate. 

The intermediates in this pathway include three-, four-, five-, 
six-, and seven-carbon sugars.



This schematic diagram 
shows the intercon-
versions of triose phos-
phates and pentose 
phosphates.

Black dots represent the 
number of carbons in 
each compound. 

The starting materials are 
glyceraldehyde 3-phos-
phate and dihydroxy-
acetone phosphate.

Third stage of 
CO2

assimilation



Third stage of CO2 assimilation Reactions catalyzed by trans-
aldolase (1 and 4) and 
transketolase (3 and 6) produce 
pentose phosphates that are 
converted to ribulose 1,5-
bisphosphate-ribose 5-phos-
phate by ribose 5-phosphate 
isomerase (7) and xylulose 5-
phosphate by ribulose 5-
phosphate epimerase (8).

In step 9, ribulose 5-phosphate is 
phosphorylated, regenerating 
ribulose 1,5-bisphosphate. 

The steps with blue arrows are 
exergonic and make the whole 
process irreversible: steps 2 
fructose 1,6-bisphosphatase, 5 
sedoheptulose bisphosphatase, 
and 9 ribulose 5-phosphate 
kinase.



Steps 1 and 4 are catalyzed by the same enzyme, transaldolase. 

It first catalyzes the reversible condensation of glyceraldehyde 3-
phosphate with dihydroxyacetone phosphate, yielding fructose 
1,6-bisphosphate (step 1).

This is cleaved to fructose 6-phosphate and Pi by fructose 1,6-
bisphosphatase (FBPase-1) in step 2.

The reaction is strongly exergonic and essentially irreversible. 

Step 3 is catalyzed by transketolase, which contains thiamine 
pyrophosphate (TPP) as its prosthetic group and requires Mg2+.

Transketolase catalyzes the reversible transfer of a 2-carbon ketol
group (CH2OH−CO−) from a ketose phosphate donor, fructose 
6-phosphate, to an aldose phosphate acceptor, glyceraldehyde 3-
phosphateforming the pentose xylulose 5-phosphate and the 
tetrose erythrose 4-phosphate.



Transketolase-catalyzed reactions of the Calvin cycle I.

General reaction catalyzed 
by transketolase: the 
transfer of a two-carbon 
group, carried tempo-
rarily on enzyme-bound 
TPP, from a ketose
donor to an aldose
acceptor.

Conversion of a hexose
and a triose to a four-
carbon and a five-carbon 
sugar.



In step 4, transaldolase acts again, combining erythrose 4-
phosphate with dihydroxyacetone phosphate to form the 
seven-carbon sedoheptulose 1,7-bisphosphate. 

An enzyme unique to plastids, sedoheptulose 1,7-
bisphosphatase, converts the bisphosphate to 
sedoheptulose 7-phosphate (step 5).

This is the second irreversible reaction in the pathway. 

Transketolase now acts again, converting sedoheptulose 7-
phosphate and glyceraldehyde 3-phosphate to two 
pentose phosphates in step 6.



Transketolase-catalyzed reactions of the Calvin cycle II.

Conversion of seven-carbon and three-carbon sugars to two 
pentoses.



The pentose phosphates formed in the transketolase
reactions − ribose 5-phosphate and xylulose 5-phosphate 
− are converted to ribulose 5-phosphate (steps 7 and 8), 
which in the final step (9) of the cycle is phosphorylated
to ribulose 1,5-bisphosphate by ribulose 5-phosphate 
kinase.

This is the third very exergonic reaction of the pathway, as 
the phosphate anhydride bond in ATP is swapped for a 
phosphate ester in ribulose 1,5-bisphosphate.



Regeneration of ribulose 1,5-bisphosphate

The starting material for the Calvin cycle, ribulose 1,5-bisphosphate, is 
regenerated from two pentose phosphates produced in the cycle. 

This pathway involves the action of an isomerase and an epimerase, then 
phosphorylation by a kinase, with ATP as phosphate group donor.



Synthesis of each triose phosphate from CO2 requires 
six NADPH and nine ATP

The net result of three turns of the Calvin cycle is the 
conversion of three molecules of CO2 and one molecule 
of phosphate to a molecule of triose phosphate. 

The stoichiometry of the overall path from CO2 to triose
phosphate, with regeneration of ribulose 1,5-
bisphosphate, is shown in figure.

Three molecules of ribulose 1,5-bisphosphate (a total of 15 
carbons) condense with three CO2 (3 carbons) to form 
six molecules of 3-phosphoglycerate (18 carbons).



Stoichiometry of CO2 assimilation in the Calvin cycle

For every three CO2 molecules fixed, one molecule of triose phosphate 
(glyceraldehyde 3-phosphate) is produced and nine ATP and six NADPH are 
consumed.



These six molecules of 3-phosphoglycerate are reduced to six 
molecules of glyceraldehyde 3-phosphate (which is in 
equilibrium with dihydroxyacetone phosphate), with the 
expenditure of six ATP (in the synthesis of 1,3-
bisphosphoglycerate) and six NADPH (in the reduction of 
1,3-bisphosphoglycerate to glyceraldehyde 3-phosphate).

One molecule of glyceraldehyde 3-phosphate is the net 
product of the carbon assimilation pathway. 

The other five triose phosphate molecules (15 carbons) are 
rearranged in steps 1 to 9 to form three molecules of 
ribulose 1,5-bisphosphate (15 carbons).

The last step in this conversion requires one ATP per 
ribulose 1,5-bisphosphate, or a total of three ATP.



In summary, for every molecule of triose phosphate 
produced by photosynthetic CO2 assimilation, six 
NADPH and nine ATP are required.

NADPH and ATP are produced in the light-dependent 
reactions of photosynthesis in about the same ratio (2:3) 
as they are consumed in the Calvin cycle.

Nine ATP molecules are converted to ADP and phosphate 
in the generation of a molecule of triose phosphate; eight 
of the phosphates are released as Pi and combined with 
eight ADP to regenerate ATP.

The ninth phosphate is incorporated into the triose
phosphate itself.



To convert the ninth ADP to ATP, a molecule of Pi must be 
imported from the cytosol. 

In the dark, the production of ATP and NADPH by 
photophosphorylation, and the incorporation of CO2 into 
triose phosphate cease.

The chloroplast stroma contains all the enzymes necessary to 
convert the triose phosphates produced by CO2
assimilation to starch, which is temporarily stored in the 
chloroplast as insoluble granules.

All the reactions of the Calvin cycle except those catalyzed 
by rubisco, sedoheptulose 1,7-bisphosphatase, and ribulose
5-phosphate kinase also take place in animal tissues. 

Lacking these three enzymes, animals cannot carry out net 
conversion of CO2 to glucose.



A transport system exports triose phosphates from the 
chloroplast and imports phosphate

The inner chloroplast membrane is impermeable to most 
phosphorylated compounds, including fructose 6-
phosphate, glucose 6-phosphate, and fructose 1,6-
bisphosphate.

It have a specific antiporter that catalyzes the one-for-one 
exchange of Pi with a triose phosphate, either 
dihydroxyacetone phosphate or 3-phosphoglycerate.

This antiporter simultaneously moves Pi into the 
chloroplast, where it is used in photophosphorylation, 
and moves triose phosphate into the cytosol, where it can 
be used to synthesize sucrose, the form in which the 
fixed carbon is transported to distant plant tissues.



The Pi-triose phosphate antiport system of the inner chloroplast 
membrane

This transporter facilitates the exchange of cytosolic Pi for stromal
dihydroxyacetone phosphate. 

The products of photosynthetic carbon assimilation are thus moved into the 
cytosol where they serve as a starting point for sucrose biosynthesis, and Pi 
required for  photophosphorylation is moved into the stroma. 

This same antiporter can transport 3-phosphoglycerate and acts in the shuttle for 
exporting ATP and reducing equivalents.



Sucrose synthesis in the cytosol and starch synthesis in the 
chloroplast are the major pathways by which the excess 
triose phosphate from photosynthesis is “harvested.”

Sucrose synthesis releases four Pi molecules from the four 
triose phosphates required to make sucrose. 

For every molecule of triose phosphate removed from the 
chloroplast, one Pi is transported into the chloroplast to 
be used in regenerating ATP.

ATP and reducing power are needed in the cytosol for a 
variety of synthetic and energy-requiring reactions.



ATP and NADPH generated in the chloroplast stroma
during the light reactions.

Neither ATP nor NADPH can cross the chloroplast 
membrane. 

The Pi-triose phosphate antiport system has the indirect 
effect of moving ATP equivalents and reducing 
equivalents from the chloroplast to the cytosol. 

Dihydroxyacetone phosphate formed in the stroma is 
transported to the cytosol, where it is converted by 
glycolytic enzymes to 3-phosphoglycerate, generating 
ATP and NADH. 

3-phosphoglycerate reenters the chloroplast, completing 
the cycle.



Dihydroxyacetone phosphate 
leaves the chloroplast and is 
converted to glyceraldehyde
3-phosphate in the cytosol. 

The cytosolic glycer-aldehyde
3-phosphate dehydrogenase
and phosphoglycerate kinase
reactions then produce 
NADH, ATP, and 3-
phosphoglycerate.

The latter reenters the 
chloroplast and is reduced to 
dihydroxyacetone phos-
phate, completing a cycle 
that effectively moves ATP 
and reducing equivalents 
(NADPH/NADH) from 
chloroplast to cytosol.

Role of the Pi-triose phosphate antiporter in the transport of ATP and 
reducing equivalents



Four enzymes of the Calvin cycle are indirectly 
activated by light

Four Calvin cycle enzymes are subject to a special type of 
regulation by light. 

Ribulose 5-phosphate kinase, fructose 1,6-bisphosphatase, 
sedoheptulose 1,7-bisphosphatase, and glyceraldehyde 3-
phosphate dehydrogenase are activated by light-driven 
reduction of disulfide bonds between two Cys residues 
critical to their catalytic activities. 

When these Cys residues are disulfide-bonded (oxidized), 
the enzymes are inactive; this is the normal situation in 
the dark.



With illumination, electrons flow from photosystem I to 
ferredoxin, which passes electrons to a small, soluble, 
disulfide-containing protein called thioredoxin, in a 
reaction catalyzed by ferredoxin-thioredoxin reduc-
tase.

Reduced thioredoxin donates electrons for the reduction of 
the disulfide bonds of the light-activated enzymes, and 
these reductive cleavage reactions are accompanied by 
conformational changes that increase enzyme activities. 

At nightfall, the Cys residues in the four enzymes are 
reoxidized to their disulfide forms, the enzymes are 
inactivated, and ATP is not expended in CO2
assimilation.



Summary for „ Photosynthetic Carbohydrate Sythesis” I.

• Photosynthesis takes place in chloroplasts. In the CO2-
assimilating reactions (the Calvin cycle), ATP and 
NADPH are used to reduce CO2 to triose phosphates. 
These reactions occur in three stages: the fixation 
reaction itself, catalyzed by rubisco; reduction of the 
resulting 3-phosphoglycerate to glyceraldehyde 3-
phosphate; and regeneration of ribulose 1,5-
bisphosphate from triose phosphates.

• Rubisco condenses CO2 with ribulose 1,5-bisphosphate, 
forming an unstable hexose bisphosphate that splits 
into two molecules of 3-phosphoglycerate. Rubisco is 
activated by covalent modification.



• Stromal isozymes of the glycolytic enzymes catalyze 
reduction of 3-phosphoglycerate to glyceraldehyde 3-
phosphate; each molecule reduced requires one ATP 
and one NADPH.

• Stromal enzymes, including transketolase and 
transaldolase, rearrange the carbon skeletons of triose
phosphates, generating intermediates of three, four, 
five, six, and seven carbons and eventually yielding 
pentose phosphates. The pentose phosphates are 
converted to ribulose 5-phosphate, then phosphorylated
to ribulose 1,5-bisphosphate to complete the Calvin 
cycle.

Summary for „ Photosynthetic Carbohydrate Sythesis” II.



• The cost of fixing three CO2 into one triose phosphate is 
nine ATP and six NADPH, which are provided by the 
light-dependent reactions of photosynthesis.

• An antiporter in the inner chloroplast membrane exchanges 
Pi in the cytosol for 3-phosphoglycerate or 
dihydroxyacetone phosphate produced by CO2 assimi-
lation in the stroma. Oxidation of dihydroxyacetone
phosphate in the cytosol generates ATP and NADH, thus 
moving ATP and reducing equivalents from the 
chloroplast to the cytosol.

• Four enzymes of the Calvin cycle are activated indirectly 
by light and are inactive in the dark, so that hexose
synthesis does not compete with glycolysis − which is 
required to provide energy in the dark.

Summary for „ Photosynthetic Carbohydrate Sythesis” III.



2. Photorespiration and the C4

and CAM Pathways



Photosynthetic cells produce O2 (by the splitting of H2O) 
during the light-driven reactions and use CO2 during the 
light-independent processes, so the net gaseous change 
during photosynthesis is the uptake of CO2 and release of 
O2:

CO2 + H2O → O2 + (CH2O)
In the dark, plants also carry out mitochondrial respiration, 

the oxidation of substrates to CO2 and the conversion of O2
to H2O. 

There is another process in plants that, like mitochondrial 
respiration, consumes O2 and produces CO2 and, like 
photosynthesis, is driven by light. 

This process, photorespiration, is a costly side reaction of 
photosynthesis, a result of the lack of specificity of the 
enzyme rubisco.



Photorespiration results from Rubisco’s oxygenase activity
Rubisco is not absolutely specific for 

CO2 as a substrate.
Molecular oxygen (O2) competes with 

CO2 at the active site, and about once 
in every three or four turnovers, 
rubisco catalyzes the condensation of 
O2 with ribulose 1,5-bisphosphate to 
form 3-phosphoglycerate and 2-
phosphoglycolate, a metabolically 
useless product.

Oxygenase activity of Rubisco
Rubisco can incorporate O2 rather than CO2

into ribulose 1,5-bisphosphate. 
The unstable intermediate thus formed splits 

into 2-phosphoglycolate and 3-phospho-
glycerate, which can reenter the Calvin 
cycle.



The salvage of phosphoglycolate is costly

The glycolate pathway converts two molecules of 2-
phosphoglycolate to a molecule of serine (three carbons) 
and a molecule of CO2. 

In the chloroplast, a phosphatase converts 2-
phosphoglycolate to glycolate, which is exported to the 
peroxisome. 

There, glycolate is oxidized by molecular oxygen, and the 
resulting aldehyde (glyoxylate) undergoes transamination
to glycine.



Glycine passes from the peroxisome to the mitochondrial 
matrix, where it undergoes oxidative decarboxylation by 
the glycine decarboxylase complex.

The glycine decarboxylase complex oxidizes glycine to 
CO2 and NH3, with the concomitant reduction of NAD+

to NADH and transfer of the remaining carbon from 
glycine to the cofactor tetrahydrofolate.

The one-carbon unit carried on tetrahydrofolate is then 
transferred to a second glycine by serine hydroxy-
methyltransferase, producing serine. 



The net reaction catalyzed by the glycine decarboxylase
complex and serine hydroxymethyltransferase is

2 glycine + NAD+ + H2O → serine + CO2 + NH3 +NADH + H+

The serine is converted to hydroxypyruvate, to glycerate, 
and finally to 3-phosphoglycerate, which is used to 
regenerate ribulose 1,5-bisphosphate, completing the 
long, expensive cycle.

The combined activity of the rubisco oxygenase and the 
glycolate salvage pathway consumes O2 and produces 
CO2 − hence the name photorespiration.

This pathway is perhaps better called the oxidative 
photosynthetic carbon cycle or C2 cycle.



In C4 plants, CO2 fixation and Rubisco activity are 
spatially separated

In many plants that grow in the tropics, the step in which CO2 is 
fixed into a three-carbon product, 3-phosphoglycerate, is 
preceded by several steps, one of which is temporary 
fixation of CO2 into a four-carbon compound. 

Plants that use this process are referred to as C4 plants, and 
the assimilation process as C4 metabolism or the C4
pathway.

The first intermediate into which 14CO2 is fixed is 
oxaloacetate, a four-carbon compound. 

This reaction, which occurs in the cytosol of leaf mesophyll
cells, is catalyzed by phosphoenolpyruvate carboxylase, 
for which the substrate is HCO3.−



The oxaloacetate thus formed is either reduced to malate at 
the expense of NADPH or converted to aspartate by 
transamination:

oxalacetate + -amino acid → L-aspartate + -keto acid

Malate is oxidized and decarboxylated to yield pyruvate
and CO2 by the action of malic enzyme.

The pyruvate formed by decarboxylation of malate is 
converted to PEP by an unusual enzymatic reaction 
catalyzed by pyruvate phosphate dikinase.

The PEP is now ready to receive another molecule of CO2

in the mesophyll cell.



Carbon assimilation in C4 plants

The C4 pathway, involving mesophyll
cells and bundle-sheath cells, predo-
minates in plants of tropical origin.

The C4 pathway of CO2 assimilation, 
which occurs through a four-carbon 
intermediate.



The PEP carboxylase reaction, then, serves to fix and 
concentrate CO2 in the form of malate.

Release of CO2 from malate in the bundle-sheath cells 
yields a sufficiently high local concentration of CO2 for 
rubisco to function near its maximal rate, and for 
suppression of the enzyme’s oxygenase activity.

Once CO2 is fixed into 3-phosphoglycerate in the bundle-
sheath cells, the other reactions of the Calvin cycle take 
place. 

Thus in C4 plants, mesophyll cells carry out CO2

assimilation by the C4 pathway and bundle-sheath cells 
synthesize starch and sucrose by the C3 pathway.



In CAM plants, CO2 capture and rubisco action are 
temporally separated

Succulent plants such as cactus and pineapple, which are 
native to very hot, very dry environments, have another 
variation on photosynthetic CO2 fixation, which reduces 
loss of water vapour through the pores by which CO2 and 
O2 must enter leaf tissue.

At night, when the air is cooler and moister, the stomata 
open to allow entry of CO2, which is then fixed into 
oxaloacetate by PEP carboxylase.

The oxaloacetate is reduced to malate and stored in the 
vacuoles, to protect cytosolic and plastid enzymes from 
the low pH produced by malic acid dissociation.



During the day the stomata close, preventing the water loss 
that would result from high daytime temperatures, and 
the CO2 trapped overnight in malate is released as CO2

by the NADP-linked malic enzyme.

This CO2 is now assimilated by the action of rubisco and 
the Calvin cycle enzymes. 

Because this method of CO2 fixation was first discovered 
in stonecrops, perennial flowering plants of the family 
Crassulaceae, it is called crassulacean acid metabolism, 
and the plants are called CAM plants.



Summary for „Photorespiration and the C4 and CAM 
Pathways” I.

• When rubisco uses O2 rather than CO2 as substrate, the 2-
phosphoglycolate so formed is disposed of in an 
oxygen-dependent pathway. The result is increased 
consumption of O2 − photorespiration or, more 
accurately, the oxidative photosynthetic carbon cycle 
or C2 cycle. The 2-phosphoglycolate is converted to 
glyoxylate, to glycine, and then to serine in a pathway 
that involves enzymes in the chloroplast stroma, the 
peroxisome, and the mitochondrion.



• In C4 plants, the carbon-assimilation pathway minimizes 
photorespiration: CO2 is first fixed in mesophyll cells 
into a four-carbon compound, which passes into 
bundle-sheath cells and releases CO2 in high 
concentrations. The released CO2 is fixed by rubisco, 
and the remaining reactions of the Calvin cycle occur 
as in C3 plants.

• In CAM plants, CO2 is fixed into malate in the dark and 
stored in vacuoles until daylight, when the stomata are 
closed (minimizing water loss) and malate serves as a 
source of CO2 for rubisco.

Summary for „Photorespiration and the C4 and CAM 
Pathways” II.



3. Biosynthesis of Starch and 
Sucrose



During active photosynthesis in bright light, a plant leaf 
produces more carbohydrate than it needs for generating 
energy or synthesizing precursors.

The excess is converted to sucrose and transported to other 
parts of the plant, to be used as fuel or stored. 

In most plants, starch is the main storage form, but in a few 
plants, such as sugar beet and sugarcane, sucrose is the 
primary storage form. 

The synthesis of sucrose and starch occurs in different 
cellular compartments.



ADP-glucose is the substrate for starch synthesis in plant 
plastids and for glycogen synthesis in bacteria

Starch, like glycogen, is a high molecular weight polymer of D-
glucose in (α1→4) linkage. 

It is synthesized in chloroplasts for temporary storage as one of 
the stable end products of photosynthesis, and for long-term 
storage it is synthesized in the amyloplasts of the 
nonphotosynthetic parts of plants − seeds, roots, and tubers.

The mechanism of glucose activation in starch synthesis is 
similar to that in glycogen synthesis. 

An activated nucleotide sugar, in this case ADP-glucose, is 
formed by condensation of glucose 1-phosphate with ATP in 
a reaction made essentially irreversible by the presence in 
plastids of inorganic pyrophosphatase.



Starch synthase then transfers glucose residues from 
ADP-glucose to preexisting starch molecules, and 
glucose is added to the nonreducing end of starch, as in 
glycogen synthesis.

The amylose of starch is unbranched, but amylopectin has 
numerous (α1→6)-linked branches. 

Chloroplasts contain a branching enzyme, similar to 
glycogen-branching enzyme, that introduces the (α1→6) 
branches of amylopectin.



The overall reaction for starch formation from glucose 1-
phosphate is:

starchn + glucose 1-phosphate + ATP →
starchn+1 + ADP + 2 Pi

ΔG’° = −50 kJ/mol

Starch synthesis is regulated at the level of ADP-glucose 
formation.

Many types of bacteria store carbohydrate in the form of 
glycogen, which they synthesize in a reaction analogous 
to that catalyzed by glycogen synthase in animals.



UDP-glucose is the substrate for sucrose synthesis in the 
cytosol of leaf cells

Most of the triose phosphate generated by CO2 fixation in 
plants is converted to sucrose or starch.

Sucrose is synthesized in the cytosol, beginning with 
dihydroxyacetone phosphate and glyceraldehyde 3-phosphate 
exported from the chloroplast. 

After condensation of two triose phosphates to form fructose 
1,6-bisphosphate, hydrolysis by fructose 1,6-bisphosphatase 
yields fructose 6-phosphate.

Sucrose 6-phosphate synthase then catalyzes the reaction of 
fructose 6-phosphate with UDP-glucose to form sucrose 6-
phosphate.

Finally, sucrose 6-phosphate phosphatase removes the 
phosphate group, making sucrose available for export to other 
tissues.



Sucrose synthesis

Sucrose is synthesized from 
UDPglucose and fructose 
6-phosphate, which are 
synthesized from triose
phosphates in the plant 
cell cytosol.



Conversion of triose phosphates to sucrose and starch 
is tightly regulated

Triose phosphates produced by the Calvin cycle in  bright 
sunlight, may be stored temporarily in the chloroplast as 
starch, or converted to sucrose and exported to 
nonphotosynthetic parts of the plant, or both.

Five-sixths of the triose phosphate formed in the Calvin 
cycle must be recycled to ribulose 1,5-bisphosphate; if 
more than one-sixth of the triose phosphate is drawn out of 
the cycle to make sucrose and starch, the cycle will slow or 
stop.

The flow of triose phosphates into sucrose is regulated by the 
activity of fructose 1,6-bisphosphatase (FBPase-1) and 
phosphofructokinase (PP-PFK-1).



Both enzymes are regulated by fructose 2,6-bisphosphate 
(F2,6BP), which inhibits FBPase-1 and stimulates PP-
PFK-1.

The key regulatory enzyme in starch synthesis is ADP-
glucose pyrophosphorylase.

It is activated by 3-phosphoglycerate (which accumulates 
during active photosynthesis) and inhibited by Pi (which 
accumulates when light-driven condensation of ADP and 
Pi slows). 

When sucrose synthesis slows, 3-phosphoglycerate formed 
by CO2 fixation accumulates, activating this enzyme and 
stimulating the synthesis of starch.



Fructose 2,6-bisphosphate as 
regulator of sucrose synthesis

The concentration of the allosteric
regulator fructose 2,6-bisphosphate 
in plant cells is regulated by the 
products of photosynthetic carbon 
assimilation and by Pi. 

Dihydroxyacetone phosphate and 3-
phosphoglycerate produced by CO2

assimilation inhibit phospho-
fructokinase-2 (PFK-2), the enzyme 
that synthesizes the regulator; Pi

stimulates PFK-2.



In the dark, the concentration of 
fructose 2,6-bisphosphate increases 
and stimulates the glycolytic
enzyme PPi-dependent phospho-
fructokinase-1 (PP-PFK- 1), while 
inhibiting the gluconeogenic
enzyme fructose 1,6-bisphos-
phatase (FBPase-1). 

When photosynthesis is active (in the 
light), the concentration of the 
regulator drops and the synthesis of 
fructose 6-phosphate and sucrose is 
favoured.



Summary for „ Biosynthesis of Starch and Sucrose”
• Starch synthase in chloroplasts and amyloplasts catalyzes 

the addition of single glucose residues, donated by ADP-
glucose, to the reducing end of a starch molecule by a 
two-step insertion mechanism.

• Sucrose is synthesized in the cytosol in two steps from 
UDP-glucose and fructose 1-phosphate.

• The partitioning of triose phosphates between sucrose 
synthesis and starch synthesis is regulated by fructose 
2,6-bisphosphate (F2,6BP), an allosteric effector of the 
enzymes that determine the level of fructose 6-
phosphate. F2,6BP concentration varies inversely with 
the rate of photosynthesis, and F2,6BP inhibits the 
synthesis of fructose 6-phosphate, the precursor to 
sucrose.



4. Synthesis of Cell Wall
Polysaccharides: Plant Cellulose

and Bacterial Peptidoglycan



Cellulose is a major constituent of plant cell walls, 
providing strength and rigidity and preventing the 
swelling of the cell and rupture of the plasma membrane 
that might result when osmotic conditions favour water 
entry into the cell. 

Each year plants synthesize more than 1011 metric tons of 
cellulose, making this simple polymer one of the most 
abundant compounds in the biosphere.

The cellulose is linear polymers of thousands of (1→4)-
linked D-glucose units, assembled into bundles of about 
36 chains, which aggregate side by side to form a 
microfibril.



Cellulose structure

The plant cell wall is made 
up in part of cellulose 
molecules arranged side by 
side to form paracrystalline
arrays − cellulose micro-
fibrils. 

Many microfibrils combine 
to form a cellulose fibre, 
seen in the scanning 
electron microscope as a 
structure 5 to 12 nm in 
diameter, laid down on the 
cell surface in several 
layers distinguishable by 
the different orientations of 
their fibres.



As a major component of the plant cell wall, cellulose must 
be synthesized from intracellular precursors but 
deposited and assembled outside the plasma membrane. 

The enzymatic machinery for initiation, elongation, and 
export of cellulose chains is more complicated than that 
needed to synthesize starch or glycogen (which are not 
exported).



Bacterial cell wall synthesis

Like plants, many bacteria have thick, rigid extracellular 
walls that protect them from osmotic lysis. 

The peptidoglycan that gives bacterial envelopes their 
strength and rigidity is an alternating linear copolymer of 
N-acetylglucosamine (GlcNAc) and N-acetylmuramic
acid (Mur2Ac), linked by (1→4) glycosidic bonds and 
cross-linked by short peptides attached to the Mur2Ac.

During assembly of the polysaccharide backbone of this 
complex macromolecule, both GlcNAc and Mur2Ac are 
activated by attachment of a uridine nucleotide at their 
anomeric carbons.



Peptidoglycan structure This is the peptidoglycan of the cell 
wall of Staphylococcus aureus, a 
gram-positive bacterium.

Peptides (strings of coloured spheres) 
covalently link N-acetylmuramic
acid residues in neighbouring 
polysaccharide chains. 

Note the mixture of L and D amino 
acids in the peptides. 

Gram-positive bacteria such as S. 
aureus have a pentaglycine chain in 
the cross-link. 

Gram-negative bacteria, such as E. 
coli, lack the pentaglycine; instead, 
the terminal D-Ala residue of one 
tetrapeptide is attached directly to a 
neighbouring tetrapeptide through 
either L-Lys or a lysine-like amino 
acid, diaminopimelic acid.



First, GlcNAc 1-phosphate condenses with UTP to form 
UDP-GlcNAc, which reacts with phosphoenolpyruvate to 
form UDP-Mur2Ac; five amino acids are then added. 

The Mur2Ac-pentapeptide moiety is transferred from the 
uridine nucleotide to the membrane lipid dolichol, a long-
chain isoprenoid alcohol, and a GlcNAc residue is donated 
by UDP-GlcNAc.

In many bacteria, five glycines are added in peptide linkage 
to the amino group of the Lys residue of the pentapeptide. 

Finally, this disaccharide decapeptide is added to the 
nonreducing end of an existing peptidoglycan molecule. 

A transpeptidation reaction crosslinks adjacent poly-
saccharide chains, contributing to a huge, strong, 
macromolecular wall around the bacterial cell.



Synthesis of bacterial 

peptidoglycan



In the early steps of this 
pathway (1 through 4), N-
acetylglucosamine
(GlcNAc) and N-acetyl-
muramic acid (Mur2Ac) are 
activated by attachment of a 
uridine nucleotide (UDP) to 
their anomeric carbons and, 
in the case of Mur2Ac, of a 
long-chain isoprenyl alco-
hol (dolichol) through a 
phosphodiester bond. 

These activating groups 
participate in the formation 
of glycosidic linkages; they 
serve as excellent leaving 
groups.



After 5, 6 assembly of a disaccharide with a peptide side chain (10 amino acid 
residues), 7 this precursor is transferred to the nonreducing end of an existing 
peptidoglycan chain, which serves as a primer for the polymerization reaction. 

Finally, 8 in a transpeptidation reaction between the peptide side chains on two 
different peptidoglycan molecules, a Gly residue at the end of one chain 
displaces a terminal D-Ala in the other chain, forming a cross-link.



Summary for „Synthesis of Cell Wall Polysaccharides: 
Plant Cellulose and Bacterial Peptidoglycan”

• Cellulose synthesis takes place in terminal complexes in 
the plasma membrane.

• Synthesis of the bacterial cell wall peptidoglycan involves 
lipid-linked oligosaccharides formed inside the cell and 
flipped to the outside for assembly.



5. Integration of Carbogydrate

Metabolism in the Plant Cell



Carbohydrate metabolism in a typical plant cell is more 
complex in several ways than that in a typical animal 
cell. 

The plant cell carries out the same processes that generate 
energy in animal cells (glycolysis, citric acid cycle, and 
oxidative phosphorylation).

It can generate hexoses from three- or four-carbon 
compounds by gluconeogenesis

It can oxidize hexose phosphates to pentose phosphates 
with the generation of NADPH (the oxidative pentose 
phosphate pathway); and it can produce a polymer of 
(1→4)-linked glucose (starch) and degrade it to 
generate hexoses.



But besides these carbohydrate transformations that it 
shares with animal cells, the photosynthetic plant cell can 
fix CO2 into organic compounds (the rubisco reaction).

Use the products of fixation to generate trioses, hexoses, 
and pentoses (the Calvin cycle); and convert acetyl-CoA
generated from fatty acid breakdown to four-carbon 
compounds (the glyoxylate cycle) and the four-carbon 
compounds to hexoses (gluconeogenesis). 



These processes, unique to the plant cell, are segregated in 
several compartments not found in animal cells: the 
glyoxylate cycle in glyoxysomes, the Calvin cycle in 
chloroplasts, starch synthesis in amyloplasts, and organic 
acid storage in vacuoles.

The integration of events among these various 
compartments requires specific transporters in the 
membranes of each organelle, to move products from 
one organelle to another or into the cytosol.



Gluconeogenesis converts fats and proteins to glucose 
in germinating seeds

Many plants store lipids and proteins in their seeds, to be 
used as sources of energy and as biosynthetic precursors 
during germination, before photosynthetic mechanisms 
have developed. 

Active gluconeogenesis in germinating seeds provides 
glucose for the synthesis of sucrose, polysaccharides, and 
many metabolites derived from hexoses. 

In plant seedlings, sucrose provides much of the chemical 
energy needed for initial growth.



Animal cells have no way to convert acetyl-CoA to 
pyruvate or oxaloacetate. 

Plants and some microorganisms can convert acetyl-CoA
derived from fatty acid oxidation to glucose. 

Some of the enzymes essential to this conversion are 
sequestered in glyoxysomes, where glyoxysome-specific 
isozymes of –oxidation break down fatty acids to acetyl-
CoA. 

The acetyl-CoA is converted to succinate in the glyoxylate
cycle.



The succinate passes into the mitochondrial matrix, where 
it is converted by citric acid cycle enzymes to 
oxaloacetate, which moves into the cytosol. 

Cytosolic oxaloacetate is converted by gluconeogenesis to 
fructose 6-phosphate, the precursor of sucrose.

Glucogenic amino acids derived from the breakdown of 
stored seed proteins also yield precursors for 
gluconeogenesis, following transamination and oxidation 
to succinyl-CoA, pyruvate, oxaloacetate, fumarate, and 
-ketoglutarate − all good starting materials for 
gluconeogenesis.



Conversion of stored fatty acids to 
sucrose in germinating seeds

This pathway begins in glyoxysomes. 

Succinate is produced and exported to 
mitochondria, where it is converted 
to oxaloacetate by enzymes of the 
citric acid cycle. 

Oxaloacetate enters the cytosol and 
serves as the starting material for 
gluconeogenesis and for the 
synthesis of sucrose, the transport 
form of carbon in plants.



Conversion of the glycerol 
moiety of triacylglycerols to 
sucrose in germinating seeds

The glycerol of triacylglycerols
is oxidized to dihydroxy-
acetone phosphate, which 
enters the gluconeogenic
pathway at the triose phosphate 
isomerase reaction.



Summary for „ Integration of Crbohydrate Metabolism 
in the Plant Cell”

• Plants can synthesize sugars from acetyl-CoA, the 

product of fatty acid breakdown, by the combined 

actions of the glyoxylate cycle and gluconeogenesis.


