PHOTOSYNTHESIS

Photosynthetic Organisms

A) Photosynthetic Eubacteria


Anaerobic photosynthesis - no O2 is produced


Only photosystem I is present


Sometimes fix CO2 


But need external reductant e.g. H2S or succinate

B) Cyanobacteria and green plants 


Chloroplasts evolved from cyanobacteria


Oxygenic photosynthesis - O2 is produced


Photosystems I and II are both present


Fix CO2 

C) Halobacteria


No chlorophyll, no photosynthetic electron transport


Light-driven proton pump produces energy


No reducing power from light


Need source of organic carbon to grow


Cannot Fix CO2
Three Main Stages of Photosynthesis:

I) Light is absorbed and used to generate PMF and reducing power

II) Proton motive force is used to generate ATP 


mechanism of ATP synthesis is same as in respiration

III) ATP and NAD(P)H are used to fix carbon dioxide 


bacteria using inorganic reactions as energy source often fix CO2 

Trapping Light Energy

Antenna

Light is absorbed by chlorophyll in photosynthetic membranes


most of the chlorophyll is in the antenna


antenna absorbs light energy and funnels it to reaction centre


antenna complex = smallish protein + several each of chlorophyll a and chlorophyll b and carotenoids

Chlorophyll


two types of chlorophyll (a & b) absorb light of different wavelength


bacteriochlorophyll (Bchl) is slightly different chemically from plant chlorophyll and absorbs light of longer wavelength (lower energy) 


antenna and reaction center chlorophyll is chemically identical, difference is due to the proteins which bind them

When chlorophyll absorbs a photon, an electron is excited to a higher-energy orbital.  Energy may be released by:

a) Fluorescence = emit a photon of lower energy

b) Emit heat

c) Transfer energy to neighboring molecule - in antenna

d) Eject an excited electron - P960 in reaction center.  



(P960 = pigment with absorption maximum at 960nm)
Carotenoids


a) absorb where chlorophyll absorbs poorly


b) protect against high light intensity

Reaction Centre

Electron is released from chlorophyll and travels down ETC


reaction center = proteins + chlorophyll + electron carriers


only special chlorophyll in reaction centre releases electrons


electron from reaction center travels down ETC and generates PMF


plants & cyanobacteria - two distinct reaction centers operate in series

Purple Photosynthetic Bacteria

Anaerobic photosynthesis:


no oxygen produced


if oxygen is present the bacteria respire instead of photosynthesis


problem with generating reducing power


only one type of reaction center



details of reaction center vary among different bacteria

Rhodobacter reaction center:

polypeptide chains (L, M, H & C)
four

bacteriochlorophyll b (Bchl)
four (shared by L & M)

bacteriopheophytin (Bphe)
two (shared by L & M)

ubiquinone (UQ)
two (shared by L & M)

ferrous iron (non-heme)
one (shared by L & M)

heme
four (on protein C)

Generation of Proton Motive Force

Two protons expelled across the membrane for each electron

Protons go from the cytoplasm to the periplasm

Electron goes back to reaction centre = cyclic photophosphorylation 

Generation of Reducing Power

Cyanobacteria and chloroplasts:


electron gets second boost of energy from second photosystem


electron goes on to reduce NADP  NADPH

Purple bacteria:


NADH rather than NADPH


reversed electron transport from P960  ubiquinone  NADH dehydrogenase – drives NADH dehydrogenase in reverse


need external supply of electrons



purple sulfur bacteriause H2S or thiosulfate



non-sulfur bacteria use organic donors (malate or succinate)

Sequence of Events:

a.
Light is absorbed by Bchl in the antenna

b.
Energy  P960 (pair of special Bchl b in reaction center) 

c.
P960 excited state, P960*, lasts less than one picosecond (pico = 10-15)

d.
P960 loses electron  other Bchl b in reaction center

e.
Electron rapidly passed on  bacteriopheophytin (Bphe)  

pheophytin = chlorophyll derivative with Mg2+ replaced by 2H+
f.
Electron from Bphe  bound ubiquinone, UQA

[UQA never fully reduced & never gains protons to become UQH2]  

g.
Electron from UQA  loosely bound ubiquinone, UQB

UQB collects 2 electrons and 2H+ from water to give UQH2
h.
UQBH2 exits reaction center, travels through membrane, and transfers electrons  cytochrome bc1
i.
Cytochrome bc1 transfers electrons  cytochrome c2 


(Cyt c2 = soluble periplasmic protein)

j.
Electrons from Cyt c2  back to reaction center protein C and travel via its four hemes back to P960+ 

Respiration in Purple Bacteria

Purple bacteria can also respire aerobically

Central part of ETC is shared by respiration and photosynthesis


NAD shared by respiratory ETC and photosynthetic ETC



(chloroplasts do not respire - use NADPH)

Oxygen represses synthesis of chlorophyll and carotenoids


     induces synthesis of cytochrome a/a3
Respiration:

Cytochrome bc1 transfers electrons to cytochrome a/a3
PMF is generated by ejecting protons across the membrane


Three sites - NADH dehydrogenase  ubiquinone, at cytochrome bc1 and cytochrome a/a3  O2
Evolutionary Relationships

Order in which the ability to generate energy evolved:

1.
Anaerobic fermentation:  ATP  PMF

2.
Anaerobic photosynthesis:  light  PMF

3.
Oxygenic photosynthesis:  light   PMF and oxygen evolved

4.
Respiration:  inverted electron transport chain uses O2
rRNA sequence homology - chloroplasts related to gram-negative bacteria

Chloroplasts are prokaryotic in nature


symbiotic photosynthetic bacterial ancestor  organelle

Cyanobacteria – problem = without chlorophyll b but with phycobilins 

Prochloron and relatives (prochlorophytes) = prokaryotic oxygenic photosynthesizers without phycobilins but with chlorophyll b
Oxygen Releasing Photosynthesis

Chloroplasts and cyanobacteria:


two photosystems with separate reaction centres and antennas


absorb shorter wavelengths than photosynthetic bacteria


PSI and PSII use red and green light respectively


Electron flow: H2O  PS II (releases O2)  PS I  NADP 

Components of Photosystem II

P680, Phe, QA and QB all on reaction center proteins D1 and D2

P680 = pair of special reaction centre chlorophyll a molecules 

Phe = pheophytin

QA and QB = plastoquinone - QA is fixed and QB is mobile

Cytochrome bf = similar to cytochrome bc1 of purple bacteria


(cytochrome f is a type c cytochrome)

Plastocyanin = a copper protein - alternates between Cu+ and Cu2+
Light absorption by PSII sends electron to ETC and leaves P680+

P680+ removes electrons from H2O via S-protein


S-protein = manganese containing protein complex (has 4 Mn)


4 electrons are removed from 2 x H2O to give O2

each electron goes through both photosystems - need 8 photons/O2
Manganese complex collects 4 positive charges before producing  O2

Cycles between 4 oxidation states


Rests at the singly charged state, not "zero"



If you provide light as rapid flashes no O2 appears until flash 3, then O2 is emitted every fourth flash


4 H+ produced  PMF


Electrons from S-protein  D1 protein of reaction center  P680

Components of Photosystem I

P700 = a pair of special reaction centre chlorophyll a molecules

A0 = a special bound single chlorophyll a molecule

A1 = a quinone (vitamin K1 = phylloquinone with same ring as menaquinone 

but slightly different side chain) 

Fx = FeS cluster on reaction center proteins PsaA and PsaB



(two Fe4S4 centres on PsaC between Fx and ferredoxin - not 


included in the Z-scheme diagram)

Ferredoxin (Fd) =  small soluble protein with Fe2S2 

NADP dehydrogenase = soluble enzyme

Generation of Proton Motive Force

Proton motive force generated at three places in the Z-scheme:


Mn complex which releases oxygen


Cytochrome bf region of the electron transport chain


Ferredoxin  NADP dehydrogenase 

Cyclic electron transport may occur in photosystem I 


when need extra energy relative to NADPH


electrons from P700 are returned from ferredoxin  cytochrome b  plastocyanin  base of photosystem I

In chloroplasts and cyanobacteria protons are expelled by ETC from stroma (equivalent to bacterial cytoplasm) into space inside photosynthetic vesicles (known as thylakoids in chloroplasts)

Since thylakoids derived by infolding of inner membrane, the space inside is topologically equivalent to the outside (or periplasmic space) of a bacterium

If you allow for this folding, ALL electron transport chains, both respiratory and photosynthetic, pump protons OUT and ATP is always made as the protons come back IN

Carbon Pathways - The Calvin Cycle

Calvin cycle (= reductive pentose cycle) converts CO2 into carbohydrate 

Net reaction: = 3 CO2    glyceraldehyde-3-phosphate


Requires 9ATP and 6NADPH per 3 CO2
Used by:

chloroplasts and cyanobacteria

many purple bacteria 

other autotrophic bacteria (H2 and nitrite oxidizers which fix CO2)

Reactions occur in the stroma of the chloroplast 


corresponds to cytoplasm of bacteria

Key reaction = ribulose diphosphate carboxylase (rubisco):  



Ribulose-diP + CO2    2 x 3-P-glycerate

Rubisco has two distinguishing features:  

a) Planet's most abundant protein (often >50% of soluble leaf protein)

b) World's most stupid enzyme - photorespiration

mistakes O2 for CO2 


splits RDP + O2  3-P-glycerate + 2-P-glycolate


rate with CO2 is four times the rate with oxygen


but photosynthesis makes O2 and consumes CO2 


so [CO2] may be low and [O2] may rise


up to 30% of the CO2 fixed may be released again

Note that in the chloroplast (biosynthetic pathway):



1, 3-diPGA    glyceraldehyde-3-P

consumes NADPH

Whereas in glycolysis (degradative pathway):



glyceraldehyde-3-P    1, 3-diPGA

generates NADH

HALOBACTERIA

Halobacterium belongs to Archebacteria = Archaea

Lipids of Halobacteria

Cytoplasmic membrane has unusual lipids:


Chains made from C5 isoprenoid units


Isoprenoid chains attached to glycerol by ether linkages

Major components:


Normal membrane = analogs of phosphatidyl glycerol (4%) phosphatidyl glycerol phosphate (65%) 


Purple photosynthetic membrane = phosphatidyl glycerol sulfate (4%), and a 3-sugar glycolipid sulfate (25%)


Neutral lipids e.g. carotenoids (C40), bacterioruberins (C50 analogs of carotenoids) - stretch across whole membrane
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Surface Glycoprotein

No peptidoglycan

Rod shape due to outer layer of structural protein


Glycoprotein with attached sugar residues



200,000 MW with 10% carbohydrate



about 50% of the envelope protein



extremely acidic due to sugar acid derivatives



held together sideways by Na+ ions


If salt drops much below 4M: 



glycoprotein envelope disintegrates



cells become spherical and finally lyse

Ionic Relationships

Halobacteria live in ~ 4M NaCl with much lower amounts of K+, Mg2+ etc

Accumulate K+ inside and keep Na+ outside


internal salt = ~ 4M K+


dies in more dilute media (e.g. seawater)


high Na+ concentration needed for membrane stability


salt cannot be replaced by other solutes

PMF of Halobacteria is mostly used for ion pumping 


Na+ is pumped out by proton antiport


uses 2H+ per Na+ 


K+ is accumulated


Ca2+ is expelled by antiport, in exchange for 2Na+

Final ion gradients (4M NaCl outside, 4M KCl inside) are extremely large and contain a lot of energy which may be used in transport of nutrients


Amino acid uptake driven by Na+ gradient - sodium symport

Halobacteria need a source of organic food

Extra energy from light is mostly used to maintain ionic composition 

Making Proton Motive Force

Two mechanisms in Halobacteria: 
Respiration in red/orange membrane








Light absorption in purple membrane

Red membrane = site of respiration 


colored by carotenoids and cytochromes


respiratory chain is normal

Purple membrane = site of “photosynthesis”


Purple membrane = 75% bacteriorhodopsin & 25% lipids 


Protons are pumped out by the purple membrane



not true photosynthesis



only get PMF from light



cannot use light to generate reducing power



cannot fix carbon dioxide

Bacteriorhodopsin


7 lpha-helical segments spanning membrane


forms groups of 3 molecules 


contains one molecule of retinal (“visual purple”)


retinal is bound via Schiff base to side chain -NH2 of lysine



40 amino acids from N-terminus



near outside of membrane in second helical segment

Halorhodopsin

Halorhodopsin is found in purple membrane of some Halobacteria

Contains retinal, absorbs light 

BUT instead of pumping protons it pumps chloride ions inwards!

Since Cl– is negative, moving Cl– inwards is equivalent in terms of energy to moving H+ outwards 

Photochemical Cycle

Photochemical cycle:


intermediates are very short lived


code numbers refer to the absorption wavelengths

Schiff base between retinal and lysine of rhodopsin protein:


either protonated or unprotonated


either in cis or trans conformation



trans form = lower energy - higher affinity for proton



cis form = high energy - lower affinity for proton 

Sequence of events

Resting state (bR 570) = all trans and protonated

Absorption of light energy:


converts trans isomer  high energy cis isomer = K590


spontaneously K590  L550, also high energy cis

Energy used to expel proton to outside of membrane:


leaves behind  M412 - cis isomer - low energy, no proton


M412 decays   O640 - trans form - low energy, no proton

Proton taken up on inside of membrane:


O640  back to bR568, the ground state 

Proton movements

In addition to change from cis to trans, whole pigment structure swings across from one alpha-helix to another

Protons are taken up from inside the cell and released on the outside


No aqueous proton channel is present


Proton travels down "proton-wire" 


= chain of proton carrying groups along surface of protein

Proton wire has two segments with gap in middle


inner half of proton wire allows proton to reach Schiff base


lysine/Schiff base/retinal moves sideways when light absorbed


proton reaches outside half of proton wire
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