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Osnova

Lehky Uvod do fyziologie oka

Vnimani barev

11-cis-retinal: chromofor pro tyCinky i Cipky
Fotochemicka izomerizace na dvojné vazbe
Od fotochemie k vyslani nervového vzruchu

Zpétna izomerizace all-trans-retinalu
s
v r|~|H
protein
&
NH

OUhkwWNE

U. Das, A. Das, R. Das, A.K. Das, Photochemistry of the retinal chromophore in the process of seeing (vision), ChemTexts, 10 (2024).




Otazky

« Jak vidime? Jaky je mechanismus vidéni?

* Proc€ vidime barevné roztoCeny Cernobily disk? (Benhamuv disk)

« Co jsou odstiny a jas barev?

» Jaky je vztah mezi strukturou organickych latek a jejich barvou (absorpénim spektrem)?

» Jak jednoduchy fyzikalni model ¢astice v potencialové jamé muze pomoci vysvétlit pozice
absorpCnich maxim?

« Jak jedna molekula (11-cis-retinal) muze fungovat pro vidéni ruznych barev?

« Jaka je bariéra rotace kolem jednoduché a dvojné vazby?

« Jak se preklopi all-trans-retinal zpét na 11-cis-retinal?

« Jak dlouho zUstane rhodopsin aktivni?

« Jak dlouho trva, nez se vypaleny rhodopsin obnovi?

U. Das, A. Das, R. Das, AK. Das, Photochemistry of the retinal chromophore in the process of seeing (vision), ChemTexts, 10 (2024).
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P. Klan, J. Wirz, Photochemistry of Organic Compounds: From Concepts to Practice, Wiley, 2009.



Anatomie oka Invertovana sitnice
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https://en.wikipedia.org/wiki/Retina#f/media/File:Retina-diagram.svg
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TycCinky a Cipky

Photoreceptors —»
The Retina
Nerve {
Fibres

}Ji
Light —

Horizontal cells =——»

Bipolar cells —»

Amacrine cells —»

Ganglion cells —>»



https://openbooks.lib.msu.edu/neuroscience/chapter/vision-the-retina/
https://www.youtube.com/watch?v=nZ3If1EUhYQ

TyCinky a Cipky: jejich rozlozeni na sitnici

@ Rods
© Cones

90 milionu tyCinek — ¢ernobilé vidéni
5 miliont Cipkd — barvené vidéni

TyCinky vykazuji rychlejsi odpoved nez Cipky.

https://openbooks.lib.msu.edu/neuroscience/chapter/vision-the-retina/




Diagram Chromaticity (1931)

Spektralni x nespektralni barvy
Aditivni barvy

Komplementarni barvy
Odstin x sytost barev
Subtraktivni barvy

https://en.wikipedia.org/wiki/Additive _color
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Jakou ma barvu? oo.
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Napoveda: jaka je komplementarni barva k absorbované?



Videéni je iniciovano absorbci fotonu a
lzomerizaci 11-cis-retinalu

Rhodopsin = 11-c¢is- retinal + opsin

15 “HH
protein

ca. 200 fs

P. Klan, J. Wirz, Photochemistry of Organic Compounds: From Concepts to Practice, Wiley, 2009.



Lidskeé detektory svetla

* TyCinky - rhodopsin
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Jakou barvu ma~?

Ab=zorption spectrum of beta-caratene
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Biosyntéza vitaminu A
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(Oxidative cleavage

of the central C=C double bond)
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Retinal Reductase
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Jak je mozné, ze 11-cis-retinal, ktery absorbuje v oblasti UV,
slouzi jako €idlo pro viditelné svétlo a to ruznych barev?
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https://www.sas.upenn.edu/~ghazwaa/507/whatisrhodopsin.html




Dvojneé vazby, rezonancni struktury
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H. Kuhn, A Quantum-Mechanical Theory of Light Absorption of Organic Dyes and Similar Compounds, The Journal of Chemical Phy:



Model pro absorpci: elektron v jame

pravouhla, nekonec¢né hluboka, jednorozmérna potencialova jama
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H. Kuhn, A Quantum-Mechanical Theory of Light Absorption of Organic Dyes and Similar Compounds, The Journal of Chemical Physics, 17 (1949) 1198-1212.




Posun spektra ke kratsim vinovym delkam

Absorbance

Abzorption spectrum of heta-carotens
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Vybuzeni nejméne drzeného elektronu —
nejcervenejsi absorpcni pas

Abzorption spectrum of beta-caratene
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Solvatochromismus - ----- o

%
solvent polarity imncreases

C. Reichardt, Solvatochromic Dyes as Solvent Polarity Indicators, Chem. Rev., 94 (1994) 2319-2358. 20



Jak je mozné, ze 11-cis-retinal, ktery absorbuje v oblasti UV,
slouzi jako €idlo pro viditelné svétlo a to ruznych barev?

11-cis-retinal: Amax= 380 nm 100
Rodopsin v ty¢inkéch: Amax= 498 nm E
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Model pro rodopsin/jodopsin: Schiffova baze 11-cis-retinalu
S butylaminem

+ HzN/\/\
11-cis-retinal Lvsin
\O \'
Amax= 380 nm
condensation OH
'HZO NHE
11 +H"
N X N
\
\ /\/\
Protonated NH*: A,,x= 440 nm N
Deprotonated NH: A= 355 nm H

Honig, B, Nakanishi, K., et al.,. J. Am. Chem. Soc. 1979, 101, 7084.


https://www.sas.upenn.edu/~ghazwaa/507/whatisrhodopsin.html

Jak je mozné, ze 11-cis-retinal, ktery absorbuje v oblasti UV,
slouzi jako €idlo pro viditelné svétlo a to ruznych barev?

1. 11-cis-retinal je uchycen jako naprotonované Schifova baze

2. Rhodo- Ci jodo-psin vytvofi ruzné prostredi

a tim se posune absorpce

Podle modelu optimalizovaného pro hovézi rodopsin 11-cis-retinal
nemuze byt planarni (jak by vyzadovala optimalizace n-systému), ale
musi lezet zhruba ve dvou rovindch vzajemné pootocenych kolem
VaZby ClZ_Cl3'

Vyvinuli jednoduchy vypocet:
,External point-charg model”

------- -.~3i distance

T AR

Honig, B, Nakanishi, K., etal.,. J. Am. Chem. Soc. 1979, 101, 7084.

Krystalova struktura hovéziho rodopsinu byla
zjiSténa o 20 let pozdéji...
Detail from the X-ray structure of bovine

rhodopsin
Palczewski et al., Science 289: 739-745 (2000)

B N atom of lysine K296

=g

K. Palczewski, T. Kumasaka, T. Hori, CA. Behnke, H. Motoshima, B.A. Fox, I.L. Trong, D.C. Teller, T. Okada, R.E. Stenkamp, M. Yamamoto, M. Miyano,

Crystal Structure of Rhodopsin: A G Protein-Coupled Receptor, Science, 289 (2000) 739-745.



Posuny absorpce zpusobené pozici naboje
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O.P. Ernst, Microbial nad Animal Rhodopsins: Structure, Functions, and Molecular Mechanisms, Chem. Rev., 114 (2014).



Jak dojde k izomerizaci a zméene konformace opsinu?

a Rhodopsin protein o A b Dark C 1ps after light absorption
axr W
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ca. 200 fs ca. 1000 fs=1ps

T. Gruhl, Ultrafast structural changes direct the first molecular events of vision, Nature, 615 (2023) 939-944. 25



Krystalova struktura s femtosekundovym (10-'°s) rozliSenim!

c: photoactivation

(pump laser)
480 nm wavelength
Focus 50* and 47** um at FWHM detector
Energy 5* and 9** p/100 fs pulse X-ray diffraction
4* and 7.2** mJ/mm? —-

data collection :
serial crystallography

At

At =0, 1and 100 ps

X ray free electron laser (XFEL) diffraction
(probe laser)

Energy 9-10 keV, 0.123-0.137 nm wavelength
Focus1x1um** or5x5um*
Pulse length 10 fs* * or 50-80 fs*

** SACLA
*SwissFEL

T. Gruhl, Ultrafast structural changes direct the first molecular events of vision, Nature, 615 (2023) 939-944.




Boltzmannovo rozdeleni populace

T=0

Enurgy —»

e

Figure B4 The Boltzmann distribution of pepulations for a
system of five energy levels as the temperature is raised from

zero to infinaty.

Atkins, Physical Chemistry;

Na nejvyssich prickach zebriku
nebyva nikdy nacpano!

https://www.colby.edu/chemistry/PChem/Hartree.html



Boltzmannovo rozdeleni populace
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Figure B.3 The energy level separations typical of four types of
system, [1z) =10 J; in molar terms, | 2J is equivalent to about
0.6kImal)

Atkins, Physical Chemistry




Rotace kolem jed

Butan

https://www.colby.edu/chemistry/PChem/Hartree.html

Newman
projection:

noduché vazby
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https://sites.science.oregonstate.edu/~gablek/CH334/Chapter2/rotation.htm

Rotace kolem dvojné vazby

Energy Coordinate Diagram of a Pi-bond Isomerization
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. AHF= E, .. = Energy of Activation
- E.I-I-‘t Energy of activation of the reaction in the forward direction

- .-:'IH:',: = Energy of activation of the reaction in the reverse direction.

E, = 285 kJ/mol

W.C. Chung, S. Nanbu, T. Ishida, Nonadiabatic ab Initio Dynamics of a Model Protonated Schiff Base of 9-cis Retinal, J. Phys. Chem. A,
114 (2010) 8190-8201.



https://healy.create.stedwards.edu/Chemistry/CHEM30/organicCD%28Mitzel%29/chapter5/pages17and18/page17and18.htm

Plochy potencialnich energii
— PES (Potential Energy Surface

™

—
Reaction coordinate

Anslym, Dougherty: Modern Organic Chemistry




Chemie jejako chozeni po horach - PES

Valis, SCHW ' » T



Fotochemie jejako litani v mracich

Klan, Wirz: Photochemistry of Organic Compounds




Fotochemicka izomerizace dvojné vazby
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Anslyn, Dougherty: Modern Physical Organic Chemistry.

Perpendicular state of stilbene unveiled with ultrafast Raman spectroscopy, Nature Chemistry, 16 (2024) 308-309.



FOtOChemie d biOChemie Vidéni -> nervovy vzruch

Opsin
H3C CH3 CH3 CH3 H |

CH

% '?/( 2)4

CH, double H
bond
11-cis-retinal H/C\\Kl/ (CHa)4
Rhodopsin l-l-l All-trans-retinal
Inactive Active
11-cis retlnal % aII trans —_—
_ _ nght retinal
Jak dlouho zustane rhodopsin aktivni?
Rhodopsin ( )

G protein subtype—
specific pocket

1 C.-J. Tsai, F. Pamula, R. Nehmé, J. Miihle, T. Weinert, T. Flock, P. Nogly, P.C. Edwards, B. Carpenter, T. Gruhl, P. Ma, X. Deupi, J. Standfuss, C.G. Tate, G.F.X. Schertler, Crystal

structure of rhodopsin in complex with a mini-G<sub>o</sub> sheds light on the principles of G protein selectivity, Sci. Adv., 4 (2018) eaat7052.




lzomerizace a nasledna deprotonace v
excitovanem stavu

(CH; );—(bsin

l (CH,) —Opsin

- i/I‘\\/l\\/"\\/ \\/A\\f.i?/'
y A = 543 nm .

A (CHy)e—Opsin (Bathorhodopsin)
N XYY N~ :
Protonated Schiff base (PSB)
of all4rans retinal
(Metarhodopsin-II)

Amax = 380 nm
Deprotonated Schif f base (SB) of all-trans retinal

U. Das, A. Das, R. Das, AK. Das, Photochemistry of the retinal chromophore in the process of seeing (vision), ChemTexts, 10 (2024).




Jak dlouho?

Time Scale Related to Rhodopsin Activation

10'* 102 10° 10 10° 10° 10® 10 10° 10'2 1075
| ] l | | l ] ] ] ] |
time domain (seconds)

2
=T . I ]
Q 3 )
= 3 local protein proton transfer
S 2 structural SEE—— S
8 & changes global evolution
T & i —
= S nearthe protein lifespan
3 chromophore structural
changes
for function

O.P. Ernst, Microbial nad Animal Rhodopsins: Structure, Functions, and Molecular Mechanisms, Chem. Rev., 114 (2014).




Membranovy potencial vede k nervovému
vzruchu

inactive active

Inactive Active

—
®
> A \
—— 11-cis retlnal 3“ trans
® | cuiis nght retinal —

cisftrans SBH'/SB H' uptake
Rhodopsin Batho/Lumi Meta | Meta Il Meta II_ Rhodobsin
(500 nm) (540 nm / 498 nm) (480 nm) (380 nm) (380 nm) p ( }
vr 1z v . v, v G protein subtype—
V Cipkach Zije Meta lib stav kratSi dobu nez v specific pocket
tyCinkach.

Obnoveni 11-cis-retinalu je v Cipkach rychlejsi. V

, . el mrixin g y Invers agonist Agonist
plném slunci je obnoveni dulezitéjSi nez ve tmée.

https://www.youtube.com/watch?v=nZ3If1IEUhYQ




Jak zizomerizovat all-trans-retinal zpét?

N e N N N

-carotene
Microbialni rhodopsin l l
— Archea, Eubacterial, Eukaryota 6 v AR
v . , . . - 2NN S*
— Netfeba hydrolyzovat Schifovu bazi Wﬂ ! 2.
4 18 20
58 530
Moznost zpétné fotoizomerizace — nejde u savcu vlv l’
N N \N’R S N 12
H S

®
“SNH
hvl hvi R
NN WR
14

Microbial rhodopsin Animal rhodopsin
all-frans to 13-cis 11-cis to all-frans

i

O.P. Ernst, Microbial nad Animal Rhodopsins: Structure, Functions, and Molecular Mechanisms, Chem. Rev., 114 (2014)




Vazana voda a volna voda

a
single HB water double HB water bridging water

unstable
o)
§ 10F protein-water HB
) ot
o 0 " additional HB interfacial
- B o electrostatic field
§ bulk water L— ------  —
() :
c . =
s -10
()
s
w— -20 -
(o)}
£ -
&
S "30 —

Stable -— 1 1 1 1 1

1ps 10 ps 100 ps 1ns 10 ns
relaxation time

S.H. Chong, S. Ham, Dynamics of Hydration Water Plays a Key Role in Determining the Binding Thermodynamics of 4Q
Protein Complexes, Sci Rep, 7 (2017) 8744.




-frans 1zomerizace rhodopsinu

O.P. Ernst, Microbial nad Animal Rhodopsins: Structure, Functions, and Molecular Mechanisms, Chem. Rev., 114 (2014). 41



Trans - otevre kavitu volné vode

O.P. Ernst, Microbial nad Animal Rhodopsins: Structure, Functions, and Molecular Mechanisms, Chem. Rev., 114 (2014). 42



Jak obnovit
11-cis-retinal?

Walduv retinoidovy
cyklus (NP 1963)

George Wald
1906-1997

https://www.nobelprize.org/prizes/medicine/1967/wald /facts/

15-anti
11 2 . H
||1 1'0."8" rilﬁ'
296
15 . Lys
11-cis retinal ) Rhodopsin' _ 209 fs protonated
............. =7 498 nm \ Schiff base
min.."
- Photo
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387 nm ‘ \
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15-syn
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380 nm /
ns
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Jak ObnOVIt MOJ\R'H”O RPE65 N \\ . }_OH

1 1 _ C I S _ r et I n al ’) all-trans-retinyl ester 11 cistinG! oH

all-trans retinal
&u i
opsin

11-cis retinal opsin

_ Photoreceptor

11-cis retinal Retinal Pigment
Epithelium (RPE)

Walduv retinoidovy
cyklus (NP 1963)

retinol dehydrogenase

e

all-trans retinol

PETER SR lecithin retinol acyl

transferase (LRAT)

11-cis retinol

/‘?p€65
George Wald all-trans retinyl
1906-1997 ester

https://www.nobelprize.org/prizes/medicine/1967/wald /facts/




Oxidacni stavy

Retinol Retinal

[=lonone
Ring

Retinoic acid
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Afterimage

— Jak dlouho trva, nez se vypaleny rhodopsin obnovi?




G protein-coupled receptors (GPCR)

"anoveé protein
branovych protinu (700)

alU: hormonu,
llu, ¢ich a chut

ymu kodujiho proteiny!
inside

outside



G proteins - guanine nucleotide-binding proteins

— Signalni molekula uvnitr bunek
— Katalyzuje GTP na GDP

https://en.wikipedia.org/wiki/G_protein
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Dekuji za pozornost

Marie Garncarzova, Lukas Vesely,
Radim Stusek, Jan Zezula,
Susrisweta Behera, David Muzik



Adaptace na pritomne svetlo

500 nm 502 nm 498 nm
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Mozek je vice i méene nez spektrometr

Before White Balance adjustment After White Balance adjustment

https://aperture.skydocu.com/en/make-image-adjustments/apply-specific-standard-adjustments/white-balance/



ProcC je voda modra?

VysSSi vibracni harmonické frekvence a prezvuky

Comparison of absorption of H20 and D20
10 Normal
E water
g H20
= 1
@ 3
= 3
- Heavy
2 01 water
°© 3 D20
Mt ——T1TT7T T T 7 T T T T T 1
500 1000 1500
Wavelength (nm)
Vi
Bon ; T
dstretc://: v
3—x
2 7'y Vi Y
5 . - 11
! 2 1 %
5\.
e Bondbend ~ 0

(a) (b) (c)
1. Ball and stick representation of a water molecule. Arrows show how
the atoms vibrate; + and - signs show where the electric charge is
concentrated.

Figure 6.11 (a, b) Fundamental and overtone and (c) combination tone transitions involving
vibrations v; and v;

John Finney:A Very Short Introduction: Water, Oxford University Press




Full agonist
1007
/7 /7 -,
Membranovy potencial
]
=
o
@ 50
o
S ..
Dark L'Ight Eﬂ Basal activity Neutral antagonist
o
m \ Inverse agonist
O_
Log drug concentration
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