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A complete panorama of self-healing strategies, Self-Healing at the 
Nanoscale: Mechanisms and Key Concepts of Natural and Artificial 
Systems focuses on the development of new nanoscale self-healing 
systems, from general concepts to physical chemical mechanisms. With 
a special emphasis on key concepts, strategies, and mechanisms at 
the atomic, molecular, and nanometric scales, this book is made up 
of three parts:

•  Natural Self-Healing Systems covers paradigmatic self-repair systems  
  developed by nature in living organisms
•  Artificial Self-Healing Systems describes various materials whose 
  structures have been engineered at the micro- or nanoscale to 
  obtain self-repair ability
•  Frontiers of Self-Healing Systems includes contributions on systems  
  studied in recent years that have shown potential for developing or 
  inspiring new self-healing nanomaterials 

The development of self-healing systems, especially concerning materials 
and the nanoscale, is a nascent yet appealing topic for scientists in fields 
ranging from engineering to biology. Self-Healing at the Nanoscale 
provides a broad view of the concepts, mechanisms, and types of 
self-healing systems at the nanoscale, forming a guide to the field and 
inspiring the development of self-healing systems for the future.
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Foreword
Materials.have.characterized.the.development.of.mankind..From.the.Stone.Age.to.
the.Bronze.Age,.from.wood.to.the.present.silicon.age,.materials.with.their.properties.
have.determined.what.civilization.could.and.could.not.dream.and.do..It.is.reason-
able.to.ask.what.will.come.next..What.new.material.will.enable.a.new.leap.forward.
in.civilization?.At.present,.it.is.hard.to.believe.that.we.will.unveil.a.property,.and.
consequently.a.material,.that.we.cannot.foresee.now..The.next.leap.forward.in.mate-
rials.will.be. in.moving. from.a.“property”-dominated.vision. toward.a.“function”-
dominated.vision.

In.nature,.materials. (or,.better,.materials.assemblies).have.functions.more. than.
properties.. They. grow,. renew,. and,. yes,. they. self-repair.. This. book. addresses. all.
aspects.of.self-healing.from.a.broad.viewpoint..It.starts.with.biological.systems.and.
then.covers.devices,.nanomaterials,.and.complex.assembly.processes..The.link.is.the.
conquer.of.this.important.function..The.ability.to.study.different.systems.and.mate-
rials.and.find.a.common.thread.will.give.the.readers.an.edge.in.understanding.and.
mastering.this.important.concept.of.self-healing.materials.and/or.systems.

Francesco Stellacci
Constellium Professor
Institute of Materials

École Polytechnique Fédérale de Lausanne
Lausanne, Switzerland
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Preface
It.has.been.more.than.30.years.since.Gerd.Binnig.and.Heinrich.Rohrer.invented.the.
scanning.tunneling.microscope.at.IBM.Zurich.in.1981,.which.many.regard.as.the.
founding. stone.of. science. at. the.nanoscale.. Since. then,. the. science.of. nanostruc-
tures.has.become.a.mature.and.widely.diffused.research.field..A.common.feature.of.
well-established.disciplines.is.the.shift.toward.problems.with.high.complexity,.often.
bordering.other.scientific.disciplines..Nanoscience.is.no.exception.to.this.rule.and.
has.recently.expanded.its.frontiers.in.the.study.of.more.advanced.systems.such.as,.
for.example,.nanomaterials.that.can.self-repair.

A.self-healing.material.is.a.material.that.is.capable.of.repairing.its.components.
when.they.are.damaged.by.wear.and.tear.or.by.accidental.external.events..In.gen-
eral,. self-repair. represents. a. sophisticated. strategy. to. increase. the. robustness. and.
extend.the.life.span.of.a.material,.especially.in.cases.where.repair.or.replacement.
of.materials.is.economically.detrimental,.dangerous,.or.impossible..This.is.the.case.
in.materials.that.are.exposed.to.extreme.physical.and.chemical.conditions,.such.as.
corrosive.environments;.high-intensity.light.irradiation,.ionizing.radiation,.or.high.
temperatures;.and.materials.that.are.used.in.areas.inaccessible.to.humans,.such.as.
outer.space.and.the.deep.sea.

In.the.case.of.nanomaterials,.however,.the.self-repairing.ability.may.be.needed.
even.in.ordinary.conditions..For.purely.thermodynamic.reasons,.nanomaterials.are.
generally.more.fragile.materials.than.their.micro-.and.macroscopic.equivalents..In.
fact,. nanostructures. are. characterized. by. a. high. surface-atom-to-bulk-atom. ratio,.
and.the.creation.of.interfaces.has.high.costs.in.energy..It.thus.follows.that,.frequently,.
the.excellent.functional.properties.of.nanomaterials.are.balanced.by.fast.degrada-
tion.and.structural.damage.during.use..The.creation.of.nanosystems.that.are.able.to.
repair.themselves.can.be.the.solution.whenever.it.is.too.expensive.or.not.possible.to.
create.more.robust.materials.with.the.same.functions.

The.field.of. self-healing.materials. and.nanomaterials. is. still. in. its. early. stage,.
and there.are.very.few.examples.of.such.systems..Due.to.this,.self-healing.materials.
are.classified. into.systems. that.are.capable.of.autonomous.self-repair,. i.e.,. that.do.
not.require.any.external.intervention.to.restore.the.damage.(and.are.a.minority),.and.
systems.that.are.capable.of.nonautonomous.self-repair,.i.e.,.that.require.an.external.
trigger.to.start.the.repair.process,.such.as.increasing.the.temperature.or.applying.a.
magnetic.field.or.an.external.force.

One.of. the.reasons. that.makes. the.design.of.self-healing.systems.a.very.ambi-
tious.target.is.the.need.for.expertise.in.different.fields.like.material.science,.chem-
istry,. engineering,. and. biology.. Biologists’. contributions. are. particularly. valuable.
because.nature.provides.sophisticated,.elegant,.and.efficient.mechanisms.of.damage.
repair.from.the.molecular.to.the.macroscopic.scale,.many.of.which.have.been.stud-
ied.extensively..Even.if.they.far.exceed.the.self-healing.mechanisms.used.in.material.
science.in.terms.of.efficiency.and.complexity,.it.is.worth.noting.that.biological.build-
ing.blocks,.like.proteins.and.nucleic.acids,.are.of.nanometric.size;.therefore,.most.
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of.the.biological.machinery.takes.place.at.the.same.size.scale.as.that.of.nanomateri-
als.. If.nature.has.been.successful. in.creating.extraordinary.self-repairing.systems.
using.components.with.nanoscale.dimensions,.then.humans,.in.principle,.should.also.
be.able.to.create.self-repairing.artificial.nanosystems.using.nanomaterials..In.addi-
tion,.hybrid.materials.composed.of.engineered.nanomaterials.and.biological.compo-
nents.can.provide.an.extra.degree.of.freedom.for.designing.self-repairing.systems..
Therefore,.self-healing.at.the.nanoscale.is.an.area.that.has.enormous.potential.for.the.
future..Indeed,.a.few.brilliant.examples.in.this.direction.have.appeared.recently.(and.
are.also.discussed.in.this.book).

BASIC FEATURES OF SELF-HEALING SYSTEMS

For. many. years,. self-repairing. strategies. of. nanoscale. materials. included. almost.
exclusively.the.spontaneous.or.externally.triggered.atomic-scale.processes.that.are.
driven.by.a.net.gain.of.free.energy..These.are.well-known.processes.in.materials.sci-
ence.and.have.been.studied.for.a.long.time.

In.the.category.of.processes.driven.by.a.gain.of.enthalpy.are.the.phenomena.of.
passivation.and.surface.reconstruction..The.binding.energy.of.individual.atoms.
composing.the.material.increases.during.passivation.and.reconstruction.and.can.
be.considered.as.simple.cases.of.autonomous.self-healing.systems..For.example,.
when.the.surface.of.metals.like.Al,.Cr,.Ti,.Zr,.and.Cu.is.exposed.to.air,.a.pas-
sivating.oxide.layer.forms.in.order.to.decrease.surface.free.energy..This.layer.is.
quite.impermeable.and.protects.the.underlying.metal.from.further.oxidation..In.
case.of.a.mechanical.removal.of.a.part.of.this.layer,.air.oxidation.of.the.exposed.
metal.surface.readily.restores.the.protective.film.(Hultquist.et.al..2001)..A.simi-
lar.effect. is.observed.in.some.systems.by.surface.reconstruction..For.instance,.
CdSe.and.CdTe.semiconductor.quantum.dots.undergo.surface.reconstruction.in.
the.presence.of.a.shell.of.passivating.ligands.on.the.surface.(Puzder.et.al..2004)..
The. interface. reconstruction. allows. the. preservation. of. the. inner. crystalline.
structure.and.composition.and.has.great.importance.in.opening.the.optical.gap.
in.these.nanoparticles.

In.the.category.of.self-repair.processes.driven.by.a.gain.of.entropy.are.shape.mem-
ory.materials. that.have.the.ability.to.restore.their. initial.form.after.a.plastic.defor-
mation..For. instance,. shape.memory.materials.can. recover. their. form.after.a.bulk.
deformation.on.their.surface.integrity.after.slight.bumps,.indentations,.or.scratches..
Shape. recovery. requires. an. external. trigger,. in. most. cases. a. temperature. increase.
above.a.transition.threshold..Therefore,.these.materials.fall.into.the.category.of.non-
autonomic. self-healing. materials.. Several. metal. alloys,. ceramics,. polymers,. and.
hydrogels.with.shape.memory.behavior.are.known..Shape.memory.basically.exploits.
an.entropy-driven.phase.transition,.for.instance,.from.martensite.to.austenite.in.the.
case.of.the.NiTi.alloy,.from.tetragonal.to.monoclinic.in.the.case.of.ZrO2,.from.glassy.
state.to..rubber–elastic.state.in.the.case.of.polymers,.and.from.hydrophilic.to.hydro-
phobic.state.in.the.case.of.hydrogels.(Mather.et.al..2009;.Müller.and.Seelecke.2001).

In. recent. years,. new. systems. with. higher. levels. of. complexity. have. appeared.
among.self-repairing.materials..These.systems.are.based,.in.particular,.on.autono-
mous.assembly.or.on.responsive.chemical.reactions..In.the.first.case,.the.damage.is.
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repaired.thanks.to.the.self-assembling.ability.of.some.components.in.the.material..
In.the.second.case,.the.repair.process.uses.a.chemical.reaction.between.appropriate.
compounds.included.in.the.material.that.are.self-activated.after.the.damage.or.are.
activated.by.an.external.stimulus.

Some.of.the.self-healing.materials.that.have.appeared.in.recent.years.have.been.
inspired.by.natural.repair.strategies..Although.natural.and.artificial.self-healing.sys-
tems.are.different.in.terms.of.complexity,.sophistication,.functions,.and.components,.
it.is.still.possible.to.identify.some.general.characteristics.that.are.common.in.both.
cases.(Table.P.1):

. 1..Modularity:. The. system. consists. of. several. components. with. distinct.
functions.

. 2..Self-assembly:.The.different.components.or.building.blocks.of.the.system.
are.able.to.assemble.autonomously.

. 3..Redundancy:.The.system.is.able.to.perform.its.function.even.when.a.part.of.
it.is.damaged.and.is.being.repaired.

. 4..Transport:.The.damaged.components.are. transferred. from.the. functional.
site.to.the.repair.site.

. 5..Specialized.repairing.components:.Some.of.the.components.of.the.system.
have.functions.dedicated.exclusively.to.transport.and.repair.of.the.damaged.
components.

. 6..Hierarchical.structure:.Repairing.components.have.a.higher.level.of.com-
plexity.and.are.larger.than.the.damaged.unit..Sometimes,.the.repair.can.take.
place.in.sites.other.than.those.in.which.the.system.performs.its.function.

By.increasing.the.level.of.complexity.and.efficiency.of.the.self-healing.system,.the.
number.of.aforementioned.characteristics.that.can.be.identified.in.the.system.also.
increases..To.date,.only.a.few.natural.repair.systems.have.all.these.six.properties.

TABLE P.1
Frequent Features of Self-Healing Systems
1..Modularity

2..Self-assembly

3..Redundancy

4..Transport

5..Specialized.repairing.components

6..Hierarchical.structure

OUTLINE OF THE BOOK

The.book.includes.contributions.about.selected.representative.examples.in.the.
diverse. and. multidisciplinary. field. of. self-repairing. systems.. Several. self-healing.
systems. found. in. natural. processes. and. others. created. by. man-made. activ-
ity. are. reported. with. a. special. emphasis. on. the. key. concepts,. strategies,. and.
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mechanisms.at.the.atomic,.molecular,.and.nanometric.scales..The.contributions.
of.the.book.are.grouped.into.three.parts.

Part. I:. Natural. Self-Healing. Systems—covers. paradigmatic. self-repair. systems.
developed.by.nature.in.living.organisms.

Solar. radiation. is. both. a. source.of. energy. and. a.possible. cause.of. damage.. In.
Chapter.1,.Nixon.and.Komenda.describe.how.plant.cells.are.able.to.selectively.regen-
erate.only.those.components.affected.by.light.damage.among.all.those.involved.in.
the.photosynthesis..In.Chapter.2,.Ma.et.al..show.how.self-repair.is.a.prerequisite.for.
the.proper.functioning.of.the.visual.cycle.in.humans,.namely,.a.process.with.differ-
ent.stages.in.which.the.photoactive.material.is.transported.from.the.site.of.operation.
to.the.repair.site.and.back.again.continuously.

In.living.organisms,.the.repair.of.larger.systems.inevitably.requires.the.involve-
ment.of.a.greater.number.of.components,.which.indicates.a.rise.in.the.level.of.com-
plexity.of.the.repair.mechanism..In.Chapter.3,.Sinigaglia.presents.an.overview.of.
the.biological.mechanisms. of. repair. on. an. increasing. size. scale,. highlighting. the.
importance.of.the.presence.of.a.hierarchy.between.the.different.components.

Part.II:.Artificial.Self-Healing.Systems—describes.various.materials.whose.struc-
tures.have.been.engineered.at.the.micro-.or.nanoscale.to.obtain.the.self-repair.ability..
Also,.some.artificial.nano.or.nanostructured.materials. that.unexpectedly.revealed.
the.ability.to.repair.themselves.are.described.

Chapter.4.shows.that.a.nanosystem.with.only.three.components.can.reveal.a.com-
plex.network.of.interactions.sufficient.to.allow.the.spontaneous.repair.of.its.functional.
nanostructures,.as.happens.in.the.case.of.the.self-healing.of.gold.nanoparticles.during.
laser.irradiation..In.Chapter.5,.Lackinger.shows.that.the.capacity.for.self-assembly.at.
the.nanoscale.can.guarantee.the.self-repair.ability.for.purely.thermodynamic.reasons,.
as.happens.in.two-dimensional.molecular.monolayers.

Extracting.energy.from.the.sun.with.the.maximum.efficiency.and.the.minimum.
waste.of.resources.is.one.of.the.most.appealing.targets.for.researchers..In.Chapter.6,.
Bonchio.et.al..describe.the.state.of.the.art.and.the.working.principles.of.inorganic.
nanocatalysts.for.water.splitting,.which.can.either.self-repair.or.withstand.the.harmful.
conditions.in.which.water.oxidation.is.carried.out..In.Chapter.7,.Strano.et.al..pres-
ent.a.sophisticated.way.to.solve.the.problem.of.photodamage.in.photovoltaic.hybrid.
systems,. incorporating. the. properties. of. carbon. nanotubes. with. those. of. natural.
photosystems.

In.Chapter.8,.Alessandri.provides.a.comprehensive.overview.of.nanocomposite.
materials.in.which.nanostructures.were.introduced.specifically.to.obtain.self-heal-
ing. through. autonomous. or. nonautonomous. mechanisms.. In.Chapter. 9,.Picchioni.
et al..describe.the.sound.results.and.the.interesting.perspectives.offered.by.synthetic.
chemistry.for.the.construction.of.macromolecular.and.polymeric.systems.with.func-
tional.groups.that.grant.self-repairing.ability.to.the.system.

Change.in.microscopic.structure.can.confer.self-healing.properties.to.traditional.
materials.as.well..In.Chapter.10,.Shchukin.et.al..discuss.the.state.of.the.art.for.the.
use.of.microscopic.smart.containers. in.obtaining.surfaces. that.can.self-repair. the.
damages.of.corrosion,.which.is.one.of.the.oldest.problems.in.materials.science..In.
Chapter.11,.Méar.et.al..demonstrate.the.possibility.of.conferring.the.self-repairing.
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ability.even.to.a.traditionally.fragile.material.like.glass,.when.the.structure.of.the.
material.is.modified.on.a.very.small.size.scale..Finally,.in.Chapter.12,.Hager.and.
Schubert.cover.the.most.significant.strategies.for.the.repair.of.polymers,.ceramics,.
concrete,.and.metals.by.the.engineering.of.their.structure.on.a.microscopic.scale.

Part.III:.Frontiers.of.Self-Healing.Systems—includes.contributions.on.systems.that.
were.studied.in.recent.years.and.that.have.shown.good.potential.for.developing.or.
inspiring.new.self-healing.nanomaterials.in.the.future.

Nanoscale.self-healing.processes.have.been.studied.not.only.by.experimental.sci-
entists,.but.they.have.also.been.studied.using.computational.methods,.with.striking.
results..An.excellent.example.is.provided.in.Chapter.13.by.Balazs.et.al..describing.a.
repair-and-go.system.for.site-specific.healing.at.the.nanoscale.

If.we.consider.the.founding.event.of.nanotechnology,.more.than.50.years.ago,.to.
be.Richard.Feynman’s.famous.speech.“There’s.plenty.of.room.at.the.bottom”.during.
the.annual.meeting.of.the.American.Physical.Society,.then.we.soon.go.to.the.vision.
of.nanotechnology.as.the.discipline.that.would.have.allowed.us.to.obtain.“a.hundred.
tiny.hands”.able.of.self-replication.down.to.the.atomic.scale..In.Chapter.14,.Stano.
shows.how.self-healing.and.self-replication.are.connected.abilities.in.living.organ-
isms;.hence,.the.realization.of.self-healing.nanomaterials.could.be.a.pivotal.step.in.
the.process.of.fabricating.self-replicating.nanomachines..Moreover,.in.Chapter.15,.
Månsson.et.al..describe.the.fascinating.case.of.a.molecular.machine.optimized.by.
nature.that.has.a.relevant.role.in.a.biological.nanoscale.self-healing.process.

To.date,.only.one.type.of.artificial.system.has.reached.a.complexity.level.that.is.
comparable. to.nature—that. is,. the. information. technology.system..In.Chapter.16,.
Tempesti.et.al..discuss.how.this.area.opens.interesting.opportunities.for.the.develop-
ment.of.nanoscale.electronic.devices.capable.of.self-healing.

The.organization.of.the.book.in.three.parts.not.necessarily.is.the.best.possible,.
and.some.readers.may.prefer.a.cross-reading.path..For.example,.Chapters.1,.6,.and.
7.are.connected.by.the.theme.of.the.need.to.convert.sunlight.into.energy.by.systems.
that.are.able.to.resist.photodamage..In.Chapters.3,.12,.and.13,.a.comparison.between.
the.natural.healing.strategies.of.tissues,.the.best.repair.strategies.for.structural.mate-
rials.achieved.by.man.so.far,.and.the.strategies.that.theoreticians.indicate.as.the.most.
promising.for.the.development.of.more.efficient.self-repairing.artificial.systems.is.
provided..Chapters.5.and.14.show.that.self-assembly.is.an.effective.strategy.for.self-
repair.in.natural.and.artificial.molecular.systems..It.is.likely.that.the.readers.will.be.
able.to.find.even.more.cross-correlations.and.alternative.reading.paths.through.the.
book.

In.conclusion,.we.hope.that.this.book.will.provide.a.panorama.of.the.concepts,.
mechanisms,. and. types. of. self-healing. systems. at. the. nanoscale. in. order. to. be. a.
source.of.inspiration.for.the.development.of.the.self-healing.systems.of.the.future.

Vincenzo Amendola

Moreno Meneghetti
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1 Keeping the Green 
World Alive
The Repair Cycle of 
Photosystem II

Josef Komenda, Franck Michoux, 
and Peter J. Nixon

1.1 INTRODUCTION

Oxygenic.photosynthesis.is.a.key.biological.process.on.Earth:.it.gives.rise.to.much.of.
its.organic.matter.and.is.essential.for.the.maintenance.of.most.forms.of.life..During.
this.process,.light.energy.is.converted.into.chemical.energy,.which.is.stored.in.the.
form.of.highly.reduced.organic.compounds..The.initial.events.of.this.transformation.
involve. absorption. of. solar. radiation. by. various. pigments. (predominantly. chloro-
phylls.[Chls].and.carotenoids.[Cars].but.also.by.phycobilins.in.some.organisms),.and.
subsequent.trapping.of.absorbed.energy.by.a.group.of.specialized.pigment.molecules.
(the.so-called.reaction.center.[RC].pigments).bound.within.membrane.protein.com-
plexes.termed.photosystems.or.RC.complexes..Excitation.of.these.RC.pigments.leads.
to.transmembrane.charge.separation.and.initiation.of.electron.flow.within.the.mem-
brane.to.ultimately.produce.reduced.nicotinamide.adenine.dinucleotide.phosphate.
(NADPH),. a. source. of. reducing. power. for. the. cell.. The. electron. transport. chain.
consists.of.a. system.of.electron.carriers. ranging. from.simple.organic.compounds.
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1.1. Introduction.......................................................................................................3
1.2. Structure.and.Function.of.Photosystem.II.........................................................4
1.3. Photodamage.to.Photosystem.II........................................................................9
1.4. Photosystem.II.Repair.Cycle........................................................................... 10

1.4.1. Initiation.of.the.Repair.Cycle.............................................................. 11
1.4.2. Selective.D1.Degradation.and.the.Identity.of.the.Protease................. 12
1.4.3. Mechanism.of.D1.Replacement.and.Its.Dynamics.............................. 13
1.4.4. Fate.of.Cofactors.during.D1.Replacement........................................... 15

1.5. Conclusions.and.Perspectives.......................................................................... 16
Acknowledgment...................................................................................................... 16
References................................................................................................................. 17



4 Self-Healing at the Nanoscale

(e.g.,.quinones).and.small.redox-active.proteins.up.to.multisubunit.pigment-binding.
protein.complexes,.all.of.which.are.embedded.in.specialized.photosynthetic.mem-
branes.(termed.thylakoids).found.within.cyanobacteria.and.the.chloroplasts.of.plants.
and.algae.(Figure.1.1)..Electron.transfer.is.coupled.to.formation.of.a.gradient.of.pro-
tons.across.the.thylakoid.membrane,.which.is.utilized.for.ATP.synthesis.by.the.ATP.
synthase..NADPH.and.ATP.generated.by.the.“light.reactions”.are.used.in.the.“dark.
reactions”.for.synthesis.of.reduced.organic.compounds,.mostly.sugars,.from.CO2.

In.oxygenic.photosynthesis,.linear.electron.transport.is.driven.by.two.RC.com-
plexes.called.Photosystem.I.(PSI).and.Photosystem.II.(PSII)..PSII.has. the.unique.
ability. to.extract.electrons.from.water.and.so.plants,.algae,.and.cyanobacteria.are.
called.oxygenic.phototrophs.since.oxidation.of.water.results.in.oxygen.release..There.
also.exist.anoxygenic.photosynthetic.bacteria.that.use.different.electron.donors.but.
their.importance.for.the.overall.photosynthetic.productivity.is.relatively.small.

1.2 STRUCTURE AND FUNCTION OF PHOTOSYSTEM II

The.structure.of.the.PSII.complex.from.thermophilic.cyanobacteria.has.been.deter-
mined. to. high. resolution. by. x-ray. crystallography. (Ferreira. et  al.. 2004;. Guskov.
et al..2009;.Umena.et al..2011)..The.crystallized.complex.contains.16.or.17.intrinsic.

PSII

Light

Cytoplasm
(stroma)

Lumen

2H2O O2 + 4H+ 8H+ 14H+

Cyt b6f

Cyt c6/PC

PSI

Light

NADPH
FNR 3ADP + 3Pi

Fd

ATPase

3ATP

PQ

PQH2

FIGURE 1.1 (See color insert.).Protein.components.of.the.photosynthetic.electron.trans-
port.chain..Electron.transport.from.water.to.NADP+.is.driven.by.PSII.extracting.electrons.
from.water.and.transferring.them.to.plastoquinone.(PQ).to.produce.plastoquinol.(PQH2)..
PSI. catalyzes. the. reduction. of. ferredoxin. and,. subsequently,. formation. of. NADPH. via.
ferredoxin-NADP+. reductase. (FNR).. Oxidized. PSI. is. re-reduced. by. electrons. from. the.
cytochrome.b6f.complex.(Cyt.b6f).via.cytochrome.c6.(Cyt.c6).or.plastocyanin.(PC),.whereas.
PQH2.produced.by.PSII.reduces.oxidized.Cyt.b6f..Electron.transport.is.coupled.to.the.trans-
location.of.protons.from.the.cytoplasm.in.cyanobacteria.(or.stroma.in.chloroplasts).to.the.
lumen.to.produce.a.proton-motive.force..In.the.case.of.Cyt.b6f,. the.Q-cycle.operates.(not.
shown.in.the.figure.to.aid.clarity).to.give.a.stoichiometry.of.eight.H+.deposited.in.the.lumen.
per.four.electrons.transported.to.PSI..Additional.translocation.of.protons.across.the.mem-
brane.is.mediated.by.cyclic.electron.flow.around.PSI.(data.not.shown)..The.proton-motive.
force.coupled.to.movement.of.protons.back.across.the.membrane.through.the.ATP.synthase.
(ATPase).drives.synthesis.of.ATP.from.ADP.and.inorganic.phosphate.(Pi)..The.protein.com-
plexes.shown.are.the.crystal.structures.derived.from.various.cyanobacteria.
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membrane.proteins,.depending.on.the.preparation,.three.extrinsic.membrane.proteins,.
and.a.large.number.of.cofactors.including.Chls,.pheophytins.(Pheos),.β-carotenes,.
plastoquinones,.lipids,.and.ions.including.those.forming.the.oxygen-evolving.Mn4Ca.
cluster.(Ferreira.et al..2004;.Guskov.et al..2009;.Umena.et al..2011)..Unfortunately,.
high-resolution. structural. models. have. not. yet. been. obtained. for. plant. PSII,. but,.
based.on.low-resolution.models.(Barber.2002),.it.is.highly.likely.that.the.structures.
will.be.very.similar,.except.for.the.set.of.extrinsic.proteins.on.the.lumenal.side.of.the.
complex.which.differ.(Enami.et al..2008).

The. most. important. protein. constituents. of. PSII. are. homologous,. five. trans-
membrane.helix–containing.proteins. termed.D1.and.D2..These.proteins. form. the.
so-called.D1–D2.heterodimer.that.binds.six.Chls,.two.Pheos,.and.two.β-carotenes..
The.N-termini.of.both.proteins.are.exposed. to. the.cytoplasmic.side. (stromal.side.
in. chloroplasts). of. the. thylakoid. membrane,. whereas. the. C-termini. protrude. into.
the.lumen.(inner.part.of.thylakoids)..D1.is.synthesized.as.a.precursor.protein.(pD1).
with.a.cleavable.C-terminal.extension.(Marder.et al..1984)..The.extension.is.pres-
ent.in.all.oxygenic.phototrophs.with.the.exception.of.Euglena.and.some.dinoflagel-
lates.and.its.length.is.species-dependent;.in.plants.the.extension.usually.consists.of.9.
amino.acid.residues,.whereas.in.cyanobacteria.the.extension.is.usually.16.residues..
Removal.of.the.extension.by.a.cut.on.the.carboxyl.side.of.residue.Ala344.(Takahashi.
et al..1988).is.required.for.the.assembly.of.the.functional.oxygen-evolving.complex.
(Nixon.et al..1992)..The.extension.is.removed.by.a.specific.processing.endoprotease.
termed.CtpA.(Anbudurai.et al..1994),.which.cleaves.the.plant.extension.in.a.single.
step,.whereas.the.cleavage.in.cyanobacteria.seems.to.occur.in.two.consecutive.steps.
with.a.primary.cut.occurring.close.to.the.middle.of.the.extension.(Komenda.et al..
2007a)..The.precise.role.of.the.D1.extension.is.not.yet.clear,.although.it.is.needed.
for.optimal.photosynthetic.performance.under.high.irradiance.(Ivleva.et al..2000;.
Kuviková.et al..2005)..The.extension.interacts.with.a.PSII.assembly.factor,.YCF48,.
required.for.the.efficient.formation.of.PSII.(Komenda.et al..2008),.so.lower.fitness.
of.the.extension-less.cyanobacterial.mutant.under.high.irradiance.might.be.due.to.an.
attenuation.of.this.interaction.

The. D1–D2. heterodimer. is. surrounded. by. CP47. and. CP43,. two. homologous.
proteins.that.bind.a.number.of.Chls.and.β-carotenes.and.function.as.an.inner.or.
proximal. light-harvesting.antenna. system.delivering.energy. to. the.RC.pigments.
bound. to. the. D1. and. D2. proteins.. CP47. and. CP43. possess. six. transmembrane.
helices. and.a. large. lumenal. loop. joining. transmembrane.helices.5. and.6. that. is.
involved.in.the.binding.of.the.lumenal.extrinsic.proteins.(in.the.cases.of.both.CP47.
and.CP43).or.in.coordinating.one.of.the.Mn.ions.of.the.oxygen-evolving.complex.
(in. the.case.of.CP43;.Ferreira.et al..2004)..Both.proteins.are. located.symmetri-
cally.either.side.of.the.D1–D2.heterodimer:.CP47.next.to.D2.and.CP43.next.to.D1.
(Figure.1.2).

The.PSII.complex.also.contains.a.number.of.small.membrane.protein.subunits.
that.are.assumed.to.assist.the.correct.assembly.of.the.complex.and.to.optimize.PSII.
electron.flow.(for.review,.see.Müh.et al..2008)..On.the.lumenal.side.of.the.PSII,.there.
is.an.inorganic.metal.cluster.(Mn4CaO5),.consisting.of.a.single.Ca.and.four.Mn.ions.
linked.by.oxo.bridges,.which.forms.the.oxygen-evolving.center.(OEC),.the.catalytic.
site.at.which.water.binds.and.is.oxidized.(Umena.et al..2011).(Figure.1.2B)..The OEC.is.
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(A)

CP43-R357

CP43-E354

D1-D170

D1-A344
D1-E189

D1-D342

D1-H332
D1-H337D1-E333

CP43

PsbX
PsbH

PsbM

PsbL
PsbT

D2
D1

CP47

FIGURE 1.2 (See color insert.).Crystal.structure.of.the.PSII.complex.isolated.from.thermo-
philic.cyanobacteria..View.of.the.homodimeric.complex.from.Thermosynechococcus elonga-
tus.from.the.cytoplasmic.side.of.the.thylakoid.membrane.(panel.A).and.perpendicular.to.the.
membrane.normal.(panel.B)..The.20.subunits.have.been.annotated.in.panel.A.and.color-coded:.
D1.(yellow),.D2.(orange),.CP43.(green),.CP47.(red),.cytochrome.b-559.(purple),.PsbO.(violet),.
PsbV.(dark.blue),.and.PsbU.(light.blue)..The.remaining.11.small.transmembrane.subunits.are.
shown.in.gray..For.clarity,.pigments.have.been.omitted..The.inset.in.panel.B.shows.the.structure.
of. the.Mn4CaO5.cluster. involved. in.water.oxidation,.with.coordinating.amino.acid. residues,.
determined.for.Thermosynechococcus vulcanus.(Umena.et al..2011)..The.Ca.ion.is.shown.in.
gray,. the.Mn.ions. in.violet,.and.the.oxo.bridges. in.red..For.clarity,.bound.waters.have.been.
omitted..The.figure.was.created.with.the.software.Pymol.(http://pymol.sourceforge.net,.version.
0.99).and.the.PDB.files.3BZ1.and.3BZ2.(Guskov.et al..2009).and.3ARC.(Umena.et al..2011).
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stabilized.by.a.set.of.extrinsic.proteins.that.cap.the.cluster.shielding.it.from.the.aque-
ous.phase..Significant.differences.can.be.found.in.this.part.of.PSII.between.plants.
and.other.oxygenic.phototrophs.(for.review,.see.Roose.et al..2007a)..The.common.
protein. for. all. groups.of. organisms. is. the.33.kDa.polypeptide,. the.product. of. the.
psbO.gene..Cyanobacteria.and.red.algae.contain,.in.addition,.the.15-kDa.psbV.(cyto-
chrome.c-550).and.12-kDa.psbU.gene.products..In.higher.plants,.the.PsbU.and.PsbV.
proteins.are.missing.and.their.function.is.fulfilled.by.the.23-kDa.PsbP.and.16-kDa.
PsbQ. subunits.. Cyanobacterial. homologues. of. PsbP. and. PsbQ. have. been. identi-
fied.(Thornton.et al..2004).but.their.precise.roles.in.PSII.function.remain.unclear.
(Summerfield.et al..2005a,b;.Roose.et al..2007b).

The.outer.or.distal.light-harvesting.systems.also.differ.significantly.among.oxy-
genic.phototrophs.(Green.et al..2003)..Large.peripheral.phycobilisomes,.consisting.
of. water-soluble. proteins. with. covalently. bound. chromophores. (phycobilins),. are.
attached. to. the.cytoplasmic/stromal.side.of. the. thylakoid.membrane.of.cyanobac-
teria.and.some.algal.groups.(e.g.,.Rhodophyta).(Figure.1.3)..In.other.algae.and.in.
higher.plants,.the.antenna.complexes.are.embedded.in.the.membrane.and.bind.vari-
ous.types.of.Chl.and.Cars.

Despite.the.presence.of.many.proteins.in.PSII,.the.cofactors.involved.in.trans-
ferring.electrons.from.water.to.plastoquinone.are.bound.primarily.by.the.D1–D2.
heterodimer.(Diner.and.Babcock.1996).(Figure.1.3)..In.brief,. light.energy.cap-
tured.by.pigments.within.the.antenna.system.is.delivered.to.the.Chls.that.consti-
tute.the.primary.electron.donor,.P680,.to.generate.an.excited.singlet.state,.P680*,.
which.initiates.electron.flow.by.reducing.a.nearby.Pheo,.a.molecule.structurally.
similar.to.Chl.but.lacking.the.central.Mg.ion,.to.form.the.primary.radical.pair.
P680+Pheo−.. Pheo−. then. reduces. the. primary. plastoquinone. electron. acceptor,.
QA,.bound.to.the.D2.protein..Unlike.regular.quinone.molecules,.QA.is.normally.
able.to.accept.only.a.single.electron.due.to.its.special.protein.environment..The.
electron. is. then. transferred. to. the. secondary. plastoquinone. electron. acceptor,.
QB,. bound. to. D1,. which. becomes. doubly. reduced. after. another. charge. separa-
tion.event.and.is.then.protonated.to.form.the.plastoquinol,.QBH2..This.molecule.
leaves.PSII.and.is.replaced.by.an.oxidized.plastoquinone.molecule.from.a.pool.
of. plastoquinone. molecules. located. in. the. lipid. bilayer.. The. oxidized. primary.
donor,. P680+,. is. reduced. by. an. electron. from. a. redox-active. tyrosine. residue,.
Tyr161.of.the.D1.protein,.termed.YZ.(Debus.et al..1988;.Metz.et al..1989),.which.
in.turn.is.reduced.by.the.Mn4Ca.cluster,.coordinated.by.aspartate,.glutamate,.and.
histidine.residues.in.the.D1.protein,.including.the.C-terminus.of.mature.D1,.and.
by.a.glutamate.residue.of.CP43.(Ferreira.et al..2004;.Guskov.et al..2009;.Umena.
et al..2011).(Figure.1.2B)..The.Mn4Ca.cluster.exists.in.five.distinct.oxidation.or.
S.states,.termed.S0–S4,.where.the.subscript.indicates.the.number.of.accumulated.
oxidizing.equivalents..Oxidation.of. two.molecules.of.water. to.one.molecule.of.
dioxygen.occurs.after. formation.of. the.S4.state,. resetting. the.enzyme. to. the.S0.
state,.and.so.occurs.with.a.periodicity.of.four..The.recent.structural.model.of.the.
cluster.determined.at.atomic.resolution.has.identified.potential.binding.sites.for.
substrate. waters. plus. channels. for. the. movement. of. incoming. water. molecules.
and.exiting.protons.(Umena.et al..2011).
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1.3 PHOTODAMAGE TO PHOTOSYSTEM II

Despite.the.existence.of.a.plethora.of.photoprotective.mechanisms.in vivo.to.prevent.
oxidative.damage.(Niyogi.1999),.a.characteristic.feature.of.PSII.is.its.relative.vulner-
ability.to.photodamage..The.quantum.yield.of.photodamage.has.been.estimated.to.be.
7.×.10−8.in.pumpkin.leaves.which,.although.a.deceptively.low.value,.still.means.that.
approximately.half.the.PSII.complexes.are.damaged.in.a.leaf.during.a.2.h.exposure.
to.an.irradiance.of.1500.μmol.of.photons/m2/s.(Tyystjärvi.and.Aro.1996)..Indeed,.
damage.to.PSII. is. thought. to.be.an. important.obstacle.for.optimal.photosynthetic.
performance.in.the.field.and.its.mitigation.is.a.prime.target.for.crop.improvement.
(Murchie.and.Niyogi.2011).

Given.the.complexity.of.electron.transfer.events.within.PSII,.it.has.proved.diffi-
cult.to.determine.where.and.how.the.inactivation.to.PSII.occurs..Indeed,.after.almost.
three.decades.of.research,.there.is.still.intense.debate.regarding.the.dominant.mech-
anism.of.damage..Several.mechanisms.have.been.proposed,.which.differ.in.the.spe-
cific.light.conditions.and.the.functional.state.of.PSII.(reviewed.by.Tyystjärvi.2008;.
Vass.2011)..The.so-called.acceptor-side.mechanism.was.proposed.to.occur.in.fully.
functional.PSII.under.high.light.conditions.when.the.plastoquinone.pool.becomes.
overreduced..Under. these.conditions,. the.primary.quinone.acceptor,.QA,.becomes.
singly.reduced.or.even.leaves.its.binding.site.on.the.D2.protein.if.it.becomes.doubly.
reduced.and.protonated.(Vass.et al..1992)..This.leads.to.a.block.in.the.oxidation.of.
reduced.Pheo.(hence.why.it.is.termed.an.acceptor-side.mechanism.of.photoinacti-
vation),.which. increases. the.probability.of.charge.recombination. to.form.the. trip-
let.state.of.the.primary.electron.donor,.3P680,.which.in.turn.can.react.with.triplet.
oxygen.to.generate.the.highly.damaging.singlet.oxygen.species.(Hideg.et al..1994)..
Another.proposed.type.of.photoinactivation.called.donor.side–induced.inactivation.
is.considered.to.be.a.meaningful.event.when.the.oxygen-evolving.machinery.is.not.
fully.functional.and.donation.of.electrons.to.oxidized.P680.is.too.slow..Under.these.
conditions,.oxidative.events.interrupt.the.electron.flow.from.oxygen-evolving.com-
plex.to.the.primary.donor.P680.(Chen.et al..1992)..The.third.proposed.pathway.of.
PSII.photoinactivation.occurs.at.extremely.low.light.intensities.when.reactive.singlet.
oxygen.is.generated.from.3P680.formed.via.charge.recombination.from.the.singly.
reduced.secondary.quinone.acceptor,.QB

−,.and.the.oxidized.Mn4Ca.cluster.(Keren.
et al..1997)..All.of.the.aforementioned.mechanisms.have.been.demonstrated.to.occur.
in vitro. but. there. is. still. uncertainty. about. which. one. dominates. in vivo.. Recent.
studies.showing.a.higher.quantum.yield.of.inactivation.for.blue.light,.a.region.of.the.
spectrum.that.is.directly.absorbed.by.the.Mn.ions.in.the.Mn4Ca.cluster,.would.seem.
to. speak. for. a.modified.version.of. the.donor-side.mechanism. in.which. the. initial.
damaging.event.is.the.cluster.itself.(Hakala.et al..2005;.Ohnishi.et al..2005)..A.simi-
lar.mechanism.is.also.assumed.for.inactivation.of.PSII.by.UV-B.radiation.(Szilárd.
et al..2007)..Damage.to.the.Mn4Ca.cluster.is.also.supported.by.the.finding.that.the.
rate.of.photoinactivation.of.PSII.is.directly.proportional.to.the.light.intensity.(with.
exception.of.extremely.low.light.as.mentioned.earlier).(Tyystjärvi.and.Aro.2006),.
which.seems.to.be.at.odds.with.inactivation.mechanisms.that.are.dependent.on.a.spe-
cific.redox.state.of.certain.electron.carriers.(overreduction.of.acceptor-side.electron.
carriers.or.overoxidation.of.the.donor-side.electron.carriers).



10 Self-Healing at the Nanoscale

1.4 PHOTOSYSTEM II REPAIR CYCLE

Regardless.of. the.mechanism.of.PSII.photodamage,. it. is.accepted. that.PSII.dam-
age.results. in. irreversible.damage. to.protein.subunits.of.PSII,. in.particular. to. the.
D1.subunit.(Adir.et al..2003)..The.high.frequency.of.damage.has.necessitated.the.
development.of.a.sophisticated.mechanism.to.repair.the.inactive.PSII.complex.and.
fully.restore.its.photochemical.activity..Such.a.mechanism.is.termed.the.“PSII.repair.
cycle.”.It.is.known.to.consist.of.a.number.of.distinct.steps.but.a.detailed.understand-
ing.of.the.process.is.still.lacking.(Figure.1.4)..It.is.assumed.that.the.inactivation.of.
the.native.dimeric.PSII.core.complex.is.accompanied.by.a.monomerization.of.the.
complex..Subsequently,.the.CP43.antenna.and.the.lumenal.extrinsic.proteins.stabi-
lizing.oxygen.evolution.are.detached.from.the.monomer..In.this.way,.the.damaged.
D1.protein.within.PSII.becomes.accessible.for.proteolytic.removal.and.subsequent.
replacement.by.a.newly.synthesized.copy.of.D1..The.last.phase.of.the.cycle.consists.
of. rebinding.of.CP43.and. the. lumenal. extrinsic.proteins,. assembly.of. the.Mn4Ca.
cluster,.reactivation.of.oxygen.evolution,.and.dimerization.of.the.complex;.the.pre-
cise.order.of.the.last.steps.remains.unknown.

K CP43 K CP43I D1 D2

CaMn4

CaMn4 CaMn4

CaMn4

Ca   4Mn

D1

RCC1 inactive

RC47 inactive

RCC2

Repair cycle of Photosystem II

Inactivation and
monomerization

Detachment of
CP43, CaMn4

cluster and
extrinsic proteins

Attachment of
CP43, CaMn4

cluster and
extrinsic proteins

D1 replacement

3

2

1

5

4

Dimerization and
reactivation

Light

E F HCP47

I D1 D2 E F HCP47

RC47 active

I D1 D2 E F HCP47

K CP43 I D1 D2

RCC1 active

E F HCP47

K KCP43 I I CP43D1 D1D2 D2E EF FH HCP47 CP47

FIGURE 1.4 The.repair.cycle.of.Photosystem.II..PSII.repair.cycle.starts.with.light-induced.
inactivation.of.the.PSII.dimer,.RCC2,.and.its.monomerization.(step.1)..Then.CP43,.the.CaMn4.
cluster,.and.extrinsic.proteins.(displayed.collectively.as.a.vanilla-colored.shape).are.detached.
(step.2).and.the.damaged.D1.subunit.is.selectively.replaced.by.a.newly.synthesized.D1.copy.
at.the.level.of.the.RC47.complex.(step.3)..Finally,.CP43,.Ca.and.Mn.ions,.and.extrinsic.pro-
teins.are.reattached.(step.4),.and.the.repaired.PSII.monomer.is.dimerized.with.concomitant.
reactivation.of.the.oxygen-evolving.machinery.(step.5)..For.clarity,.many.of.the.smaller.PSII.
subunits.have.been.omitted.
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1.4.1  InItIatIon of the RepaIR CyCle

It. is. generally. accepted. that. light-driven. damage. to. PSII. initiates. the. process. of.
repair.although.the.details.remain.unclear..Many.early.reports.suggested.a.crucial.
role.for.the.QB-binding.pocket.in.signaling.damage.and.triggering.repair.(Kirilovsky.
et al..1988;.Gong.and.Ohad.1991;.Komenda.and.Barber.1995)..However,.relatively.
normal.PSII.repair.in.mutants.of.the.cyanobacterium.Synechocystis.PCC.6803.lack-
ing.up.to.20.amino.acid.residues.in.the.vicinity.of.the.QB-binding.site.argued.against.
participation.of.this.region.(Nixon.et al..1995;.Mulo.et al..1997)..Instead,.recent.data.
obtained.with.cyanobacterial.mutants.having.an.impaired.oxygen-evolving.complex.
are.in.agreement.with.a.triggering.role.for.the.lumenal.part.of.PSII.surrounding.the.
Mn4Ca.cluster.(Komenda.et al..2010),.in.line.with.the.concept.of.direct.photoinacti-
vation.of.the.Mn4Ca.cluster.as.the.dominant.mechanism.in vivo..Since.the.cluster.is.
coordinated.by.residues.in.D1.and.CP43,.we.assume.that.damage.and.disruption.of.
the.cluster.could.lead.to.destabilization.of.the.surrounding.D1.structure,.perturbed.
binding.of.extrinsic.proteins,.and.even.possibly.an.altered.interaction.between.D1.
and.CP43,.which.may.be.recognized.by.the.protease.

A.key.step.of.the.PSII.repair.process.is.the.selective.removal.of.the.D1.protein.
and. its. replacement.by. the.newly.synthesized.D1.copy..This.process.can.be.fol-
lowed.experimentally.by.a.radioactive.pulse-chase.method,.which.involves.label-
ing.of.cells.with.radioactively.labeled.amino.acid.and.subsequent.chasing.of.the.
radiolabeled.protein.in.the.presence.of.non-radioactive.(“cold”).amino.acid..Using.
this.approach,.the.rate.of.protein.turnover.can.be.estimated.after.electrophoretic.
separation.of.membrane.proteins.and.autoradiography..Comparable.but.not.fully.
equivalent.information.can.also.be.obtained.by.following.the.amount.of.the.protein.
after.inhibition.of.cellular.protein.synthesis..Both.these.approaches.revealed.much.
faster.turnover/degradation.of.the.D1.protein.when.compared.with.other.PSII.sub-
units. (Edelman. and. Reisfeld. 1978;. Schuster. et  al.. 1988).. D1. turnover. occurs. at.
all.light.intensities.and.its.rate.is.similar.to.the.rate.of.PSII.photoinactivation.and.
proportional.to.the.light.intensity.(Mattoo.et al..1984;.Komenda.and.Barber.1995;.
Tyystjärvi.and.Aro.1996)..Nevertheless,.a.detailed.kinetic.study.of.D1.degradation.
in.Spirodela.plants.revealed.that.D1.degradation.is.a.low.light–associated.process.
and.irradiance.as.low.as.5.μmol.photons/m2/s.already.elicits.about.25%.of.the.total.
D1.degradation.response.observed.at.full.sunlight.(about.1500.μmol.photons/m2/s).
(Jansen.et al..1999).

The.crystal.structures.of.cyanobacterial.PSII.(Ferreira.et al..2004;.Guskov.et al..
2009;.Umena.et al..2011). show. that. the.D1.protein. is.buried.within. the.center.of.
the.large.PSII.complex.and.is.not.easily.accessible.to.the.machinery.that.catalyzes.
its.selective.replacement..Therefore,.to.allow.access.to.the.protein,.the.neighboring.
inner.antenna.CP43.must.be.temporarily.detached.from.the.core.complex.(Barbato.
et  al.. 1992;. Komenda. and. Masojídek. 1995). and. also. most. probably. the. proteins.
stabilizing.the.Mn4Ca.cluster.must.be.at.least.partly.relocated..How.these.proteins.
are.detached.and.whether.specific.protein.factors.are.involved.in.this.event.remain.
unknown..The.exposed.D1.protein.still.bound.in.the.complex.lacking.CP43.(termed.
the.RC47.complex).becomes.a. target.of. the.protease. (Adir. et  al.. 1990;.Komenda.
et al..2006).
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1.4.2  SeleCtIve D1 DegRaDatIon anD the IDentIty of the pRoteaSe

The.identity.of.the.protease.involved.in.selective.D1.degradation.remained.an.enigma.
for.nearly.30.years.after.the.first.detection.of.fast.D1.turnover.(Edelman.and.Reisfeld.
1978)..To.simplify.the.search.for.the.protease,.early.studies.initially.focused.on.the.
use.of.isolated.membranes.(Ohad.et al..1985).and.later.on.isolated.PSII.complexes.
in.which.exposure. to.high. light. intensities. induced.formation.of.specific.D1.frag-
ments. (Virgin. et  al.. 1990).. The. inhibitory. effect. of. serine. protease. inhibitors. on.
D1.fragmentation.in.various.types.of.isolated.PSII.complex.led.to.the.proposal.that.
either.the.inner.antenna.CP43.(Salter.et al..1992).or.the.RC.complex.consisting.of.D1,.
D2,.and.additional.small.polypeptides.(Shipton.and.Barber.1991).possesses.a.serine.
protease. activity. participating. in. D1. degradation.. However,. later. it. appeared. that.
the.fragments.detected.in.many.in vitro.studies.may.represent.products.of.chemical.
cleavage.caused.by.the.direct.action.of.reactive.oxygen.species.(ROS).rather.than.the.
result.of.enzymatic.proteolysis.(Miyao.et al..1995;.Lupínková.and.Komenda.2004)..
Therefore,.attention.has.switched.more.recently.to.the.analysis.of.physiologically.rel-
evant.proteases.and,.in.particular,.homologues.of.the.HtrA/DegP.and.FtsH.bacterial.
proteases.that.are.present.in.cyanobacteria.and.chloroplasts.(Adam.1996).

Initially,.an.ATP-independent.Deg-type.serine.protease.(Deg2).was.proposed.to.
be.responsible.for.the.initial.cleavage.of.damaged.D1,.in.the.loop.between.the.fourth.
and.fifth.transmembrane.helix,.leading.to.the.generation.of.a.23.kDa.N-terminal.D1.
fragment.(Haussühl.et al..2001).that.had.been.detected.both.in vitro.(De.Las.Rivas.
et al..1992;.Salter.et al..1992).and.in vivo.(Greenberg.et al..1987)..Subsequent.pro-
teolysis.of.the.breakdown.fragments.was.proposed.to.be.catalyzed.by.an.FtsH-type.
protease.based.on.the.dependence.of.its.degradation.on.the.presence.of.ATP.and.Zn.
ions.(Lindahl.et al..2000)..However,.later.studies.cast.doubts.upon.the.strict.coop-
eration.of.DegP.and.FtsH.during.D1.degradation.as.inactivation.of.the.ftsH2.gene.
in.the.cyanobacterium.Synechocystis.6803.(Silva.et al..2003;.Komenda.et al..2006).
led. to. the. strong. inhibition.of.D1.degradation.while.no. such.effect.was.observed.
after.inactivation.of.all.three.genes.coding.for.Deg.proteases.(Barker.et al..2006)..
Moreover,.a.mutant. lacking.FtsH2.showed.stabilization.of.damaged.D1.protein,.
and.no.evidence.of.fragmentation,.despite.loss.of.PSII.function..This.has.led.to.the.
present.prevailing.opinion.that.FtsH.homologues.are.the.primary.candidates.for.the.
enigmatic.D1-degrading.protease.

The.genome.of.the.model.plant.Arabidopsis thaliana.contains.a.number.of.FtsH-
related.genes.and.two.of.them,.FtsH2.(yellow.variegated.2.or.VAR2;.Bailey.et al..
2002).and.FtsH5.(VAR1;.Sakamoto.et al..2002).have.also.been.found.to.be.important.
for.D1.degradation.in.analogy.to.the.effect.of.the.ftsH2.deletion.in.the.cyanobacte-
rium.Synechocystis.6803.

In.chloroplasts,.there.have.been.a.number.of.suggestions.that.Deg.proteases.play.
a.physiological.role.in.D1.degradation.(Edelman.and.Mattoo.2008;.Huesgen.et al..
2009)..Chloroplast.of.Arabidopsis.contains.a.set.of.Deg.proteases.with.Deg2.and.
Deg7.being.present.in.the.stroma.and.Deg1,.Deg5,.and.Deg8.in.the.lumen..Deg2.is.
able.to.cleave.the.D1.protein.in.isolated.thylakoids.giving.rise.to.the.aforementioned.
N-terminal.23-kDa.fragment.(Haussühl.et al..2001).but.in vivo.is.not.essential.for.D1.
degradation.(Huesgen.et al..2006)..Neither.the.lumenal.Deg5.and/or.Deg8,.nor.the.
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stromal.Deg7.proteases.are.required.for.D1.degradation.under.standard.growth.light.
conditions.(Sun.et al..2007,.2010a),.Nevertheless,.under.high.irradiance.D1.degrada-
tion.is.slowed.down.in.deg5/deg8.or.deg7.mutants.which.at.first.sight.would.indicate.
that.under.extreme.conditions.when.the.FtsH-mediated.pathway.of.D1.degradation.
is.insufficient,.Deg5,.Deg7,.and.Deg8.may.additionally.help.to.cope.with.high.levels.
of.PSII.damage..However,.the.data.currently.available.do.not.exclude.an.indirect.role.
for.these.proteases.in.D1.replacement,.such.as.ensuring.that.sufficient.ATP.is.avail-
able..The.remaining.lumenal.protease.Deg1.has.also.been.suggested.to.participate.
in.D1.degradation.(Kapri-Pardes.et al..2007),.but.more.recent.data.showed.that.D1.
turnover.was.relatively.unaffected.in.its.absence;.instead,.Deg1.appears.to.be.impor-
tant.for.PSII.assembly.via.an.interaction.with.the.D2.protein.(Sun.et al..2010b)..In.
summary,.the.current.mutant.data.support.the.view.that.the.chloroplast.Deg.prote-
ases.are.not.essential.for.D1.degradation.in vivo.but.might.play.an.auxiliary.role.at.
higher.light.intensities,.possibly.cleaving.interhelical.loops,.to.facilitate.and.acceler-
ate.the.FtsH-mediated.processive.degradation.of.D1.

1.4.3  MeChanISM of D1 ReplaCeMent anD ItS DynaMICS

FtsH.homologues.in.cyanobacteria.and.chloroplasts.are.predicted.to.have.two.trans-
membrane.helices.close.to.the.N-terminus,.connected.by.a.lumenal.loop,.followed.
by. an. AAA+. (ATPase. associated. with. diverse. cellular. activities). module. and. a.
Zn2+-metalloproteinase.domain.both.exposed.to.the.stroma/cytoplasm.(Nixon.et al..
2005).. Studies. in. non-photosynthetic. systems. suggest. that. FtsH. subunits. are. able.
to.assemble.into.either.homo/hexameric.complexes.or.hetero/hexameric.complexes.
consisting.of.two.types.of.subunit,.with.the.N-terminal.region.of.FtsH.important.for.
oligomerization..The.FtsH.complex.is.hypothesized.to.use.ATP.hydrolysis. to.pull.
target. membrane. protein. substrates. into. an. inner. cavity. where. proteolysis. occurs.
(Langer.2000)..The.FtsH-mediated.proteolysis.of.membrane.proteins.in.Escherichia 
coli.most.frequently.starts.from.either.the.N-.or.C-terminus.and.continues.in.a.pro-
cessive.way.without.generation.of.large.polypeptide.fragments.(Chiba.et al..2002)..
Alternatively,. FtsH. can. also. cleave. in. membrane-exposed. protein. loops. and. pro-
cessively.degrade.the.resulting.fragments.(Okuno.et al..2006)..With.the.proteolytic.
cavity.exposed.to.the.cytoplasmic/stromal.side,.the.most.attractive.FtsH.targets.in.
the.D1.structure.are.the.long.N-terminus.and.the.loop.between.the.fourth.and.fifth.
transmembrane.helix.(Ferreira.et al..2004)..Proteolysis.from.the.N-terminus.is.par-
ticularly.attractive,.as. this.part.of. the.protein.protrudes.from.the.overall.structure.
of.the.complex.and.is.sufficiently.long.to.be.attacked.by.FtsH..Indeed,.a.cyanobac-
terial.D1.protein. lacking. the.first.20.amino.acid.residues. is.degraded.very.slowly.
(Komenda. et  al.. 2007b),. whereas. mutants. lacking. most. of. the. large. stromal. part.
between.the.fourth.and.fifth.transmembrane.helix.of.D1.still.maintains.a.fast.rate.of.
its.degradation.(Nixon.et al..1995;.Mulo.et al..1997)..Moreover,.D1.degradation.from.
the.N-terminus.might.explain.why.N-terminal.phosphorylation.of.D1.in.chloroplasts.
affects.its.degradation.rate.(Koivuniemi.et al..1995).

After. removal.of.damaged.D1.protein,. insertion.of. the.new.D1.molecule.must.
occur.promptly.to.minimize.the.time.when.the.complex.is.disassembled.and.when.
the.probability.of.ROS.generation. is. increased..Therefore,. it. is. important. that. the.
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new.D1.copy.or.a.synthesis.intermediate.is.available.for.insertion.after.the.degrada-
tion.of. the.“old”.D1..Data.from.isolated.chloroplasts. indicate.that. the.insertion.of.
the.new.D1.copy.into.the.D1-less.PSII.subcomplex.occurs.cotranslationally.(Zhang.
and.Aro.2002)..On.the.other.hand,.the.observation.that.cyanobacterial.mutants.with.
inhibited.D1.degradation. (due. to. the.absence.of. the.FtsH2.protease.or.due. to. the.
N-terminal.truncation.of.D1;.Komenda.et al..2006,.2007b).accumulate.unassembled.
full-length.D1.protein.rather.speaks.for.the.quick.posttranslational.integration.of.the.
whole.protein.into.the.complex,.although.cotranslational.insertion.in.wild.type.can-
not.be.totally.excluded.

Degradation.of.damaged.D1.and.insertion.of. the.new.D1.protein. into. the.PSII.
complex.are.highly.coordinated.processes. that.seem.to.stimulate.each.other..This.
has.been.well.documented.in.cyanobacteria.where.it.has.been.shown.that.ongoing.
D1.synthesis.is.necessary.for.the.maximal.rate.of.the.D1.degradation.(Komenda.and.
Barber.1995;.Komenda.et al..2000),.and.that.mutants.displaying.a.high.rate.of.D1.
degradation,. for. instance,. those. with. an. impaired. oxygen-evolving. complex,. also.
stimulate.the.synthesis.of.D1.(Komenda.et al..2010)..The.mechanism.of.this.synchro-
nization.remains.unclear.

The.cyanobacterial.photosynthetic.membrane.complexes.are.located.in.thylakoid.
membranes. that.usually. form.several. concentric. layers.more.or. less.parallel.with.
the.cellular.surface..The.synthesis.of.D1.occurs.on.ribosomes.bound.to.membranes.
but.it.is.not.clear.yet.if.these.are.regular.thylakoids,.a.specific.subpopulation.of.thy-
lakoids,. or. even. cytoplasmic. membranes.. Nickelsen. and. colleagues. have. recently.
proposed.a.model.in.which.PSII.biogenesis.occurs.in.specific,.so-called.intermediate.
membranes.that.are.in.contact.with.both.the.thylakoid.and.cytoplasmic.membranes.
(Nickelsen. et  al.. 2010).. These. membranes. might. be. identical. to. the. so-called.
“thylakoid.centers”.identified.by.electron.microscopy.in.proximity.of.the.cytoplas-
mic.membrane.(Kunkel.1982;.van.de.Meene.et al..2006)..These.centers.may.repre-
sent.the.site.of.not.only.PSII.assembly.but.also.PSII.repair..If.so,.PSII.complexes.in.
need.of.repair.would.have.to.migrate.to.this.region.of.the.membrane.or.into.its.vicin-
ity..However,.there.are.currently.no.compelling.data.to.confirm.this.movement..PSII.
seems.to.be.unusually.immobile.as.suggested.by.“fluorescence.recovery.after.pho-
tobleaching”.(FRAP).studies.and.only.strong.light.of.specific.wavelength.induced.
some.rearrangement.of.the.complex.(Sarcina.et al..2006).

The.dynamics.of.PSII. repair. is.potentially.even.more.complicated. in.higher.
plants..PSII.dimers.and.its.associated.light-harvesting.system.are.located.in.semi-
ordered.arrays.within.the.appressed.membranes.of.the.granal.stacks.(Dekker.and.
Boekema.2005),.which.poses.logistical.problems.for.access.of.the.FtsH.protease.
to.damaged.D1.during.PSII.repair..Current.models.suggest.that.phosphorylation.
of.light-harvesting.proteins.and.PSII.core.proteins,.including.D1,.facilitates.PSII.
repair.by.enhancing.the.mobility.of.damaged.PSII.complexes.within.the.appressed.
membranes.to.allow.migration.to.the.granal.margins.where.PSII.repair.is.likely.to.
occur.(Tikkanen.et al..2008;.Fristedt.et al..2009;.Goral.et al..2010;.Yoshioka.et al..
2010)..Whether.D1.phosphorylation.at.the.N-terminus.plays.a.role.in.the.synchro-
nization. of. D1. degradation. and. synthesis. (Rintamäki. et  al.. 1996). is. currently.
unclear.as.higher.plant.mutants.specifically.lacking.this.phosphorylation.site.have.
not.yet.been.studied..In.the.case.of.cyanobacteria,.D1.is.not.phosphorylated,.even.
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though.the.phosphorylatable.threonine.residue.is.conserved,.consistent.with.the.
idea. that.phosphorylation. is.a.specific.adaptation.associated.with. the.formation.
of.grana.

1.4.4  fate of CofaCtoRS DuRIng D1 ReplaCeMent

The.degradation.of.damaged.D1.protein.is.accompanied.by.the.release.of.cofactors.
such.as.Chls,.Cars,.quinones,.and.ions.from.the.Mn4Ca.cluster,.which.then.have.to.
rebind.again.during,.or.soon.after,. the. insertion.of. the.newly.synthesized.protein..
However,.it.is.not.known.to.what.extent.the.cofactors.present.in.the.freshly.repaired.
PSII.are.identical.to.the.released.ones.and.to.what.extent.they.are.replaced.by.the.
new,. externally.delivered.ones.. If. the. cofactors. are. to.be. reused,. the. replacement.
process.must.occur.in.the.vicinity.of.transient.carriers.that.are.able.to.immediately.
catch.them.and.promptly.deliver.to.the.newly.repaired.PSII.complex..Alternatively,.
the.replacement.of.D1.may.occur.without.assistance.of.carriers.in.a.compartment.
with.high. local.concentration.of. the.cofactors.due. to. their.effective. transport. into.
a.spatially.separated.compartment.in.which.the.cofactors.may.quickly.bind.to.the.
newly.synthesized.D1.protein.as.soon.as.it.is.synthesized..Such.a.compartment.may.
represent.the.aforementioned.thylakoid.centers..However,.the.high.local.concentra-
tion.model.cannot.apply.to.Chl.molecules.as.their.permanent.binding.to.proteins.is.
essential. for.preventing.generation.of. reactive. singlet.oxygen,.which.occurs.when.
Chl.remains.free..The.newly.synthesized.or.released.Chl.molecules.must.therefore.
immediately.be.bound. to. transient. carriers.or. to. their.permanent.binding. sites. in.
the.Chl-binding.proteins. including. the.D1.protein..The. candidates. for. the. carrier.
function. in. cyanobacteria. are. the. so-called. high. light–induced. proteins. (HLIPS).
(Dolganov.et al..1995),.which.are.also.termed.small.CAB-like.proteins.(SCPs).(Funk.
and.Vermaas.1999)..They.belong.to.a.large.family.of.proteins,.which.in.plants.par-
ticipate.in.light.harvesting.(e.g.,.LHCII).as.well.as.in.protection.against.excessive.
light.(e.g.,.the.PsbS.subunit)..All.HLIPs.identified.in.Synechocystis.6803.contain.a.
putative.Chl-binding.site.similar.to.that.found.in.plant. light-harvesting.complexes.
(Funk.and.Vermaas.1999).and.are.predicted.to.contain.carotenoids.(Xu.et al..2004)..
Recent.data.on. the.biogenesis.of. the. inner.PSII.antennae,.CP43.and.CP47,. in. the.
cyanobacterium.Synechocystis. 6803. show. that.binding.of.Chls. and.Cars. to. these.
apoproteins.is.able.to.occur.before.incorporation.of.CP47.and.CP43.into.larger.com-
plexes. during. PSII. assembly. (Boehm. et  al.. 2011).. It. seems. reasonable. to. assume.
that.binding.of.pigments.occurs.during.or.very.soon.after.translation.of.the.corre-
sponding.protein.but.convincing.experimental.evidence.is.still.missing..This.binding.
should.occur.immediately.after.release.of.the.Chl.molecule.from.the.last.enzymes.of.
the.Chl.biosynthesis.pathway.or.there.might.be.a.transient.Chl.carrier(s).that.deliver.
it.to.the.correct.protein.in.the.membrane..There.is.no.information.about.whether.the.
newly.synthesized.D1.protein.already.contains.Chl.bound.when.it.is.either.inserted.
into.the.D1-less.RC47.complex.or.binds.to.the.D2.protein.during.formation.of.new.
RC.subcomplexes.

Assembly.of.the.Mn4Ca.cluster.requires.light.to.drive.the.photooxidation.of.Mn2+.
ions. in.a.process.known.as.photoactivation. (reviewed.by.Burnap.2004;.Dasgupta.
et al..2008)..The.fact.that.D1.provides.amino.acid.ligands.to.all.four.Mn.ions.and.
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the.Ca.ion.means.that.the.cluster.must.be.assembled.de.novo.following.selective.D1.
replacement.during.PSII.repair..Early.kinetic.models.have.suggested.a.two.quantum.
mechanism.for.photoactivation.in.which.an.Mn2+.ion.binds.at.a.high-affinity.site.in.
an.Mn-depleted.PSII.complex.and.is.oxidized.by.turnover.of.the.PSII.RC,.follow-
ing.absorption.of.the.first.photon,.to.generate.an.unstable.Mn3+.state..After.a.dark.
step,.thought.to.involve.some.sort.of.structural.rearrangement,.a.second.Mn2+.ion.is.
photooxidized.by.turnover.of.the.PSII.RC.following.absorption.of.the.second.photon.
to.give.a.relatively.stable.binuclear.Mn.center.(Tamura.and.Cheniae.1987;.Zaltsman.
et al..1997).with.an.oxidation.state.equivalent.to.a.super-reduced.S.state.equivalent.
to.S−3.(Burnap.2004)..Binding.and.oxidation.of. two.further.Mn2+.by.the.PSII.RC.
leads.to.an.Mn4.cluster.with.oxidation.state.(III,.III,.IV,.IV).in.the.dark-stable.S1.state.
(Kulik.et al..2007)..Mutant.studies.indicate.that.the.Mn.ion.ligated.by.D1-Asp170.and.
D1-Glu333.in.the.crystal.structure.(Figure.1.2B).is.the.first.one.that.is.bound.and.oxi-
dized.during.photoactivation.(Nixon.and.Diner.1992;.Cohen.et al..2007).and.that.the.
C-terminal.region.of.D1.is.already.folded.back.close.to.D1-Asp170.in.the.absence.of.
bound.Mn.(Cohen.et al..2007)..Although.assembly.of.the.Mn4Ca.cluster.can.occur.in 
vitro,.it.is.likely.that.assembly.in vivo.is.highly.regulated.to.minimize.photodamage..
This.could.include.the.participation.of.“assembly.factors”.to.deliver.Mn2+.to.PSII,.
and.auxiliary.proteins.to.synchronize.C-terminal.processing.of.D1,.photoactivation.
of.the.cluster,.and.attachment.of.the.lumenal.extrinsic.proteins..Indeed,.the.recently.
discovered.Psb27.protein.would.appear.to.play.such.a.regulatory.role,.although.the.
mechanism.is.currently.unclear.(Roose.and.Pakrasi.2008).

1.5 CONCLUSIONS AND PERSPECTIVES

Relatively.little.is.known.about.how.multisubunit.membrane.proteins.are.repaired.
following. damage. (Daley. 2008).. The. relatively. high. rates. of. damage. and. repair.
observed. with. PSII. make. it. an. excellent. system. to. study. fundamental. aspects. of.
protein.recognition,.selective.protein.degradation,.and.replacement.and.insertion.of.
pigment.and.metal.cofactors..Given.that.FtsH.proteases,.which.are.considered.house-
keeping.proteases.in.the.cell,.with.broad.substrate.range,.play.such.an.important.role.
in.D1.degradation,.it.seems.likely.that.many.of.the.lessons.learned.with.PSII.might.
be.applicable.to.other.complexes.in.the.thylakoid.membrane.

A.combination.of.molecular.biology.and.biochemistry.has. identified.a.number.
of.auxiliary.proteins.that.are.important.for.PSII.repair.(Nixon.et al..2010)..The.next.
challenge.will.be.to.determine.when.and.where.they.act.in.the.PSII.repair.cycle.and.
how.they.engage.with.PSII..It.should.even.be.possible,.with.the.appropriate.genetic.
background,.to.isolate.PSII.repair.complexes.for.detailed.structural.studies.and.so.
gain.insights.at.the.sub-nano.level.
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