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Spektrum slunecniho zareni

0.2-2 mE m2 s-! = 1020-102! fotoni m-2 s-!

oxygenni

Solar spectral irradiance
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Proc antény?
0.2-2 mE m2 s-! = 1020-102! fotoni m-2 s-!

Uginny priiFez molekuly chlorofylu: ~1 A2

1-10 fotoni Chl-! s-! o 5
Zvyseni intenzity az 102-10¢




Chlorofyly

¢1 X: CHy-CHs
¢2 X: CH=CH,
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Chlorofyl a,b,d

Chlorophyll a Chlorophyll b |Chlorophyll ¢1|Chlorophyll c2| Chlorophyll d Chlorophyll f
Molecular formula| CssHy20sMsMg CessHroOeMasMg CasHagOsMaMg | CasHzgOsMalMg  CsaHroOsMaMg CasHrgOsMaMg
C2 group -CHa -CHa -CHa -CHa -CHa -CHO
C3 group -CH=CHz -CH=CHz -CH=CHz -CH=CHz -CHO -CH=CHz
CT group -CHs3 -CHO -CHs -CHs -CHs -CH3
C8 group -CH2CHa -CHzCH3 -CHz2CHa -CH=CHz -CHzCH3 -CHzCHa
CAT group -CH2CHzCO0O-Phytyl| -CHzCHzCOO-Phytyl | -CH=CHCOOH -CH=CHCOOH |-CHzCHzCOO-Phytyl -CHzCH2COO-Phytyl
CAT-C18 band (Sc:iljn} (Sclslil;?n} ([;?:Ur;irrin} E;:u?:uur;irrin} (Scquﬁalﬁn} i:ﬁ:l?in}

Cccurrence Universal Mostly plants Various algae |Various algae |Cyanobacteria Cyanobacteria



Spektroskopie chlorofyld
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Intenzita absorpcénich pasu je dana dipélovym momentem prechodu

Polohy absorpénich past dany interakci s prostredim



Bakteriochlorofyly

Chlorofyl

Bakteriochlorofyl

Fameasy O

Bakteriochlorofyl - a Ba‘“’i;l’;:':ml’h?“b bactaricchlorophyll ¢, d, @ core structura



Spektroskopie bakteriochlorofyli

. |Q_ |Soret
R e q, BChl-a 770 365
BChl-b 795 375
ﬂ BChl-c 665 435
BChl-d 655 425
) BChl-e 655 470
> BChl-g 765 365
IR SAY N

— —
350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Dvé skupiny:
a, b, g obsahuji C-C vazbu mezi uhliky 7 a 8
c, d, e obsahuji C=C vazbu mezi uhliky 7 a 8




Karotenoidy
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-carotene Zeaxanthin
Izolovdn v roce 1831 Izolovdn v roce 1837
Karoteny (uhlovodiky) Xantofyly (obsahuiji kyslik)

Znacna variabilita, dosud popsano pfriblizné 1000 riznych karotenoidl
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Syntetizovany pouze rostlinami a mikroorganismy, celkova produkce ~108 tun rocné

Moran & Jarvik, Science 2010 — mSice se syntézou karotenoid{!



Spektroskopie karotenoidy

- T S2
—_—
50-200 fs
— e e =V - S,
0.5-100 ps
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350 400 450 500 550
Wavelength (nm)

Prirodni barviva, silné absorbuji v modro-zelené oblasti spektra
Na rozdil od jinych barviv, nemaji témér zddnou emisi (O < 104)

Zakazany excitovany stav lezici nize nez absorbujici energeticky stav
Schulten & Karplus, Chem. Phys. Lett. 1972, 14, 305.



Excitované stavy Karotenoidd
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Fykobiliny

?OOH C|:OOH Fykocyanobilin

 Chlorophyll b . Phycoerythrin
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CH, Cl:H2
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p-Carotene

Absorption

Fykobiliny jsou pigmenty specifickych proteinu, fykobiliproteinu,
které tvori anténni komplexy sinic - fykobilisomy

Absorbuji zejména v oblasti 500-650 nm, tj. v oblasti kde chlorofyly
ani karotenoidy neabsorbuji



Absorpcni pdsy

Lambert-Beerv zakon ~ A(A1)= logll—o = log% =Ce(A)l

1, — intenzita pred vzorkem, I — intenzita za vzorkem,
[ — opticka draha ve vzorku, C — koncentrace, ¢ — extinkéni koeficient




Absorpce, sila oscildatoru a dipolovy moment
prechodu
_degym,c’Inl0

Sila oscilatoru pfechodu m-n:  f,, = N o2 - 4=4319%10°M.cm* 4
Ae

Pro Gaussovsky absorpCni pas polosirky 7”s extinkCnim koeficientem v
maximu ¢, plati

€

max

o g, I

£ =4319%10 =6.784x107%¢ T

~— Souvislost sily oscilatoru s dipolovym
momentem prechodu:

2

£ =4702x107"v_|u

Uzite€ny vztah e T
(vypoéet dipélového momentu K [D] — (.12 [Zmax
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Jednotky: u — Debye
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Typy prechodu
ZAarivé vs. nezarivé

Energie uvolnénd jako foton = zarivy prechod

— \
. v , 2 3 v / /
Spinové povoleny g | - Spinove zakazany
fluorescence i

% fosforescence
2
— 5 T,

Spmoyel povoleny | ¥
Vibraéni relaxace S,} v
Vnitrni konverze

Spinové zakdzany
Intfersystem crossing

T

Energie disipovdna do prostredi = nezdrivé prechody




Doby Zivota excitovanych stavi

II|I§

T

Transition

S(n) => S(1)
(1) => 8(1)
5(1) == S(0)
S(1) => T(1)
S(1) => S(0)
T(1) => 8(0)

T(1) => S(0)

S(0) => (1) or S(n)

T,

[a¥]=[a%]., exp(—gj

Process

Absorption (Excitation)

Internal Conversion

Vibrational Relaxation

Fluorescence

Intersystem Crossing

Non-Radiative Relaxation
Quenching

Phosphorescence

Non-Radiative Relaxation
Quenching

-2 [a¥]=k [

J !

Rate Constant

Instantaneous

k(ic)
k{vr)

k(f) or T
k(pT)

k(nr), k{q)
k(p)

k{nr}, k{qT)

Time

Timescale
(Seconds)

10718
10-14 to 1010

10712 to 10710
10°% to 10°7
10" ¢0 108

107 to 10°3
10-2 to 100

102 to 100




Souhrn

Jablonski Energy Diagram
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Prenos energie

N =
Qx

~
QY

Excitovany stav urcitého pigmentu (donor) preda energii jinému
pigmentu (akceptor)
Car-Chl, Chl-Chl, Chl-Car, Phyco-Chl

Energie excitovaného stavu akceptoru musi byt mensi (nebo
maximalné stejna) nez energie donoru



Prekryvovy integral

Emisni spektrum donoru se musi prekryvat s absorpénim spektrem
akceptoru (zakon zachovani energie)

Donor J(A) Acceptor
fluorescence absorption

Wavelength (1)

_I Fye,(vydv o I F,(A)e, (M)A dv

J(V)_ IFD(V)V4dV IFD(ﬂ“)dV



Férster Mechanismy prenosu energie Dexter

Dipélovd (Coulombickd) interakce Vyména elektroni
D A D A D A D A
. e Rychlost R .
; {— prenosu energie: — ;

—> _1 2 _____ — >
$ ‘1, T =aV°J < ‘1, _‘N’
V - interakcni Clen
V . ,UD,UA Z J - prekryvovy integral V - —R/2L
F=C 3 R - vzdalenost donor-akceptor D~ e
R vy - orientaéni faktor
Stiedni vzddlenosti (10-100 A) L - souvisi s prekryvem orbitall  Malé vzdélenosti (<10 A)

Malé dipdly

Stredni velikosti dipéli v :
Zmena spinu

Beze zmeény spinu

Excitonova interakce:

UZ nelze mluvit o
donoru a akceptoru,
diky excitonové
interakci se chovaji
jako jedna molekula

Malé vzdalenosti, Velké dipdly



Priklady mechanismi (anténa purpurovych baktérii,

B800-B850: Forsteriiv prenos, vzddlenost ~ 204, relativné silné dipély, singlet-singlet
B850-B850: excitonova interakce, vzdélenost 5-6 A, silné dipoly

Car-B850: modifikovany Forster (problém se zakazanymi stavy, akceptor jako exciton)
Pokud se BCcl B850 dostane do tripletniho stavu, dochazi ke zhdseni tripletd triplet-
tripletni prenosem mezi B850 a karotenoidem: Dexteriv prenos, zanedbatelny dipél,
maléd vzdadlenost, spinové zakdzany



Mereni prenosu energie
Excitace

Sonda A

Zpozdeéni
1ps=0.3mm t

0 fs 500 fs 3 000 fs 50 000 fs




Mereni prenosu energie

ESA - excited state absorption
BL - bleaching

500 550 600 650 700 750
Wavelength (nm)

Obecné mozné vyuzit k sledovani jakéhokoliv procesu za predpokladu,
Ze vychozi molekula/produkt maji rozumné definované spektrum

Casova $kala: b0 fsaz 1 ns



Mereni prenosu energie
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Phycobilisome
structure

Thylakoid
memprane

B800 ~B850
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Taxonomie antéen

|
Chiomsams

?

Grean sulphur

Karmaare
bacteria B
Prokaryota | Purple bacteria m
with Phycohiksare
no chloroplast
Cyanobacteria . t
e @8 8@
(prochlorophyta)
Frrpoobl soma
Eukaryota
Rl
with odophyta m
chloroplasts

i 008 008




Anténni systém fotosystému IT

LT PG

Nield et al. Nature 2000

Anténni pigmenty/RC:

99 Chlorofyld
71 Chl-a + 28 Chl-b
25 Karotenoidu

LHCII 24a + 18b

CP29 6a + 2b
CP26 6a + 3b
CP24 Ba + bb
CP43 14a
CP47 16a

Liuv et al. Nature 2004 (LHCII, CP43+47)
Roberto Bassi's group (CP29, 26, 24)



LHCII Trimer

Liu et al. Nature 2004



PSII vnitrni anténa (CP43 a CP47)

Strama

Ferreira et al. Science 2004



Absorpcni spektrum LHCIT

ooooooooo




Fotosystém I,

y Antenni pigmenty/RC:

136 Chlorofylua (96 Core)
126 Chl-a + 10 Chl-b
34 Karotenoidu (22 Core)

_hcal 8a + 2b
_hca?2 6.5a + 3.5b
_hca3 8.5a + 1.5b
_hca4 7a + 3b

Lhca proteiny tvori vnéjsi anténu - pouze u eukaryot

Ben-Shen et al., Nature 2003



Absorpcni spektrum PS I

I ! I ' 1

OD {A.U)

Spiruling PSI monomers

Absorption

..........................

Spiruking P31 Inmers

Maire PSS core
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350 400 450 500 550 600 650 YOO VS0

550 E75 700 725
Wavalangth {nm}

750 775 wavelength (nm)

.Cervené" chlorofyly - k éemu jsou dobré?

Gobets et al. BBA 2001, Casteletti et al. Biochemistry 2003



Fotosyntéza ve vode
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Peridinin chlorofyl/-a protein (PCP)

Vnéjsi anténa pripojend na stromatalni strané tylakoidni membrany



PCP spektrum

r 2 Chl-a
Chl-a / 8 carotenoids
p / Chl/Car = 1:4
2
2
| /
Chl-a
Chl-a
_ )\
400 500 600 700

Wavelength (nm)



LHC of PSII from Amphidinium

8 Chl-a + 2 Chl-c
| ©Chha Chlc 8 carotenoids
/// Chl/Car = 5:4
/ Chl/Car = 7:2 (LHCII)
' _ Chl-a
Per/Dia )
2
Per /
Chl-a/Chl-c /
400 | 4é0 | 5CI)O | 5é0 | 6(I)0 | GéO | O

Wavelength (nm)



Fykobilisomy sinic

Phycobilisome

- Phycoerythrin
structure

 Chlorophyll b ._Phycoerythrin i

Chlorophyll a

. p-Carotene /

Absorption

350 300 350 400 450 550 600 650 700
Viclet Blue Green  Yellow Red

Wavelength (nm)



Vodni sloupec zeslabuje intenzitu svetia

Table 1. Attenuation (as a percentage of surface irradiance) of photosynthetically active radiation, conductivity, temperature, and approximate
upper or lower plant zonal limits.

Depth dugfiggty : Tem- Radiation Light
(m) (p,ml;o / pc?él)sre (WE m~2 sec™ ) alttti:glllla Zonal limits
cm?)
0 553 29.1 1560.00 to i1700.00 100.00
37 554 299 208.00 to 238.00 14.92
7t 54.6 29.0 19.05 to 21.59 1.27
83 53.5 25.8 13.35 to 15.13 0.89 Lobophora, lower (88 m)
97 52.9 25.8 7.35 to 8.33 0.49
100 525 to 5.95 0.35
104 3.75 to 4,25 0.25
107 522 247 2.85 to 3.23 0.19
116 225 to  2.55 0.15 Johnson-sea-linkia, upper (113 m)
128 51.7 24.6 1.35 to  1.53 0.09
134 1.20 to 1.36 0.08 - Halimeda, lower (130 m)
137 51.4 - 23.6 075 to 0.85 0.05 Palmelloid green, Johnson-sea-linkia, lower (157 m)
Peyssonnelia, lower (189 m)
210 48 4 20.6 0.013 to 0.015* 0.0009* Ostreobium, lower (210 m)
268 47.2 19.0 0.007 to  0.009* 0.0005* Crustose coralline, lower (268 m)

*Extrapolated from the attenuation plot.

Na povrchu: ~10 photons Chi-! s-!

40 m: ~1 photon Chl-! s-1
110 m: ~0.1 photon Chl-! s-1
210 m: ~3.5 photons Chl-! hour-!

Jak prezivaji organismy ve velkych hloubkach?



Deepest Known Plant Life Discovered on an 5 fra feg ie Pf' i niz k em os VifU

Uncharted Seamount

Abstract. The discovery of abundant autotrophic macrophytes living below 200 ,
meters indicates their importance to primary productivity, food webs, sedimentary FO"'OSYnTeZCl Za fmy
processes, and as reef builders in clear oceanic waters. Estimates concerning 268 m pOd hladinou moFe
minimum light levels for macroalgal photosynthesis and macrophytic contributions
to the biology and geology of tropical insular and continental borderlands must now
be revised.

Littler et al. Nature 1985

Cover (%)
Cover {%)

Fig. 2. Distribution and abundance patterns of the major plant cover.



Strategie za nizkého osvetleni S5120

1. ZvySeni poméru Chl-b/Chl-a (zvySeni
iéinného prirezu v maximu spektra
slunecniho zéarenti)

2. Syntéza Chl-a, and Chl-b, (divinyl —
Chl-a, Chl-b, lepsi pokryti v maximu 400 s00 600 700

spektra slunecniho zareni) wavelength (nm)
Arabian Sea Eastern Tropical North Pacific
Cell Valume [um?) Chl a,por cell & Chi by la, Ced Valuma (am?) Chi a, per cell & Chl b, /a,
b 0z 04 05 08 0 02 4 & 8 6 @85 1 15 2 0 1 2 3 4 8
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Pridavné antény u prochlorofyt

Prochlorococcus $5120
Bibby et al., Nature 2001

18 kopii Pcb proteinu kolem PSI prida
270 molekul chlorofylu, ¢imz se znasobi
svétlosbérna kapacita PST

Prochlorotrix hollandica
Bumba et al., BBA 2005



Chlorosomy zelenych sirnych baktérii

y z/
lamellar BChi ¢ S
aggregates~—__

-\\ e

chlorsome

s —
envelope ~._ " -
Y (
:

/EChI & mntammg
fz’ baseplate —

. PSencik et al. Biophys. J. 2004
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S . %P5 7 PscA} o
BChla & Fx Al

Cytachrame ¢ parmphex

i
Frigaard et al. Photosynth. Res. 2003 sl ]

Cytochrome ¢ complex

6 ’ Ve "
10° anteénnich molekul na RC! Frigaard et al. J. Bacteriol. 2002



Absorption spectra of chlorosomes

Absorpcni spektra chlorosomi

Absorbance (a.u.)
© o o =
N (o] (0] o
1 " 1 " 1 1

o
N
1 A

o
o

= Chlorobium tepidum (BChl ¢)
= Chlorobium phaeobacterioides (BChl e)

400 500 600 700 800

Wavelenght [nm]

0.5 F
—T=6K
2 - T=298K
5ol
Z
0.1 |
1 |
400 800
wavelen {(nm)

Chl-g, Neerken BBA 2001

Absorbance

0.6

0.5

0.4

0.3

0.2

0.1

0.0 | | | |

300 400 500 600 70O 8OO 900

Wavelength / nm
BChl-c (solid), BChl-d (broken), Saga 2004

Solar spectral irradiance

...... : 0
300 400 500 600 700 800 900 1000 1100 1200




1.6

Extrémni fotosyntéza

An obligately photosynthetic bacterial anaerobe
from a deep-sea hydrothermal vent

J. Thomas Beatty**, Jorg Overmann®, Michael T. Lince%, Ann K. Manske*, Andrew 5. Lang*7, Robert E. Blankenship?,
Cindy L. Van Doverl, Tracey A. Martinson?, and F. Gerald Plumley7**

sulfur compounds to reduce COz to organic carbon, and are capable

of photosynthetic growth at extremely low light intensities. \We

describe the isolation and cultivation of a previously unknown

green sulfur bacterial species from a deep-sea hydrothermal

wvent, where the only source of light is geothermal radiation that

includes wavelenaths absorbed by photosynthetic pigments of

On this cruise, we visited the East Pacific Rise, which i1s an area
of high volcanic activity with a variety of vents that support
characternistic ecosystems (2, 21). A water sample was obtained
directly from the effluent plume within 50 cm above the orifice
of the TY black smoker (2,391 m in depth; 9° 40.63" N, 104°
17.37" W), using a 1-liter capacity Niskin sampler on the ALVIN

Zelend sirna baktérie, BChl-c jako hlavni pigment




Purpurové baktérie




LHZ2 spektrum

LH2 from Rb. sphaeroides
BChl-a @

c
o |BGhl-a
g /T
o
2 Car
<

%/ BChl-a

/%‘ =77 %
400 600 700 800 900

Wavelength (nm)



Purpurové baktérie - dal do infracervené oblasti

= . . -
10 A " ;
Max 968 nm g Max 1040 nm ;
% - :
i N
{.
ﬂ-ﬂ = 1 v ¥ v | = 1 v ¥ v 1 v 3
400 S00 600 700 800 900 1000 1100 5 =
neidentifikovand purpurova baktérie,
Permentier Bioch. 2001 Wavelength {nm)
Znaéné spektrdlni posuvy zplsobené Rps. viridis, BChl-b
interakci s proteinem Monshouwer BBA 1995

770 nm v roztoku, 968 nm v proteinu
Extrémni spektradlni posuvy, specifické pro
BChl-b

790 nm v roztoku, 1040 nm v proteinu



Xanthorhodopsin

Protein z rodiny rhodopsind, coz jsou
protonové pumpy vyuzivajici svétlo jako
primadrni zdroj energie

Neni to ,typickd" fotosyntéza

Anténni funkce xanthorhodopsinu
objevena v roce 2005, struktura
vyreSena v roce 2009

Nejjednodussi dosud zndmd anténa, obsahuje jeden anténni pigment, karotenoid
salinixanthin, a jeden pigment s roli reakéniho centra - retinal



Slunecni zdareni vyuzZivané k fotosyntéze

Chlorofylové antény

Fykobilisomy

Zelené sirné baktérie

Purpurové baktérie

Solar spectral irradiance

e ; ; — T 0
300 400 500 600 700 800 900 1000 1100 1200




Umeéla fotosyntéza




Parameftry slunecniho zadreni

Solar Radiation Spectrum 5 4enf konstanta

Infrared —=

Sunlight at Top of the Atmosphere -

174 000 TW

Visible

uv

5250°C Blackbody Spectrum

Radiation at Sea Level -

Absorption Bands

ol 44 000 TW

H,0 co,
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Slunecni elektrarny

Solar IT, Mojave desert 10 MW
.Standardni" elektrdrna,
Southern California Edison 500 MW,
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Gut Erlasee Solar Park 12 MW Sr‘pq, Portugalsko 11 MW
Fotovoltaické panely Fotovoltaické panely

50 W/m?



Problém hustoty energie

1645W/m?

V pripadé jaderné flze je hustota energie zhruba 4x
vyssi nez u $tépeni (na kg paliva)



Slunecni energie - plocha pokryti
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Global need. This map shows the amount of land needed to generate 20TW with 10% efficient solar cells.




Problém toku energie

Fosilni paliva, jaderné palivo, geotermdlni, biomasa, priliv

Voda, slunce, vitr

Nutno zdlohovat vyrobu energie jinymi zdroji

VyuZit obnovitelnych zdroju k vyrobé skladovatelné formy
energie - paliva

Uméla fotosyntéza




Fotosyntéza
Primarni zdroj energie v biosfére

Atmosféricky ‘v | Atmosféricky
kyslik Y Ucinnost ~0.2% oxid uhligity



Umela fotosyntéza

* Napodobeni a modifikace
prirodnich déju

- Cisty a obnovitelny zdroj
energie

+ Zatim technologicky
nedostupny

Jules Verne, 1875

2H,0 --> 4H* + 4e- + O, --> 2H, + O,
uméld fotosyntéza vodiku a kysliku



Fotosystém II - prenos elektronu

+ P680 - tzv. primarni donor,
chlorofyl-a, maximum
absorpce 680 nm

* Ph - pheophytin, prvni
akceptor elektronu

* Q. Q - chinony,
sekunddrni akceptory

elektronu
* Tyr - tyrosin, posledni
prenasec elektronu na
i + B donorové strané

24
* Mn - manganovy klastr

b

Photosystem Il

Ferreira et al., Science 2004



Jak napodobit prirodni procesy

prirodni LIGHT
§
2H-0 : : — CO;
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Zdroj: Swedish Consortium for Artificial Photosynthesis



Prirodni vs. uméla fotosyntéza

Ruthenium tris-bipyridyl:

Tyrosin:
Manganovy komplex:
Akceptor:

Acceptor

primarni donor, fotochemicky stabilni,
snadno chemicky modifikovatelny
intermedidlni prenasec elektronu
oxidace vody

napr. TiO,

Zdroj: Swedish Consortium for Artificial Photosynthesis



Modely umeélého reakcniho centra
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Borgstrom, JACS 2005 Huang, JACS 2002

Zatim neexistuje systém
schopny ucinného Stépeni vody pomoci svétla
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® o ¢® Porfyrinové dendrimery
Abs. 400-450, 520-630
Velky ucinny prirez

Max Crossley, University of Sydney



Umélé anténni systémy

Komplexy prechodovych kovd (Ru, Os)
Abs. 400-700 nm
Nizky ucinny priarez, rychly prenos energie

Sebastiano Campagna, University of Messina



Funkcni problémy

Acceptor

Problém struktury

Pritomnost proteinu jako nosné struktury zabranuje tvorbé izomerd a
konformerd

Mozné reseni
Fixace umélych komplext na pevné podloZzky nebo do nanotrubic



Funkcni problémy

Acceptor

Problém znalosti
Nékteré funkéni a strukturni detaily pFirodnich systéma stéle nezndmé



Funkcni problémy

Acceptor

Probléem ucinnosti

Reakce na umélych komplexech jsou vyrazné pomalejsi coz vede k nizké dcinnosti
Mozné reseni

Dalsi vyzkum v oblasti fyzikdlni chemie, elektrochemie, organické syntézy...



Funkcni problémy

Acceptor

Problém konektivity

Soucasné semifunkéni modely reakcnich center a antén jsou nepropojitelné,
jelikoZ nejnizsi energeticky stav umélych anténnich komplext je prilis nizko



Umeéla fotosyntéza

Vyborna myslenka, ktera ma potencidl
zajistit Cisty a obnovitelny zdroj energie

Acceptor
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OH realizace (snad) mozna

Cesta k plné funkéni umélé fotosyntéze bude dlouha



