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8.3.1 Light-dependent Reactions

Location of the Light-dependent Reactions

Pho to synthesis takes place in two  distinct stages:

The light-dependent reactio n, which relies o n light directly

The light-independent reactio n, which do es no t use light directly

Bo th these reactio ns take place within the chlo ro plast

The light-dependent reactio n takes place in the thylako id intermembrane space  and acro ss

the thylako id membrane

T hylako ids  are disc like structures which make up the grana in stacks o f up to  100. They

co ntain the pho to synthesis pigment chlo ro phyll. So me may have tubular extensio ns

(intergranal lamellae) which jo in up with thylako ids in adjacent grana

The thylako id membrane  co ntains a transfer chain where electro ns are passed alo ng a

number o f electro n carriers in a series o f o xidatio n-reductio n reactio ns

Exam T ip

The thylako id intermembrane space is also  referred to  as the thylako id lumen.
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Products of the Light-dependent Reactions

During the light-dependent reactio n light energy is co nverted into  chemical energy in the fo rm o f

AT P and reduced NADP

ATP and reduced NADP are pro duced fro m the pho to lysis  o f water by light energy:

Water is split into  pro to ns, electro ns and o xygen

The pro to ns are picked up by the hydro gen accepto r NADP  thereby reducing it (NADPH, also

called reduced NADP)

ATP is generated fro m the pho spho rylatio n o f ADP

The useful pro ducts o f the light-dependent reactio n are transferred to  the light-independent

reactio n within the chlo ro plast

Oxygen is given o ff as a waste pro duct  o f the light-dependent reactio n

The two stages of photosynthesis

+

Exam T ip

NADP is an electro n carrier that is impo rtant in pho to synthesis. When it takes up pro to ns the

NADP beco mes reduced and can be written as NADPH. NADP can also  be written as NADP⁺.
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Excitation of Electrons

Chlo ro plasts co ntains the pigment chlo ro phyll, plus o ther accesso ry pigments

These are gro uped to gether as structures called pho to systems  which are lo cated in the

thylako ids

Pho to systems co ntain many chlo ro phyll mo lecules and a reactio n centre

Two  types o f pho to systems exist:

Pho to system I - co ntains the reactio n centre P700 (as it is activated by a wavelength o f light

o f 700nm)

Pho to system II - co ntains the reactio n centre P680 (as it is activated by a wavelength o f light

o f 680nm)

Chlo ro phyll mo lecules within Pho to system II abso rb light energy, in the fo rm o f pho to ns, and

pass it to  the reactio n centre P680

Electro ns  within the reactio n centre o f Pho to system II are then excited to  a higher energy level

by the pho to ns o f light

The chlo ro phylls within the reactio n centre are said to  be pho to activated

Excited electro ns are able to  be do nated  to  an electro n accepto r in a reductio n reactio n

In the light-dependent reactio n the electro n accepto r is called plasto quino ne

Plasto quino ne accepts two  electro ns  fro m Pho to system II and is reduced

It then mo ves to  ano ther po sitio n in the thylako id membrane

This pro cess is repeated with ano ther plasto quino ne mo lecule

In to tal two  plasto quino ne  mo lecules are reduced and f o ur electro ns are lo st  fro m the

reactio n centre

A photosystem used in the light-dependent reaction to excite electrons
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Exam T ip

Rather co nfusingly, the first pho to system to  be activated in the light-dependent reactio n is

Pho to system II. Later in the reactio n, Pho to system I is invo lved. This is because Pho to system I

was the first to  be disco vered and therefo re was named first.

Photolysis

Pho to lysis o ccurs in Pho to system II during the light-dependent reactio n o f pho to synthesis

This o ccurs fo llo wing the reductio n o f  plasto quino ne  in Pho to system II:

The reactio n centre acts as an o xidising agent  and causes water mo lecules (that have been

mo ved into  the leaf by transpo rt up the xylem vessels) to  split during pho to lysis

Water splits into  pro to ns, electro ns and o xygen

The o xygen diffuses o ut o f the leaf thro ugh sto mata

The electro ns are passed into  the electro n transpo rt chain

The pro to ns are picked up by the carrier mo lecules NADP fo rming reduced NADP

The reactio n can be summarised as 2H₂O → O₂ + 4H⁺  + 4e⁻

The pho to lysis o f water generates the electro ns needed fo r:

Replacement  o f the electro ns lo st fro m the reactio n centre in Pho to system II

Subsequent reactio ns  o f the light-dependent reactio n
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8.3.2 Photophosphorylation

The Electron Transport Chain in Photosynthesis

Pho to pho spho rylatio n is the term fo r the o verall pro cess o f using light energy  and the electro n

transpo rt chain to  generate AT P fro m ADP

During pho to pho spho rylatio n excited electro ns (fro m Pho to system II) are passed do wn a series

o f electro n carriers  that fo rm the electro n transpo rt chain

The electro n transpo rt chain o ccurs o n the thylako id membranes  within the chlo ro plast

Thylako id membranes co ntain the fo llo wing structures:

Pho to system II

ATP synthase

A series o f electro n carriers

Pho to system I

The reduced plasto quino ne (an electro n accepto r fo rming part o f the electro n transpo rt chain) 

carries a pair o f excited electro ns  fro m Pho to system II

Plasto quino ne  carries the electro ns to  the start o f a chain o f electro n carriers

The electro n carriers undergo  a series o f redo x reactio ns  as electro ns are gained and lo st fro m

each carrier

Excited electro ns gradually release their energy as they pass thro ugh the electro n carriers which

is used to  generate a pro to n gradient

The excitatio n o f the electro ns f alls and they are eventually picked up by the reactio n centre in

Pho to system I

Finally the pair o f electro ns are used to  reduce NADP (alo ng with pro to ns fro m the pho to lysis o f

water) which is then passed into  the light-independent reactio n

The pathway o f electro ns is linear, pho to pho spho rylatio n is referred to  as no n-cyclic

pho to pho spho rylatio n

AT P and reduced NADP are the main pro ducts  o f pho to pho spho rylatio n and are immediately

passed to  the light-independent reactio n
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Non cyclic phosphorylation involving the electron transport chain and the production of ATP and reduced

NADP
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Exam T ip

Remember a redo x reactio n is o ne where reductio n reactio ns (gain o f electro ns o r hydro gen,

lo ss o f o xygen) and o xidatio n reactio ns (lo ss o f electro ns o r hydro gen, gain o f o xygen) happen

alternately. This happens alo ng the series o f electro n carriers in the thylako id membrane as part

o f the electro n transpo rt chain.

Forming the Proton Gradient

Electro ns are passed fro m carrier to  carrier in the electro n transpo rt chain

As they do  so  they release energy  which is used to  pump pro to ns  fro m the stro ma acro ss the

thylako id membrane and into  the intermembrane space (also  kno wn as the the thylako id lumen)

The pro to ns mo ve via a pro to n pump

A high co ncentratio n o f pro to ns builds inside the intermembrane space creating a

co ncentratio n gradient

Pho to lysis o f  water co ntributes to  the pro to n gradient
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Chemiosmosis in Photosynthesis

The pro to n gradient within the intermembrane space o f the thylako id po wers the synthesis o f

AT P

The pro to ns travel do wn their co ncentratio n gradient thro ugh the membrane pro tein AT P

synthase

Energy is released by the mo vement o f pro to ns and is used to  make ATP fro m the

pho spho rylatio n o f ADP

This pro cess is called chemio smo sis

The ATP pro duced is used in the light-independent reactio n

Photophosphorylation and chemiosmosis
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Reduction of NADP

Pho to system I is invo lved in the reductio n o f NADP which is a key mo lecule used in the light-

independent reactio n

Chlo ro phyll mo lecules in the reactio n centre abso rb pho to ns  o f light energy

Electro ns  within the reactio n centre are pho to activated  to  a higher energy level

They are passed to  a pro tein o n the o utside o f the thylako id membrane called f erredo xin

and reduce it

The reduced ferredo xin, alo ng with pro to ns  that have passed thro ugh ATP synthase during

chemio smo sis, are used to  reduce NADP to  NADPH (reduced NADP)

NADP + 2H⁺  + 2e⁻ → NADPH

The ferredo xin is no w o xidised and free to  be reused in this reactio n again

Reduced NADP no w carries a pair o f electro ns and can be passed into  the light-independent

reactio ns o f pho to synthesis

Reduction of NADP in Photosystem I
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8.3.3 Light-independent Reactions

Location of the Light-independent Reactions

The light-independent reactio ns o f pho to synthesis take place in the stro ma o f the chlo ro plasts

The stro ma is within the do uble membrane and is a thick pro tein rich enviro nment co ntaining the

enz ymes  needed fo r the light-independent reactio ns

Carbon Fixation

The light-independent reactio ns o f pho to synthesis are also  kno wn as the Calvin cycle

There are three main steps within the Calvin cycle:

1. Carbo n fixatio n: The enz yme rubisco  catalyses the fixatio n o f  carbo n dio xide  by

co mbinatio n with a mo lecule o f ribulo se bispho sphate (RuBP), a 5C co mpo und, to  yield two

mo lecules o f glycerate 3-pho sphate (GP), a 3C co mpo und

2. Reductio n: GP is reduced  to  trio se pho sphate (TP) in a reactio n invo lving reduced NADP and

ATP

3. Regeneratio n: RuBP is regenerated  fro m TP in reactio ns that use ATP

Carbo n dio xide  is co nverted into  carbo hydrates, namely gluco se, during the cycle in a series o f

anabo lic  reactio ns

Anabo lic reactio ns  require energy in o rder to  build large co mplex mo lecules fro m smaller

simpler o nes

The Calvin cycle relies o n the pro ducts o f  the light-dependent reactio ns  namely ATP and

reduced NADP

During the cycle endergo nic  reactio ns take place that invo lve the hydro lysis o f ATP and o xidatio n

o f reduced NADP

An endergo nic reactio n requires energy to  be abso rbed befo re the reactio n can pro ceed

Carbon fixat ion det ails

Carbo n dio xide is the so urce o f carbo n fo r all o rganisms that carry o ut pho to synthesis

Carbo n fixatio n invo lves carbo n dio xide (1C) being remo ved fro m the external enviro nment and

beco ming part o f the plant, and is then said to  be “fixed”

It is transfo rmed into  a three-carbo n co mpo und (3C) called glycerate-3-pho sphate

(so metimes sho rtened to  as GP)

During the fixatio n step o f the Calvin cycle carbo n dio xide  is co mbined with a five-carbo n

co mpo und (5C) called ribulo se bispho sphate (RuBP) to  make an unstable  six-carbo n (6C)

co mpo und that splits into  two  mo lecules o f glycerate-3-pho sphate

This reactio n is catalysed by the enz yme rubisco

Glycerate-3-pho sphate is then used in the next step o f the cycle
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Role of Reduced NADP and ATP

Energy  fro m ATP and hydro gen fro m reduced NADP (fro m the light-dependent reactio ns) are

used to  reduce glycerate-3-pho sphate  to  a pho spho rylated three-carbo n mo lecule called

trio se pho sphate  (so metimes sho rtened to  TP)

After the reductio n step o ne sixth o f the trio se pho sphate is co nverted into  usable pro ducts

fo r the plant:

Hexo se pho sphates which can be used to  pro duce carbo hydrates such starch, sucro se o r

cellulo se

Glycero l and f atty acids  which jo in to  fo rm cell membranes

Pro ductio n o f amino  acids  fo r pro tein synthesis

It is impo rtant that no t all the trio se pho sphate is co nverted to  alternative co mpo unds fo r the

plant, o r the supplies o f ribulo se bispho sphate wo uld run o ut

The remaining trio se pho sphate is used to  regenerate RuBP

Exam T ip

Fo r the Calvin cycle to  co ntinue it needs a co nstant supply o f RuBP and carbo n dio xide. As much

RuBP must be pro duced as is co nsumed. If three RuBP mo lecules are used then this generates

six trio se pho sphates. Five o f the trio se pho sphate mo lecules are needed to  regenerate the

three RuBPs mo lecules. So  there wo uld o nly be o ne left o ver to  co nvert into  o ther usable

mo lecules fo r the plant (such as starch). To  pro duce just o ne mo lecule o f gluco se, six turns o f

the Calvin cycle are needed.

Regeneration of RuBP

The remaining �ve sixths o f trio se pho sphate are used to  regenerate  the fo ur-carbo n co mpo und

ribulo se bispho sphate (RuBP)

This pro cess requires AT P (fro m the light-dependent reactio n)

Once RuBP been has regenerated it can go  o n to  �x further carbo n dio xide and the cycle can

begin again
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The Calvin cycle of the light-independent reactions showing the regeneration of RuBP
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8.3.4 Investigating Carbon Fixation in Photosynthesis

Investigating Carbon Fixation in Photosynthesis

NOS: Development s in scient ific research f ollow improvement s in apparat us: sources
of  C and aut oradiography enabled Calvin t o elucidat e t he pat hways of  carbon

fixat ion

The Calvin cycle was named after American bio chemist Melvin Calvin fo r his wo rk in mapping the

co mplete co nversio n o f carbo n dio xide to  gluco se

The techniques used at the time were no vel and sho wed develo pments in scientific research

Calvin develo ped metho ds fo r gro wing algae in an apparatus he named "the lo llipo p" due to  its

shape

This apparatus enabled Calvin to  intro duce radio active carbo n dio xide to  the algae in o rder to

study pho to synthesis

He also  used paper chro mato graphy and pro ductio n o f x-ray chro mato grams to  enable Calvin to

identify co mpo unds using in reactio ns during pho to synthesis

His appro aches and metho ds were no vel at the time and were o nly po ssible because o f

advancements in apparatus and techno lo gies   

The experiments perfo rmed by Calvin sho w pro cess o f using radio active carbo n dio xide  and

auto radio graphy  in explaining the reactio ns o f the Calvin Cycle:

Radio actively labeled carbo n-14  ( C) was intro duced to  the algae Chlorella in an apparatus

called a lo llipo p (the experiments are so metimes referred to  as the “lo llipo p experiment” due

to  the shape o f the apparatus)

Light  was sho ne o n the lo llipo p vessel co ntaining the Chlorella to  induce pho to synthesis

and carbo n-14 was inco rpo rated  into  the algae

After varying time perio ds the algae was killed  by heated alco ho l which denatures pro teins

and enz ymes within the cells and sto ps metabo lic pro cesses

The pathway  o f the radio active carbo n was mapped and analysed  thro ugho ut the algae

using two -dimensio nal paper chro mato graphy

Chro mato graphy separated o ut the different carbo n co mpo unds that had been made by the

algae

Any radio active carbo n-14  ato ms (that had been inco rpo rated into  either intermediates o r

pro ducts o f pho to synthesis) were identified using auto radio graphy (x-ray)

By co mparing the different time perio ds  in which the carbo n co mpo unds fo rmed Calvin was

able to  map the o rder in which they were generated

The results o f the experiments sho wed that carbo n was co nverted to  carbo hydrates during the

light-independent reactio ns  o f pho to synthesis

To day, the metho d Calvin used is called “feeding experiments”

14

14
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Calvin’s lollipop experiments for determining the reactions in the light-independent reaction
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8.3.5 Chloroplast

Chloroplast Structure & Function

St ruct ure

Chlo ro plasts are the o rganelles in plant cells where pho to synthesis o ccurs

These o rganelles are ro ughly 2 - 10 μm in diameter (they are larger than mito cho ndria)

Each chlo ro plast is surro unded by a do uble-membrane envelo pe

Each o f the envelo pe membranes is a pho spho lipid bilayer

The o uter membrane  is permeable to  a range o f io ns and small mo lecules

The inner membrane  co ntains transpo rt pro teins that o nly allo w certain mo lecules o r io ns to

enter o r leave the chlo ro plast

Chlo ro plasts are filled with a cyto so l-like fluid kno wn as the stro ma

CO , sugars, enz ymes and o ther mo lecules are disso lved in the stro ma

If the chlo ro plast has been pho to synthesising there may be starch grains  o r lipid dro plets  in

the stro ma

A separate system o f membranes is fo und in the stro ma

This membrane system co nsists o f a series o f flattened fluid-filled sacs kno wn as thylako ids

The thylako id membranes  co ntain pigments, enz ymes and electro n carriers

These thylako ids stack up to  fo rm structures kno wn as grana (singular – granum)

Grana are co nnected by membrano us channels called stro ma lamellae, which ensure the

stacks o f sacs are co nnected but distanced fro m each o ther

2
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Chloroplast structure

The membrane system pro vides a large number o f pigment mo lecules  that ensure as much light

as necessary is abso rbed

The pigment mo lecules are arranged  in light-harvesting clusters kno wn as pho to systems

In a pho to system, the different pigment mo lecules are arranged in funnel-like structures in

the thylako id membrane

Each pigment mo lecule passes energy do wn to  the next pigment mo lecule in the cluster until

it reaches the primary pigment reactio n centre

Adapt at ions of  chloroplast s t o phot osynt hesis

Stro ma:

The gel-like fluid co ntains enz ymes that catalyse the reactio ns o f the light-independent

stage

The stro ma surro unds the grana and membranes, making the transpo rt o f pro ducts fro m the

light-dependent stage into  the stro ma rapid

Grana:

The granal stacks create a large surf ace area fo r the presence o f many pho to systems which

allo ws fo r the maximum abso rptio n o f light

It also  pro vides mo re membrane space  fo r electro n carriers and ATP synthase enz ymes
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DNA:

The chlo ro plast DNA co ntains genes  that co de fo r so me o f the pro teins and enz ymes used

in pho to synthesis

Ribo so mes:

The presence o f ribo so mes allo ws fo r the translatio n o f  pro teins co ded by the chlo ro plast

DNA

Inner membrane o f  chlo ro plast envelo pe:

The selective transpo rt pro teins present in the inner membrane co ntro l the flo w o f

mo lecules between the stro ma and cyto so l (the cyto plasm o f the plant cell)

T hylako id space:

This is where a pro to n gradient develo ps  (to  generate ATP)

The space has a very small vo lume so  a pro to n gradient can develo p very quickly

8.3.6 Skills: Photosynthesis

Skills: Annotating Chloroplasts

Electro n micro graphs may di�er in shape and siz e depending o n where the cro ss sectio n o f the

o rganelle was taken

Usually the fo llo wing features sho uld be no table and visible:

Ro und  in shape

A do uble membrane  exterio r

Flattened discs, the thylako ids, arranged in stacks, the grana, co nnected by  thin tubes, the

lamellae

Ribo so mes and DNA are no t usually visible

Starch granules  may be visible as dark spo ts within the stro ma
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