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Abstract

Light detection is one of the crucial abilities of all animals. The light cues are important
e.g. for maintaining of circadian rhythms, regulation of spawning cycles, changes of
pigmentation and arguably most importantly for vision. Most animals detect light by opsins,
members of the G protein coupled receptors superfamily.

Amphioxus belongs to earliest branching chordate clade, cephalochordates. Thanks to
their phylogenetic position, physiology and morphology, cephalochordates became the most
relevant model organism for understanding the evolutionary origins of vertebrate specific
traits. Amphioxus evince various reactions to light throughout its development.

In the presented thesis light detecting systems of amphioxus were studied thoroughly.
More specifically characterization of the opsin gene repertoire of two amphioxus species
Branchiostoma floridae and Branchiostoma lanceolatum and their comparison with opsins
from other animals is presented. In addition, remarkable similarity on the gene expression
level between one of amphioxus visual organs, so called frontal eye, and neurons and retinal
pigmented epithelium in vertebrate retina was shown. These data confirm the long time ago
proposed homology between amphioxus frontal eye and vertebrate lateral eyes.

Taken together all the presented data help with getting insights into the evolution of light
detection in vertebrates and more broadly in putative chordate ancestor.



Abstrakt

Vnimani svétla je jednou ze zakladnich vlastnosti Zivocichi. Svételné signaly jsou pro né
dilezité napf. pro udrZovani cirkadiarnich rytm(, regulaci rozmnoZovacich cykld, provedeni
zmén v pigmentaci a pravdépodobné nejdllezitéji ze vSeho pro vidéni. Vétsina zvifat vnima
svétlo za pomoci opsind, ¢lenl proteinové superrodiny G protein sprazenych receptora.

Kopinatec je zastupcem bezlebecnych, nejbazalnéjsSiho podkmene strunatc. Diky jejich
fylogenetické pozici, morfologii a fyziologii se bezlebecni stali nejlépe pouzitelnym modelovym
organizmem pro porozuméni evoluce obralovcl a jejich specifickych znakd. Béhem svého
vyvoje kopinatec vykazuje mnoho rliznorodych reakci na svétlo.

Tato dizertacni prace se zabyva studiem svétlocivnych organ(i a opsinU v kopinatci.
Do vétsi hloubky je zde probran repertoar opsinovych genl ve dvou druzich kopinatce,
kopinatci floridském (Branchiostoma floridae) a kopinatci plZovitém (Branchiostoma
lanceolatum) a jejich porovnani zejména s opsiny v obratlovcich. Dale jsou prezentovana data
ukazujici pozoruhodnou podobnost na uUrovni genové exprese mezi vizudlnim organem
kopinatce, tzv. pfednim okem, a neurony a pigmentovym epitelem v oku obratlovcl. Tato data
potvrzuji dlouho predpoklddanou homologii mezi prednim okem kopinatce a okem
obratlovcd.

Celkové predlozena data napomahaji s vhledem do evoluce vnimani svétla u obratlovcu
a Siteji vzato u predka vSech strunatcu.
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Introduction and aims of the thesis

Eyes of various types can be found in more than 95% of all known animal species! and
even more animal species evince various light dependent behavior. All of these animals use
for light detection specifically adapted cell type, so called photoreceptor cell. Photoreceptor
cells capture photons by using light sensitive membranous receptors, mostly opsins, members
of G protein coupled receptor (GPCR) superfamily. To achieve higher efficiency in capturing
a photon, the photoreceptor cells usually expand their membrane surface, either by modifying
a cilium (ciliary photoreceptors) or by membranous microvilli (rhabdomeric photoreceptors).
Ciliary photoreceptors are typically utilized in eyes of vertebrates, while rhabdomeric are
mostly used in eyes of invertebrates?, but some exception in this organization were found
(reviewed by Fain, et al.3).

The opsins are used as photosensitive pigment by representatives of most metazoan
animal clades with the exception of sponges*°. The opsins are usually divided, based on
their sequence, to four groups: c-type opsins (including vertebrate visual opsins), r-type opsins
(encompassing invertebrate visual opsins), Cnidopsins (group consisting of cnidarian opsins)
and Group4 opsins (containing various mostly non-visual opsins)®?. Several important
landmarks can be found in opsin’s structure. First of all, the opsins can be recognized from
other GPCRs by the presence of highly conserved lysine (K) residue (in bovine rhodopsins
localized at position 296) necessary for binding light sensitive cofactor, usually 11-cis retinal®.
Next, a negatively charged amino acid (usually glutamate, theoretically also aspartate), so
called counterion, is necessary for stabilizing the bound between opsin’s lysine and retinal*1°,
Counterion is also necessary for shifting the opsin’s spectral sensitivity to visible range.
The opsins with mutated counterion were shown to have the spectral sensitivity shifted to UV
range!l. In most opsins, the counterion is located at position 181 (when aligned with bovine
rhodopsin)®. In vertebrate opsins the counterion is located at position 113, which has the
effect on opsin sensitivity and ability to activate downstream signaling cascade®.

After the irradiation the opsins activate downstream signaling cascade beginning with
G subunit of trimeric G proteins. The outcome of the signaling cascade differs depending on
the type of the G4 subunit activated. C-type opsins usually signal via Gqt subunit (so called
transducing), that arose from Gqi gene by tandem duplication in vertebrate lineage!?. Gqt
activation leads to decrease of cellular ¢cGMP, closure of CNG channels and cell
hyperpolarization!3. R-type opsins signal via Gqq leading to increase of intracellular Ca?*,
opening of calcium sensitive channels and cell depolarization'3. It was found by exploration of
the bovine rhodopsin that three amino acids, so called tripeptide, localized at the C terminal
part of the opsin, are necessary for contact between opsin and particular Go subunit!#°,
Additionally, it was found, that the tripeptide sequence probably defines which G4 subunit will
be activated by the opsin®.

Numerous studies in the past have provided hypotheses about the evolutionary origin
of the eyes. The authors of these studies were mostly discussing whether the eyes evolved
more times independently or whether they arose only once and were modified in various
animal lineages (reviewed by Fernald!®). It was shown in 1990s that similar set of genes,
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namely Pax (mainly Pax6), Six, Eya, Dach (belonging to so called Retina Determination Gene
network), is involved in the development of eyes in various phylogenetically distinct
animals”18, This strengthened the view that the eyes evolved from one ancestral precursor.
Later, several examples of eyes, whose development was Pax6 independent, were identified.
Nowadays it is widely accepted that resolving the issues of mono- or polyphyletic origin of the
eye is almost impossible, because gene sharing, convergence and parallelism can be found
when comparing development of various types of the eyes'®.

Cephalochordates (sometimes called also amphioxus or lancelets) are the most basally
branching chordate clade. The cephalochordate subphylum consists of three genera
Branchiostoma, Asymmetron and Epigonychthis®®. Cephalochordates serve thanks to their
phylogenetic position, morphology and physiology as excellent proxy for chordate ancestor.
Studies of amphioxus are important also for understanding the evolution of vertebrate traits
such as the vertebrate-type body plan, central nervous system or sensory neurons.

Amphioxus possesses four morphologically and genetically different photoreceptive
organs, the frontal eye and lamellar body (both being formed by ciliary photoreceptors) and
Joseph cells and dorsal ocelli (composed of rhabdomeric photoreceptors)?!. Studies dealing
with amphioxus light detecting systems were performed already at the turn of the 20t
century??>23, followed by thorough electron microscopical analysis of amphioxus
photoreceptive organs in the second half of the 20™ century?%2427, Huge gaps, nevertheless,
remain in understanding the photoreception of amphioxus.

The aim of this thesis was to broaden available information about light detection in
amphioxus, mainly its opsin repertoire and also to provide data about the development of
amphioxus frontal eye, putative homolog of vertebrate lateral eye. This could thus provide
clues about photoreception in the hypothetical chordate ancestor and thus about evolution
of photoreception in vertebrates.

Particular aims were:

e Molecular characterization of neurons in amphioxus frontal eye with special attention
to genes involved in the frontal eye development, phototransduction cascade and
detection of utilized neurotransmitters and comparison with the data known about the
development of the vertebrate eyes.

e Establishment of a cell-line based assay enabling studies of opsin function and
biochemical characterization of opsins hallmarks.

e Characterization of opsin repertoire in two amphioxus species, the Florida species
Branchiostoma floridae and the European species Branchiostoma lanceolatum.



List of methods

Work with nucleic acids

Genomic DNA isolation

Cloning of DNA fragments: for preparation of plasmids for heterologous peptides production;
preparation of probes for RNA in situ hybridization; sequencing of opsin genes; cloning of
whole opsin genes for biochemical analysis

Total RNA isolation, preparation of cDNA

Quantitative RT-PCR — SYBR green (Roche); detection on LightCycler (Roche)

Preparation of antisense probes for RNA in situ hybridization

Work with proteins

Production and purification of heterologous proteins from bacteria BL21-(DE3)-RIPL
Preparation of mouse polyclonal antibodies

SDS-PAGE and western blot

Work with animals

Tissue isolation from anesthetized animals

Whole mount immunofluorescent staining of amphioxus embryos
Confocal imaging, image processing, 3D reconstructions in FlJI software
Whole mount RNA in situ hybridization

Chemical manipulation of developing embryos

Work with cell cultures
Measuring of intracellular levels of cAMP using GloSensor HEK cell line (Promega)
Immunofluorescent staining of cells



Results and discussion

This PhD. thesis and the scientific papers, it was built upon, are focused on the
characteristics of amphioxus opsins and development of the frontal eye of amphioxus.
Obtained data are compared with known information about vertebrate opsins and
development of vertebrate lateral eyes. Conclusions of this thesis are put into context of
possible scenarios of evolution of vertebrate eyes from simple photoreceptive organ that was
probably present in putative chordate ancestor.

Molecular fingerprint of developing amphioxus frontal eye and its circuitry resembles the
situation found in vertebrate retina

We were able to show that same set of genes is used for development of amphioxus
frontal eye and vertebrate retina. More specifically amphioxus orthologs of vertebrate OTX,
MITF and PAX2 (genes involved in development of retinal pigmented epithelium (RPE) in
vertebrates) are involved in development of the frontal eye pigment cells?®. The pigment was
shown to be melanin same as is in the RPE?%. Amphioxus Otx, Pax4/6, Six3/6 and possibly also
Rx (ortholog of vertebrate Rax) were shown to be expressed in developing frontal eye
photoreceptors and the neurotransmitter was glutamate, which is all similar to the vertebrate
retinal photoreceptors?®?°. Moreover the phototransduction cascade utilized by frontal eye
photoreceptors resembles that of vertebrate retinal photoreceptors, starting with Gqi and
probably ending with cell hyperpolarization'??8, Vertebrate phototransduction cascade
differs, however, from that of amphioxus and is probably vertebrate novelty enabling higher
sensitivity of vertebrate photoreceptors!?.

Ambiguous is the situation in defining the homology between putative amphioxus
frontal eye projecting neurons and vertebrate retinal interneurons. In amphioxus so called
Row2 neurons, located directly posteriorly to frontal eye photoreceptors, are serotonin
positive?®30, Specific population of vertebrate amacrine cells was shown to be serotonin
positive. On the other hand, Row2 cells” processes terminate in amphioxus putative visual
processing center?®, This might point to similarity with vertebrate ganglion cells. No other
genes involved in development of vertebrate interneurons were, nevertheless, detected in
developing Row?2 cells. Other putative amphioxus frontal eye interneurons, Row3 and Row4
cells, were shown to be Pax4/6 and Rx positive and they utilize glutamate as
neurotransmitter?®2°, All of these characteristics are similar to either vertebrate horizontal or
amacrine cells. All mentioned expression data are summarized in Fig.1.

Electron microscopical (EM) studies of amphioxus cerebral vesicle held in 1990s scanned
also projections of putative frontal eye interneurons3!. Row4 cells’ projections are
contralateral similarly to majority of ganglion cells in vertebrate retina, while Row2 and Row3
cells” projections are lateral3’. The reason for contralateral projections from vertebrate retina
is improvement of spatial vision. Since amphioxus frontal eye is very simple, being formed of
only about 6-10 photoreceptor cells located in one row?!, it is not able to provide any spatial
information. Two hypotheses were raised about eyes in putative chordate ancestor. The
ancestral chordate eye either resembled the frontal eye in amphioxus, being of a similarly
simple morphology, or the ancestral chordate possessed paired eyes as can be found in all
vertebrates and the frontal eye of amphioxus is result of simplification in cephalochordate
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lineage3?2. If the former is true, then the absence of contralateral projections in Row2 cells,
that are according to our analysis most probable interneurons comparable with vertebrate
ganglion cells, might be ancestral to all chordates. If the later hypothesis is true, then the
lateral projections of Row2 cells might be result of losing the image forming capacity of frontal
eye, or the interneurons with similar character as vertebrate ganglion cells in amphioxus
frontal eye are Row3 and/or Row4 cells.

Amphioxus Frontal eye Vertebrate retina
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Fig.1 Schematic comparison of molecular fingerprint of amphioxus frontal eye and
vertebrate retina (adapted from Pergner and Kozmik?°)

Proposed homologies between particular cell types in the amphioxus frontal eye and
vertebrate retina are shown. For retinal specification genes, only homeobox transcription
factors are shown (the only exception is Mitf, a member of basic helix-loop-helix transcription
factors). Expression data for other than homeobox transcription factors in amphioxus frontal
eye are missing in the literature. For proposed homologies between putative interneurons in
amphioxus and vertebrate interneurons, data about their projections from EM analysis were
also taken into account. Data for expression of amphioxus genes were taken from Kozmik, et
al.33, Kozmik, et al.3* and Vopalensky, et al.?%. EM data were taken from Lacalli*l. Data for
molecular fingerprint of vertebrate retinal cell types were taken from Bassett and Wallace®?,
Kolb3® and Swaroop, et al.3”. GNAI and GNAT is alternative designation of Gei and Gat
respectively.



In conclusion, our analysis showed, that development and physiology of amphioxus
frontal eye and vertebrate retina are based on highly similar logics. This means that, no matter
of how the eyes in ancestral chordate look like, all chordate eyes were probably built upon
same ancestral building plan. What now remains to be solved is the character of the visual
circuitry in amphioxus and its similarity and differences with visual circuitry in vertebrates.

Amphioxus opsins — cornerstones for studies of vertebrate-specific opsin adaptations

We have identified and described 21 opsin genes and one putative opsin pseudogene in
genome of Branchiostoma lanceolatum®®é. We have also corrected 20 previously mistakenly
annotated opsin genes and identified one new opsin gene in genome of Branchiostoma
floridae®®. Our phylogenetic analysis showed that representatives of three major opsin groups
c-type, r-type and Group4 can be found in genomes of both amphioxus species. Moreover, we
documented expansion of two opsin subfamilies, Go subfamily and amphioxus specific opsin
subfamily so called “Amphiop6” group. Based on extensive bioinformatical analysis we came
up with hypothesis about role of neighboring transposable elements in evolution of these
opsin genes’ subfamilies in B. lanceolatum, B. floridae and also in Branchiostoma belcheri®.

We performed expression analysis of all identified opsin genes by qRT-PCR in different
developmental stages and adult tissues in both B. lanceolatum and B. floridae. Additionally,
we performed RNA in situ hybridization for three opsin genes in B. lanceolatum. Our
expression analyses showed both redundancy and specificity in temporal (various
developmental stages) and spatial (different adult tissues) employment of opsin genes in both
amphioxus species. We also revealed differences in utilization of particular opsins from
previously mentioned expanded subfamilies (Go and Amphop6).

We focused as well on describing known structural and functional landmarks of opsins,
mainly counterions and tripeptide sequences. We identified opsins with negatively charged
aminoacids (glutamate or aspartate) at position 113, so far functionally characterized only in
vertebrate opsins and recently in one urochordate opsin®. Counterion at this position seems
to be important for higher sensitivity and decreased recovery time of vertebrate opsins and
was considered as vertebrate specific novelty!l. Amphioxus opsins evince high variability in
tripeptide sequence, including vertebrate c-type specific tripeptide NKQ in amphioxus c-type
opsin and HPK tripeptide in amphioxus melanopsin (typical tripeptide for r-type opsins).

In summary, we have described opsin repertoires in two amphioxus species. We
presented hypothesis explaining expansion of two opsin subfamilies in three amphioxus
species. Moreover we showed that several amphioxus opsins demonstrate characteristics
being considered to be typical only for vertebrate opsins, mainly the presence of negatively
charged aminoacids at position 113. Whether these aminoacids serve as the counterion in
amphioxus opsins needs to be determined. For this we would like to use modified cell-line
based assay for monitoring of opsin-trimeric G protein coupling that we used in our study
dealing with jellyfish Tripedalia cystophora opsins. We expect that results of our studies will
be cornerstones for other studies dealing with evolution of vertebrate specific adaptations of
opsin properties.
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Conclusion

This PhD. thesis provided information about photoreception in amphioxus. More
specifically, the opsin repertoire in two amphioxus species, B. floridae and B. lanceolatum was
described. Additionally the molecular fingerprint of developing frontal eye was defined. The
results of this thesis can be summarized in several points:

e We showed that orthologs of genes involved in the development of vertebrate
photoreceptors and retinal pigmented epithelium are also utilized for the development
of amphioxus frontal eye photoreceptors and pigment cells. Interestingly, frontal eye
phototransduction cascade is similar but not same as the one used by vertebrate retinal
photoreceptors. The vertebrate phototransduction cascade is probably specific trait that
enabled improvement of sensitivity of vertebrate visual photoreceptor cells. Our data
strengthen previously proposed homology between amphioxus cephalic visual organ,
the frontal eye, and vertebrate lateral eye and provide also some clues about evolution
of vertebrate specific phototransduction cascade.

e We documented the advantages of the use of “home-made” antibodies, raised
specifically against proteins of a chosen non-model organism, in evo-devo studies. We
expect that a similar approach will be used in more labs to broaden spectrum of methods
enabling not only gene expression studies, but also for example chromatin
immunoprecipitation analysis.

e We identified the complete opsin repertoires of two amphioxus species B. floridae and
B. lanceolatum. We performed expression analysis using qRT-PCR (for all detected
opsins) in various developmental stages or adult tissues. Our expression analysis showed
that some opsins evince highly specific spatial and/or temporal expression pattern,
while the expression of others is more ubiquitous. Moreover we documented
expression of three opsins by RNA in situ hybridization. We unraveled two opsins with
interesting expression pattern — both were expressed in the tail and in tissues in close
proximity to developing mouth, where no photosensitive organs were identified
previously. We uncovered several opsins having sequential hallmarks similar to those of
vertebrate opsins. Our study provides several important results that should be examined
in the future.

e We have established a cell-line based assay for detection of coupling between opsin and
Gos subunit of trimeric G proteins. We identified two opsins from jellyfish Tripedalia
cystophora that signal via a Ges-cAMP signaling cascade. We documented, for the first
time, utilization of this cascade for vision guided behavior. Our assay can be modified to
provide information about opsin coupling to other G4 subunits and thus can be used in
future studies dealing with opsins from other species. We also provided data showing
the advantage of our assay in characterization of important landmarks in opsins of
T. cystophora, e.g. tripeptide, counterion, conserved lysine 296.
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Uvod a cile prace

RUzné druhy oéi byly nalezeny u vice ne? 95% viech Zivocich(?. Je$té vétsi podil Zivodichi
vykazuje riznorodé reakce na svételné signaly. VSichni tito Zivocichové vnimaji svétlo pomoci
specidlniho bunécného typu, tzv. fotoreceptorovych bunék. Fotoreceptorové burky zachycuji
foton pomoci svétloCivnych membranovych receptor(. Ve vétsiné pfipad(l se jedna o opsiny,
¢leny proteinové superrodiny G protein sprazenych receptor( (GPCR). Aby fotoreceptorové
bunky dosahly vétsi efektivity v zachyceni fotonu, muselo u nich v priibéhu evoluce dojit ke
zvétsSeni membranového povrchu, bud pomoci Upraveného biciku (tzv. ciliarni fotoreceptory)
nebo pomoci membranovych klkl (tzv. rhabdomerické fotoreceptory). Ciliarni fotoreceptory
jsou vyuzivany v ocich obratlovcl, zatimco rhabdomerické se vétSinou nachazeji v ocich
bezobratlych?. V posledni dobé bylo nalezeno nékolik pfipadd zmén v tomto usporadani
(shrnuto v Fain, et al.3).

Opsiny jsou pouZzivany jako fotosensitivni pigment u vétsSiny mnohobunécénych Zivocich
s vyjimkou hub®°. Opsiny jsou vét$inou na zakladé své sekvence déleny na &tyfi skupiny: c-type
opsiny (zahrnujici i vizualni opsiny obratlovcl), r-type opsiny (zahrnujici vizualni opsiny
bezobratlych), Cnidopsins (skupina skladajici se ze Zahavéich opsind) a Group4 opsiny
(obsahujici razné prevainé nevizudlni opsiny)®®. Ve struktufe opsinG bylo identifikovano
nékolik dulezitych znak(. Za prvé se opsiny lisi od ostatnich GPCR pritomnosti vysoce
konzervovaného lyzinu (K) (v bovinnim rhodopsinu se nachazi na pozici 296) dllezitého pro
vazbu kofaktoru citlivého na svétlo®. Tim je vétsinou 11-cis retinal. Dal$im znakem opsin0 je
pfitomnost negativné nabité aminokyseliny, tzv. counterionu, dulezZité pro stabilizaci vazby
mezi lyzinem a retinalem*°, Counterion je take dlleZity pro posun citlivosti opsinu do oblasti
viditeIného svétla. Opsiny s mutovanym counterionem maji totiz citlivost posunutou do UV
oblasti'l. Ve vétsiné opsind se counterion nachdazi na pozici 181 (pfi srovnani se sekvenci
bovinniho rhodopsinu)*°. V opsinech obratlovcd se counterion nachazi na pozici 113, coz ma
vliv na citlivost opsinu na svételnou stimulaci a jeho schopnost aktivovat downstream
signaliza¢ni kaskadu.

Po stimulaci svétlem opsiny aktivuji downstream signaliza¢ni kaskadu, kterd zacind G
podjednotkou trimerického G proteinu. Vystup signalizacni kaskady se liSi podle toho, jaky typ
Go podjednotky je aktivovan. C-type opsiny obratlovcl aktivuji Gqt podjednotku (tzv.
transducing), kterd vznikla z genu pro G.i tandemovou duplikaci v linii vedouci k
obratlovcim?'2. Aktivace Gqt vede ke sniZeni hladiny vnitrobunééného cGMP, uzavieni CNG
kandl( a hyperpolarizaci buriky!3. R-type opsiny signalizuji pfes Gqqg, coz vede ke zvySeni
vnitrobunééného Ca?*, otevieni kandalu citlivych na Ca?* a k depolarizaci buriky'3. Na zakladé
studia bovinniho rhodopsinu bylo zjisténo, Ze tfi aminokyseliny, tzv. tripeptid, nachazejici se v
C terminalni ¢asti opsinu jsou duleZité pro vazbu mezi opsinem a danou G4 podjednotkou!*1>,
Navic bylo zjisténo, Ze tripeptid nejspis hraje roli v tom, kterd Go podjednotka bude opsinem
aktivovana®.

Velké mnozstvi studii se v minulosti zabyvalo evoluci oka a pfislo s mnohymi hypotézami
o evoluénim plvodu oci. Autofi téchto studii vétSinou diskutovali, jestli se oci vyvinuly vicekrat

vrve

vznikly zménou prapavodnich oéi (shrnuto v Fernald®®). V 90. letech 20. stoleti bylo ukazéno,
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Ze se na vyvoji o¢i fylogeneticky vzdalenych Zivocichl podili stejné geny, jmenovité Pax (hlavné
Pax6), Six, Eya, Dach (patfici do skupiny tzv. Retinal Determination Gene Network gen()’:18,
Toto posililo nazor, Ze se oci vyvinuly pouze jednou u spole¢ného predchidce. Pozdéji bylo
identifikovano nékolik pfikladd oci, na jejichz vyvoji se nepodili gen Pax6. V dnesni dobé je
vSeobecné pfijimano, Ze nelze rozhodnout, zda jsou o¢i monofyletického ¢i polyfyletického
plvodu, protoZe pfi porovnani vyvoje rliznych oci Ize pozorovat sdileni genl, konvergenci a
pararelismus®®.

Bezlebecéni (nékdy nazyvdni kopinatci) jsou nejbazalnéji se odStépujicimi zastupci
strunatcl. Bezlebetni zahrnuji tfi rody Branchiostoma, Asymmetron a Epigonychthis?.
Bezlebedni slouZi diky své unikatni fylogenetické pozici, morfologii a fyziologii jako vynikajici
model pro studium znakd predka strunatcd. Diky tomu jsou studie provadéné na kopinatci
dilezité pro porozuméni evoluce znak specifickych pro obratlovce, jako napfiklad stavba téla,
centralni nervova soustava nebo smyslové neurony.

Kopinatec ma ¢tyri morfologicky odlisné svétloc¢ivné organy — pfedni oko a lamelarni
télisko (oba tvorené ciliarnimi fotoreceptorovymi burikami); Josephovy buriky a dorzalni ocka
(oba tvofené rhabdomerickymi burikami)?l. Studie zabyvajici se svétlo¢ivnymi organy
kopinatce byly provedeny uZ na prelomu 20. stoleti?*?3, n&sledované podrobnymi
elektron-mikroskopickymi analyzami svétlocivnych orgdnl kopinatce ve druhé poloviné 20.
stoleti??4?7, Pfes to zbyvaji velké mezery v porozuméni kopinatéim reakcim na svétlo.

Cilem této dizertacni prace bylo rozsifit informace o detekci svétla u kopinatce, hlavné
o repertoaru opsinych gend v genomu kopinatce a také ziskani dat o vyvoji pfedniho oka
kopinatce, predpokladaného homologu oka obratlovc(. Timto zpisobem mély byt ziskany
informace o vnimani svétla u hypotetického predka strunatcll, potaZmo o evoluci vnimani
svétla u obratlovcu.

Jednotlivé cile této prace byly:

e Charakterizace expresniho genového profilu neuroni v prednim oku kopinatce,
s dlrazem na geny dUlezité pro jeho vyvoj a ustaveni fototransdukéni kaskady a dale
detekce neurotransmitert v jednotlivych neuronech predniho oka.

e Optimalizace testu, zalozeného na bunécéné linii, ktery by umoznioval studium funkce
opsinu a jejich charakteristickych strukturnich vlastnosti.

e Chrakterizace repertoaru opsinli u dvou druhli kopinatce, kopinatce floridského
(Branchiostoma floridae) a kopinatce plzovitého (Branchiostoma lanceolatum).
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Prehled metod

Prace s nukleovymi kyselinami

Izolace genomové DNA

Klonovani DNA fragmentu: pro ptipravu plazmid( pro heterologni expresi peptidl; pfipravu
préb na RNA in situ hybridizaci; sekvenovani opsinovych genu; klonovani celych opsint pro
biochemické analyzy

Izolace celkové RNA, pfiprava cDNA

Kvantitativni RT-PCR — SYBR green (Roche); detekce na LightCycler (Roche)

Ptiprava antisense préb pro RNA in situ hybridizaci

Prace s proteiny

Produkce a purifikace heterolognich protein(i z bakterii BL21-(DE3)-RIPL
Ptiprava mysich polyklondlnich protilatek

SDS-PAGE a western blot

Prace se zviraty

Izolace tkani z anestetizovanych zvirat

Imunofluorescencni barveni celych larev kopinatce

Snimdni konfokdlnim mikroskopem, zpracovani obrazk( a 3D rekonstrukce v softwaru FlJI
RNA in situ hybridizace na celych larvach kopinatce

Chemicka manipulace vyvoje kopinatc¢ich embryi

Prace s bunéénymi kulturami

Méreni vnitrobunécné hladiny cAMP pomoci GloSensor HEK bunécné linie (Promega)
Imunofluorescencni barveni bunék
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Vysledky a diskuze

Tato dizertacni prace a védecké publikace, na kterych je zaloZzend, jsou zaméfeny na
charakteristiku opsinli kopinatce a vyvoj jeho vizualniho organu, tzv. predniho oka. Ziskana
data jsou porovndana se znamymi informacemi o opsinech obratlovct a o vyvoji oci obratlovcu.
Zavéry této prace jsou zarazeny do kontextu moznych scénarl evoluce oci obratlovca.

Expresni profil vyvijejiciho se predniho oka kopinatce pripomina expresni profil sitnice
obratlovci

Nase vysledky ukdzaly, Ze stejny set genl je pouzit pro vyvoj predniho oka kopinatce
i sitnice obratlovcl. Presnéji receno, kopinatci ortology OTX, MITF a PAX2 (dulezité pro vyvoj
retinového pigmentového epitelu (RPE) obratlovc() se podili na vyvoji pigmentovych bunék
pfedniho oka kopinatce?®. PouZity pigment je melanin, stejné jako u RPE?2. Kopinatéi Otx,
Pax4/6, Six3/6 a pravdépodobné i Rx (ortolog proteinu Rax obratlovcl) byly detekovany ve
vyvijejicich se fotoreceptorech predniho oka kopinatce a neurotransmiter jimi pouzivany je
glutamét, stejné jako u sitnicovych fotoreceptorl obratlovct?®?°. Navic fototransdukéni
kaskada, pouzitd ve fotoreceptorech predniho oka kopinatce, pfipomina tu pouzivanou
ve fotoreceptorech obratlovcl, tim, Ze zacCind aktivaci Gai a konéi hyperpolarizaci
fotoreceptorové buriky'2?®. Fototransdukéni kaskdda obratlovcd se nicméné lisi od
hypotetické fototransdukcni kaskady v kopinatci a je pravdépodobné evolu¢ni novinkou, ktera
umoznila zvyseni citlivosti fotoreceptor( obratlovc(®?.

Nejasna je situace ohledné definovani homologie mezi predpokladanymi neurony
dilezitymi pro vizudlni projekce u kopinatce a interneurony u obratlovci. U kopinatce tzv.
Row2 neurony, nachazejici se pfimo za fotoreceptorovymi burfikami predniho oka, jsou
pozitivni na neurotransmiter serotonin?®3%, Specifické populace obratlovéich amakrinnich
bunék jsou také potivni na serotonin. Na druhé strané axony Row2 neurond konci
v hypotetickém vizudlné-procesivhim centru?®, podobné jako u gangliovych bunék obratlovcu.
Zadné dalsi geny dleZité pro vyvoj interneurontl obratlovcl nicméné nebyly detekovany
ve vyvijejicich se Row2 burnkach kopinatce. Dalsi hypotetické interneurony v pfednim oku
kopinatce, Row3 a Row4 neurony, jsou Pax4/6 a Rx pozitivni a jako neurotransmiter pouZzivaji
glutamat?®2°, Vechny tyto charakteristiky jsou podobné horizontalnim nebo amakrinnim
burikdm v sitnici obratlovcui. VSechna zminénd expresni data jsou shrnuta v Obr.1 (Fig.1).

Elektron-mikroskopické (EM) studie v mozkovém vacku kopinatce, provedené v 90.
letech 20. stoleti hledaly projekce pfedniho oka interneuront3!. Projekce Row4 bunék jsou
kontralateralni podobné jako gangliové burky v sitnici obratlovcl, zatimco Row2 a Row3
buriky maji lateralni projekce3l. Davod pro kontralateralni projekce v sitnici obratlovcd je
zlepseni prostorového vidéni. Predni oko kopinatce je velmi jednoduché a je tvofené pouze
cca 6-10 fotoreceptorovymi bufikami sefazenymi v jedné fadé?! a tim padem neni schopné
podat prostorovou informaci. Ohledné vzhledu oéi u predka strunatcli byly podany dvé
hypotézy. Oko u predka strunatcd bylo bud podobné prednimu oka kopinatce, svou
jednoduchou morfologii, nebo predek strunatci mél parové oci podobné jako u vSech
obratlovc( a pfedni oko kopinatce je vysledkem zjednoduseni v linii vedouci ke kopinatcim32.
Pokud je pravdiva prvni hypotéza, pak absence kontralateralnich projekci v Row2 bunkach
kopinatce, které jsou podle nasich analyz nejpravdépodobnéjsimi interneurony podobnymi
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gangliovym bunkam obratlovcd, mlZe byt ancestralni pro vSechny strunatce. Pokud je
pravdiva druhd hypotéza, pak lateralni projekce Row2 neurond mohou byt zplsobené ztratou
schopnosti predniho oka poskytovat prostorovou informaci, nebo interneurony funkcéné
podobné gangliovym bunkam obratlovcl jsou u kopinatce Row3 a/nebo Row4 buriky.

Amphioxus Frontal eye Vertebrate retina
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Fig.1 Schématické srovnani expresniho profilu pfedniho oka kopinatce a sitnice obratlovci
(upraveno z Pergner and Kozmik?°)

Zobrazeny jsou predpoklddané homologie mezi jednotlivymi bunécnymi typy. Z gent duleZitych
pro vyvoj sitnice jsou zobrazeny pouze homeoboxové transkripcni faktory (jedinou vyjimkou je
Mitf, ¢len rodiny helix-loop-helix transkripcnich faktor(). Expresni data pro jiné neZ
homeoboxové transkripcni faktory u predniho oka kopinatce totiz chybi v literature. Pro
predpoklddanou homologii mezi navrZenymi interneurony kopinatce a interneurony
obratlovcu, byly vzaty v tvahu i vysledky EM analyz projekci neuroni z predniho oka kopinatce.
Data pro expresi genu kopinatce byla pfevzata z Kozmik, et al.33, Kozmik, et al.3* a Vopalensky,
et al.?®. EM data byla prevzata z Lacalli*. Data o expresnim profilu neurond v sitnicovych
burikdch obratlovcii byla pfevzata z Bassett and Wallace®®, Kolb*¢ and Swaroop, et al.3”. GNAI
a GNAT je alternativni oznaceni pro Gui a Gat.
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Celkové vzato nase analyzy ukazaly, Ze vyvoj a fyziologie pfedniho oka kopinatce a sitnice
obratlovcu jsou zaloZzeny na podobné logice. To znamen3, Ze nezavisle na tom, jak oci predka
strunatc vypadaly, vyvoj oci u vSech strunatcl je pravdépodobné zalozen na stejném
stavebnim planu. Co nyni zbyva vyresit je charakter vizualnich projekci u kopinatce a jeho
podobnost a rozdily s vizualnimi projekcemi u obratlovc(.

Opsiny kopinatce — zakladni kameny pro vznik specifickych znakl obratlovcich opsint

Podafilo se ndm identifikovat a popsat 21 opsinovych genl a jeden predpokladany
pseudogen v genomu Branchiostoma lanceolatum?3é. Opravili jsme nékteré z 20 dfive $patné
anotovanych opsinovych gen(i a nasli jeden novy opsinovy gen v genomu Branchiostoma
floridae®®. NaSe fylogeneticka analyza ukazala, Ze v genomu obou druhd kopinatcd jsou
zastoupeny opsiny patfici k c-type, r-type a Group4 opsinim. Navic jsme zdokumentovali
expanzi dvou opsinovych podrodin — Go a podrodiny specifické pro kopinatce, tzv.
“Amphiop6” skupiny. Na zdkladé nasi dukladné bioinformatické analyzy jsme pfisli
s hypotézou o roli transpozibilnich elementt, nachazejicich se v blizkosti téchto opsinovych
genU v jejich evoluci ve tfech druzich kopinatcl — B. lanceolatum, B. floridae a Branchiostoma
belcheri®.

Provedli jsme expresni analyzu vSech nalezenych opsinovych genli pomoci qRT-PCR
v rznych vyvojovych stadiich a tkanich dospélce kopinatce u B. lanceolatum a B. floridae.
Navic jsme provedli RNA in situ hybridizaci (ISH) pro tfi opsinové geny u B. lanceolatum. Nase
expresni analyzy ukdzaly redundanci i specificitu v ¢asovém (rlizna vyvojova stadia) i mistnim
(rGzné tkané dospélcl kopinatce) vyuZziti opsinovych gen(i u obou kopinatcich druhd. Také
jsme odhalili riznorodost v pouZiti opsinovych gent z obou zminénych rozsifenych opsinovych
podrodin —Go a Amphiop6.

Zamérili jsme se také na popsani znamych strukturnich a funkénich znak( opsin(,
zejména counteriond a sekvenci tripeptid(. Objevili jsme opsiny s negativné nabitymi
aminokyselinami (glutamat nebo aspartdt) na pozici 113, kde byla doposud funkcné
charakterizovdna pfitomnost counterionu pouze u obratlovcli a neddvno i u jednoho opsinu
plasténcd*®. Counterion na pozici 113 se zda byt dileZity pro vy3si citlivost a snizeny ¢&as
obnovy funkce u obratlovéich opsinli a je povaZovan za evoluc¢ni novinku specifickou pro
obratlovce!l. Kopinatéi opsiny vykazuji velkou variabilitu v sekvenci tripeptidu, véetné
tripeptidu NKQ (typicky tripeptid pro obratlovci c-type opsiny) nalezeného v kopinatéim c-type
opsinu a HPK tripeptid v kopinatéim melanopsinu (typicky tripeptid pro r-type opsiny).

V nasich ¢lancich jsme popsali repertoar opsinovych gend u dvou druhl kopinatce.
Predlozili jsme hypotézu o mechanizmu rozsifeni dvou opsinovych podrodin u tfech druht
kopinatce. Navic jsme ukdzali, Ze nékolik opsin(i z kopinatce vykazuje charakteristiku typickou
pro obratlovci opsiny, hlavné pritomnost negativné nabitych aminokyselin na pozici 113. Jestli
tyto aminokyseliny slouzi jako counterion u kopinatcich opsin musi byt prozkoumano. Pro
tento vyzkum bychom chtéli pouzit upraveny test pro studium vazby mezi Ga podjednotkou
a opsinem, zaloZzeny na specidlni bunécéné linii, ktery jsme pouZzili v nasi studii o opsinech
v medulze Tripedalia cystophora. Ocekdvame, Ze vysledky nasich studii budou pilifi pro dalsi
studie, zabyvaijici se evoluci specifickych uprav opsin( u obratlovcu.
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Zavér

Tato dizertacni prace poddva informace o vnimani svétla u kopinatce. Zejména se zabyva

repertoarem opsinovych gent v genomu dvou druh( kopinatce, B. floridae a B. lanceolatum.
Navic byl popsan genovy expresni profil vyvijejictho se predniho oka kopinatce. Vysledky
dizertacni prace lze shrnout do nékolika bod:

Ukazali jsme, Ze ortology gent, dulezitych pro vyvoj fotoreceptord a retinového
pigmentového epitelu v oku obratlovcl, jsou duleZité i pro vyvoj fotoreceptoru
a pigmentovych bunék predniho oka kopinatce. Zajimavé bylo zjisténi, ze
fototransdukéni kaskdda v prednim oku kopinatce je podobna, ale ne stejna jako ta,
kterd je pouZita ve fotoreceptorech v sitnici obratlovci. Obratlovéi fototransdukéni
kaskada je pravdépodobné specificky znak, ktery byl dulezity pro zvySeni citlivosti
obratlov¢ich vizudlnich fotoreceptorl. Nase data podpofila dfive predpovézenou
homologii mezi kopinatéim vizualnim organem, pfednim okem, a obratlovéim okem,
a podala také voditka k nahlizeni na evoluci specifické obratlov¢i fototransdukéni
kaskady.

Zdokumentovali jsme vyhody poufziti protilatek pfipravenych v laboratofi specificky proti
proteinim z nemodelového organizmu v evo-devo studiich. O¢ekdavame, Ze podobny
pfistup bude poufZit ve vice laboratofich a umozZni rozsiteni spektra metod pouzitelnych
pfi studiich téchto nemodelovych organizm(. Kromé expresnich studii tak bude mozné
provést napf. chromatinovou immunoprecipitaci.

Opublikovali jsme repertoar opsinovych gent ve dvou druzich kopinatcl B. floridae a B.
lanceolatum. Provedli jsme analyzu exprese u vSech nalezenych kopinatcich opsinu
pomoci gRT-PCR v rdznych vyvojovych stadiich a tkanich dospélého kopinatce. Nase
expresni analyza ukazala, Ze nékteré opsinové geny vykazuji vysoce specifickou expresi
v misté a/nebo Case, zatimco jiné opsinové geny jsou exprimované ve vice rtznych
tkanich. Navic jsme zdokumentovali expresi tfi opsinovych genli pomoci RNA in situ
hybridizace. Odhalili jsme dva opsiny se zajimavym expresnim profilem — oba byly
exprimovany v ocase a oblasti okolo ust, Cili ve tkanich, kde se nenachazi svétlocivné
organy. Odhalili jsme nékolik opsint, které maji sekvencni charakteristiku podobnou
opsinim obratlovcl. Nase studie poskytly fadu vysledku, které mohou byt v budoucnosti
odrazovym mustkem pro dalsi studie.

Zavedli jsme test pro vazbu mezi opsinem a Gqs podjednotkou trimerického G protein,
zaloZzeny na specialni bunééné linii. Objevili jsme dva opsiny z meduzy Tripedalia
cystophora, které signalizuji pres Gas-cAMP signalizaéni kaskddu. Poprvé jsme
zdokumentovali vyuziti této nestandardni kaskady ve vizudlné fizeném chovani. Nas test
mUzZe byt upraven pro zjisténi vazby mezi opsinem a jinou G, podjednotkou a muze byt
proto poufZit v dalSich studiich vlastnosti opsint. Vyhody naseho testu jsme ukazali pri
charakterizaci dllezitych funkénich vlastnosti opsinl z T. cystophora napft. tripeptidu,
counterionu, nebo vysoce konzervovaného lyzinu.
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