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ABSTRAKT

Giardia je jednobuncny paraziticky organismus, ktery je zdrojem ajprovych
onemocgni po celém sité. Ma minimalni genomovou vybavu a zjednodusené kubdeni a
metabolické drahy. V tomto ohledu je to vhodny modg organismus pro studium regulace
burg¢cného cyklu a pro definici minimalni genetické a tpmové vybavy nutné pro
reprodukci eukaryotické laky. V Zivotnim cyklu giardie se vyskytuji dwstédia: patogenni
trofozoit a infekni cysta, ktera dokazergzit ve vijSich podminkach. Nové znalosti o
encystaci mohou byt vyznamné z terapeutického $kediprotoZe na tento proces je zacilen
vyvoj vakciny a lék. ProtoZze studium bétného cyklu vyZzaduje synchronizovanou
populaci, studovali jsme vliv synchronird latky aphidicolinu na jednotlivé b&né dje
béhem buréného cyklu trofozoit giardie. NaSe vysledky ukazaly, Ze aphidicolintaas
syntézu DNA a trofozoiti byli zablokovani podle albsi DNA na hranici G1/S faze. Nasledna
inhibice vstupu do mitézy a cytokineze naama, ZeGiardia ma funkni kontrolni bod fi
poSkozené DNA. Aphidicolin iysobi @i dlouhodobé inkubaci a vysSich koncentracich
vedlejSi efekty; detekovali jsme pozitivni signab dosforylovany histon H2A, ktery je u
savich burgk sowasti signalizéni drahy spugnhé jako reakce na dviezcové zlomy
v DNA. Reverzibilita této posttransiai modifikace po odstra&ni inhibitoru ukazuje, Ze
Giardia méa repar&ni mechanismy poskozeni DNA. Inkubace s aphidieotinpisobi
disociaci jaderného a cytoplazmatického cyklu. ibat syntéza DNA a vstup do mitézy jsou
zastaveny, cytoplazmaticky cyklus pokuge. Zangfili jsme se také na popis jadernéhidedhi
béhem encystace ve vztahu k tvérbystové siny a gestavid bicikového aparatu. Jaderné
déleni prokghlo semi-open mitézou zadsti dvou mitotickych ketének v rané fazi encystace
pied vznikem cystové &by. Jadra dstala po rozéleni v parech a byla propojenékolika
mustky, které vznikly fizi jadernych membran. Kazdy propojeny par jadespgejeny s

jednou tetradou bazalnickisek nerozdleného mastigontu diplomonady.



ABSTRACT

Giardia is a unicellular parasitic organism; it is a wevide cause of human diarrhea. It
has minimalistic genome equipment and simplifiedenglar and metabolic pathways. In this
respect, it is a suitable model organism for stagytell cycle regulation and to define the
minimal genetic and protein equipment required floe functional reproduction of the
eukaryotic cell. Its life cycle comprises of twoages; a pathogenic trophozoite and an
infective cyst, which can survive in outer envira@mh New knowledge about encystation can
be therapeutically important because this processaitarget for vaccine and drug
development. Since cell cycle analysis requireyratgonized population, we studied the
effect of the synchronization drug aphidicolin adividual cell characteristics during the cell
cycle of Giardia trophozoites. Our results showed that aphidicalinsed inhibition of DNA
synthesis and trophozoites were aligned accordingheéir DNA content in G1/S border.
Subsequent inhibition of entry into mitosis and ogytesis indicates, thaGiardia has
functioning DNA damage checkpoint. Extensive treatmwith aphidicolin causes side
effects. We detected positive signals for phosplateg histone H2A which, in mammalian
cells, is involved in a signaling pathway triggerasl a reaction to double stranded DNA
breaks. Reversibility of this posttranslational nficdtion after inhibitor removal indicates
that Giardia possesses DNA damage reparatory mechanisms. Aplmndireatment causes
dissociation of the nuclear and cytoplasmic cydligkile DNA synthesis and entry to mitosis
are stopped, the cytoplasmic cycle and its prosessmtinue. We also focused on
characterization of nuclear division durifgardia encystation with respect to cyst wall
formation and flagellar apparatus arrangement. &wedle divided by semi-open mitosis in
early phase of encystation in a precyst before eyt formation. After the karyokinesis,
nuclei stayedn pairs and were interconnected with several intalear bridges formed by
fusion of nuclear envelopes. Each interconnectezleau pair is associated with one basal

body tetrad of the undivided diplomonad mastigont.



1. INTRODUCTION

Giardia is a widespread cause of diarrhea and it was iedud the “Neglected Disease
Initiative” of the WHO (Savioli et al. 2006). Ihe last 20 year&iardia is also attractive
from the evolutionary point of view, as it was colesed to be among one of the earliest
branching eukaryotes. Together with other Metamanadd putatively amitochondriate
groups like Parabasala, Microsporidia and Archarapélwas placed to Archezoa (Cavalier-
Smith 1989).

With ongoing genome project Biardia, putative mitochondria proteins were discovered
as well as double membrane organelle called mites@ravar et al. 2003)Giardia however
retains some primitive characteristics: absencpenbxisomes, typical Golgi apparatus and
myosin, it encodes for the bacterial arginine pathwnd contains only few introns in its
compact genome (Morrison et al. 2007).

The trophozoite is a pear-shaped octo-flagellagtidapproximately 12-1mm long and 5-

9 um wide. The plasma membrane Gfardia trophozoite is covered with a coat from
variable-specific surface proteins (VSH3iardia like other diplomonads possesses two
morphologically indistinguishable nuclei. Nucleiegpositioned with mirror symmetry with
respect to long axis in the anterior part of théadjacent to two basal bodies tetrads. Ventral
surface of trophozoite is modified into an adheglige. To the posterior end from adhesive
disc is situated a rod-shaped median b&ilgrdia has a complex of basal body - associated
structures constituting a mastigont, which compri8eflagella, supranuclear microtubules
extending to an adhesive disc, funis, dense rodsstimated lamellae. Eight flagella, with
canonical eukaryotic microtubular structure 9+2 arganized in four pairs: anteriolateral,
posteriolateral, caudal and ventral (Kulda and Nddoya 1995).

Up to recently, cell cycle regulation in parasitimtists was not well understood. Cell
cycle regulation in these organisms has many diffiefeatures from canonical regulation in
eukaryotic cells, because of their complex life legcand ability to live in changing
environmental conditions (Hammarton et al. 2003)e Tompletedsiardia genome project of

assemblage A (isolate WBMttp://giardiadb.org/giardiadpto which assemblages B (isolate

GS) and assemblage E (isolate P15) were recentlgdacprovides information about cell

cycle regulatory gene equipment @iardia. Giardia has one of the smallest genomes in
eukaryotes - 12 Mb for haploid genome. Though mealy cycle regulatory pathways are

simplified, the cell cycle ifSiardia is regulated with the conserved regulatory medmsias

in typical eukaryotic cell (Morrison et al. 200Giardia proceeds through all four typical
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eukaryotic cell cycle phases. The course of mitasisGiardia was described recently.
Chromosomes condense in early prophase. Each sudedivided by a single mitotic
spindle. The nuclear envelope does not break @paitig mitosis inGiardia, only some of
the extranuclear mitotic spindle microtubules etiternuclear envelope. The typeGfrdia
mitosis has been described as semi-open orthomiosording to Raikov (1994); (Sagolla et
al. 2006; Timova et al. 2007b).

The nuclei are distributed into daughter cellsatgqually: each daughter cell receives one
copy of each mother nucleus (Yu et al. 2002). Ejgdrient flagella are equally segregated
between two daughter cells and four new flagekafarmedde novo, however each daughter
cell receives different half set of mother flag€iohynkova et al. 2006).

Giardia undergoes differentiation, which comprises endistaand excystation. The four
nucleated cyst has protective cyst wall formed freanbohydratesp¢(1-3) linked N-acetyl
galactosamine) (Karr and Jarroll 2004) and protéigst wall proteins - CWP1 — 3 and high
cysteine non-variant cyst protein (HCNCp). Proteimsning the cyst wall are upregulated
only during encystation and they are transportedascent cyst wall in encystation specific
vesicles (ESV), which are considered to be Golg-tompartments (Lujan et al. 1995; Sun
et al. 2003; Davids et al. 2006; Stefanic et aD@0 Nuclei division during encystation is
elusive and basic description is missing. Receittyleitner et al. (2008b) showed signs of
genetic recombination as a result of nuclear futierween two non-daughter nuclei in cyst.
The question of possible sexual recombinatiorGiardia has been raised because of low
level of allelic sequence heterozygosity (ASH) 404in genotype A irGiardia WB isolate
(Adam 2001). Finding of 17 homologues coding therécmeiotic recombination machinery”
that function in meiosis in higher eukaryotesGrardia genome, supported the idea that
meiosis may still be operating {Biardia, otherwise these proteins would not be retained in

genome (Ramesh et al. 2005).

2. HYPOTHESIS AND AIMS OF THE THESIS

Giardia intestinalis was considered one of the earliest branching gokarorganisms.
Though the discovery of mitochondrial genes ingé&mome and description of mitosomes
showed it is not as primitive as originally belidyeit still possesses some primitive
characteristics. It has an unusual cell structutl two nearly identical nuclei and complex
cytoskeleton, a small genome and minimalistic gem@ouipment, and simplified molecular
and metabolic pathways. In this respect, it is @msing model organism for studying cell
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cycle regulation ando define theminimal genetic and protein equipment required tfoe
functional reproduction of the eukaryotic cell. &fing cell cycle regulatory molecules
requires a synchronized population, which was mnatilable in Giardia. We studied more
thoroughly the influence of one DNA replication iipitor, mycotoxin aphidicolin, recently
used as a tool foGiardia synchronizationGiardia also represents a health risk, being a
worldwide cause of diarrhea in humans, and it ipdrtant to understand the mechanisms of
encystation as the prerequisite for transition iatoew host. Despite of great expansion in
biochemical and molecular methods, which enabledctiaracterization of single molecules
during differentiation and has provided great ihsigbout cyst wall formation, the basic
description of nuclei behavior and the flagellapa@atus reorganization during encystation
and excystation is still unknown. Possible exchanfiggenetic material in cyst and the
presence of meiotic genes @iardia genome along with prediction of sexual process in

Giardia focus even more the attention on the enigmatitendovision during encystation.

OBJECTIVES:

* To study the effect and reversibility of the syrarfization drug aphidicolin on individual
cell characteristics during the cell cycle of tropbites. The purpose of this study was to
determine the extent and for which parameters tbpulption can be regarded as
synchronized.

* To characterize individual phases of encystatiorraspect to cyst wall formation in
Giardia, to identify the stage of encystation when the audlvides and determine how
these two processes are interconnected.

* To find out which type of mitosis occurs in encysta, how the mitotic spindle is
nucleated. And to further follow the behavior o&dellar apparatus, which is tightly

coordinated with karyokinesis fBiardia.

3. MATERIAL AND METHODS

The materials and methods were described in detaile published articles.
Cell cultures, encystation, excystation

The HP-1 line of the Portland-1 isolate@ifardia intestinalis (ATCC 30888), donated by
E. A. Meyer (Oregon Health Sciences University,tRRad, USA) was used. Trophozoites
were grown axenically in a filter-sterilized TYI-3 medium, pH 6.8, supplemented with

bovine bile (Keister 1983) at 37°C. Encystatimmas induced by an encystation protocol
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adapted by McCaffery and Gillin (1994). Encystatioredium TYE-GS3, pH 7.8 was
enriched with bile bovine (5 mg/ml) and calcium dcfate (0.5 mg/ml). Excystationas

induced in cysts isolated from either human or pteteol protocol adapted by Hetsko et al.
(1998). Cysts were resuspended in the low pH ssspen(pH 4.0) containing reduced
glutathione and L-Cysteine in Hank’s balanced smiuthen in solution (pH 8.0), containing

Trypsin and taorocholic acid in Tyrode’s salt Solut

Immunofluorescence labeling
Sngle labeling in trophozoites and excyzoites

Immunofluorescence staining was carried out acogrdo Nohynkova et al. (2000).
Trophozoites were allowed to adhere on cover séipd fixed with ice-cold methanol,
permeabilised with ice-cold acetone, rehydrateghnsphate-buffer saline (PBS) at pH 7.2
and blocked with 3% bovine serum albumin BSA/PBBeyl were incubated with primary
antibody in 2% BSA/0.1% Triton-X-100/PBS, washedhwPBS pH 7.2 and incubated with
secondary antibody in 2% BSA/0.1% Triton-X-100/PB&shed with PBS pH 7.2 and finally
mounted in Vectashield mounting media with DAPI ¢ute).
Double labeling

Cysts were harvested by centrifugation, washedi&,Rentrifuged and allowed to adhere
on cover slips and air-dried. Cysts were furthgedi with ice-cold methanol, permeabilised
with ice-cold acetone, rehydrated in PBS pH 7.2 hlodked with 3% BSA/PBS. Samples
were further incubated primary antibody in 2% BSA# Triton-X-100/PBS, washed with
PBS pH 7.2 and incubated with secondary antibod2% BSA/0.1% Triton-X-100/PBS,
washed with PBS pH 7.2. Slides were then post-fixed% paraformaldehyde and washed
with 100 mM glycine/PBS. The second round of blaratvas performed with 2% BSA/PBS
and then the second antibody against cyst walkeprdt A300 Cy3 in 2% BSA/0.1% Triton-
X-100/PBS was added, washed with PBS and finallymted in Vectashield mounting media
with DAPI.
Electron microscopy

Suspensions of encysting cells after 24 hrs incobah TYE-GS3, cysts preparéd vitro
and cysts of human or sheep origin were spinnedrasdspended in cold fixative (2.5%
glutaraldehyde/5 mM Cagin 0.1 M cacodylate buffer, pH 7.4) and fixed ought. Fixed
cells were washed with PBS, pH 7.2, post-fixed 800.8% potassium ferricyanide/5 mM
CaClin the same buffer, thoroughly washed with cold PBS 7.2, dehydrated in acetone,



and embedded in Epon. Ultrathin sections were eaxadniafter staining with uranyl
acetate/lead citrate with a JOEL 1010 electron osicope.
Flow cytometry analysis

Cells were resuspended in fresh TYI-S-33 and fieati Then diluent buffer was added
and samples were stored at 4°C until measuremerdd Feells were washed in PBS and
resuspended in PBS witnd RNAse A. Then, cells were resuspended in 10 mig/T0 mM
MgCl, with 10 ug/ml propidium iodide and stained. Flow cytometrgsaperformed on FACS
Canto Il (BD Biosciences). The data were analyzdgiBD FACSDiva" software.

4. RESULTS
Aphidicolin influence on cell cycle

Studying cell cycle regulatory molecules requires sgnchronized population.
Synchronization of cell population may be achiebgdlifferent approaches. It is likely that
this is most often achieved by inhibiting either ANeplication or nuclei division using
specific inhibitors. We studied the influence o thNA replication inhibitor, aphidicolin on
Giardia trophozoites.

The influence of aphidicolin on th@iardia cell cycle is both dose and time dependent.
The working concentration of 5 pg/ml was adjustamked on the initial experiments. DNA
content of propidium iodide (PI) stained trophoesitin logarithmic phase of growth was
measured by flow cytometry. We found that approxetya70% of untreated cells resided in
G2/M corresponding to DNA content 8N and the refsipopulation was in G1/S phase
(corresponding to 4N). In aphidicolin treated celiee DNA content of the majority of the cell
population shifted to the G1/S junction. Incorpaatof BrdU provided direct proof that
DNA synthesis was disrupted by aphidicolin treattmeA positive signal for BrdU
incorporation, representing the rate of DNA synithewas detected in either one or both
nuclei in about 33% of untreatééiardia cells. The DNA was replicated asynchronously as
demonstrated by asymmetry in fluorescence signalden the two nuclei. In 10% of the
cells, only one of the two nuclei showed a positisignal for BrdU incorporation.
Phosphorylated form of histone H2A, a modificatiohH2A, which is essential in DSB
recognition and their repair (Zhou and Elledge 9008&s present in one or both nuclei in 55%
of cells already after short incubation with apbdadin. The presence of signal in only one
nucleus might again correspond to asynchronicitiNA synthesis between the nuclei. The
presence of signal in both nuclei increased withigoged incubation and reached 99% after
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48 hours. Its presence was however reversible aotedsed after release from aphidicolin
block. The fluorescence signal for phosphorylat&AHbccurred also naturally in untreated
trophozoites, though only as single dots and uguiall only one of the two nuclei in
comparison with full signal in aphidicolin treateells. Another side effect of aphidicolin
treatment was the causative dissociation of nu@edrcytoplasmic cycles. While the nuclear
cycle was stopped at the G1/S border, the cytoptasiycle and its processes (protein
synthesis, increase in cell size) continudardia trophozoites grew significantly in cell size
with prolonged incubation with aphidicolin. Corresyingly, these trophozoites contained
almost in 100% median bodies, which are regardgd2amarker, and these were bigger than
in untreated G2 cells.
Albendazole influence on cell cycle

A microtubular polymerization inhibitor albendazgeevented nuclei division iGiardia
by blocking the mitotic spindle assembly. Howeuee cytokinesis continued in most cells
resulting in aberrant trophozoites containing e@ith@ene, one or two nuclei. After 24 hours of
incubation with albendazole, three distinctive mealere formed on cytometry histograms,
one corresponded to G1/S, one approximately tor&2oame was situated in between 8N and
16N DNA content. The second round of DNA replicatim nuclei that did not undergo
karyokinesis was further documented with BrdU ipavation and chromosomal spreads,
which showed even twenty condensed chromosomeasugérus (average number per nucleus
in typical mitotic cell was ten).
Nuclear division and DNA replication during encystdion

The completion ofGiardia life cycle is crucial for its successful transngsto a new
host. The whole life cycle oGiardia can be performedn vitro and therefore, processes
occurring during encystation and excystation carstodied. Our studies of encystation and
excystation were focused on nuclei division, DNApliation and flagellar apparatus
reorganization in both processes. To follow DNA liegiion during differentiation, we
performed flow cytometry analysis of DNA content Bhstained cells, BrdU incorporation
and the inhibitory effects of albendazole.

DNA content ofin vitro gained cysts, measured by flow cytometry, confdrtieat cysts
had double the amount of DNA than trophozoites IhpBase, corresponding to 16N as stated
previously by Bernarder et al. (2001). To determiime timing of DNA replication during
encystation, we performed BrdU incorporation inysting cells. Positive staining for BrdU
occurred in 36% of cysts. In all BrdU positive cysall four nuclei showed BrdU signal.
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DNA replication therefore occurred in each nucleusl followed the nuclear division.
Albendazole treatment prevented nuclei division, icwhindicated the presence of
microtubular mitotic spindle in nuclear divisionrthg encystation. Albendazole however did
not inhibit the cyst wall formation. Interestingiy, non-divided nuclei another round of DNA
replication occurred. DNA content of cysts formedhe presence of albendazole, measured
by flow cytometry, was equal to untreated cysts\)16
Nuclear division and cell organization during differentiation

Albendazole induced inhibition of nuclear divisian encysting cells indicated the
presence of microtubular mitotic spindle; therefare focused on visualization of the nuclei
division. The studies of ultrastructure in encygtoells on electron microscope revealed that
division of both nuclei occurs in the early phadeencystation in a precyst. The nuclei
divided by semi-open mitosis correspondingly toleudivision inGiardia trophozoites. Two
microtubular mitotic spindles were formed; each posed of extranuclear and intranuclear
microtubules. The nuclear membrane did not breaktaguring mitosis and was perforated
only for the single microtubules to enter the nuslat the poles. A basal body was situated at
the proximity to the pole, where the microtubulesaentrated. Nuclei after mitosis stayed in
pairs with parts of plasmatic membranes lying clmggether - resembling diplokaryons. The
adhesive disc was fragmented into pieces compodedniorotubules with adjacent
microribbons. As revealed with immunofluorescemoaging, phosphorylation including that
of aurora kinase, did not accompany the adhesise fiagmentation during encystation in
contrast to disassembly of the disc in trophozditgsion. Nuclei during division had a
characteristic irregular shape, from the nucleaetpe projected ER. This lobular shape also
maintained nuclei in early cysts. In mature cysithwassembled cyst wall, the nuclei were
mostly rounded, due to decrease of ER expansidaSaé production ceased in cysts. The
nuclei within the pair were interconnected withaptasmic bridges. Each nuclear pair was
interconnected with up to three small bridges et vary in size. As only few precysts
contained nuclear pairs without the interconnectiwa propose that nuclei interconnected
shortly after karyokinesis by a two-step fusionthwthe outer nuclear envelopes fusing first.
These inter-nuclear bridges were present eithgrégysts, or in cysts of any origin: in
vitro formed mature cysts that are resistant to watatriment or even in wild-type cysts
gained from animals or human patients.

During the whole encystation only one single flégyedpparatus comprising four pairs of
flagella and eight adjacent basal bodies remaimedepved. Confocal microscopy using
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antibody against acetylated tubulin showed thatatinangement of axonemes was preserved
the same as that in interphase trophozoite. Théeaupairs were situated adjacent to the
basal bodies tetrads at one cyst pole. And in eaclear pair just one nucleus was positioned
in close proximity of the basal body mediating theslear pair association to basal body. All
these observations were supported and confirmedtiastructural analysis.
Excystation

Although the excystation oGiardia was described in 1980s” by scanning electron
microscopy, up to date basic structural descriptidnfreshly excysted trophozoite was
missing. Moreover, it is not understood how theleaic pairs and single flagellar apparatus
are distributed into two subsequent cell divisidhat follow the excystation. During the
excystation the first six backward directed flagethamely caudal, posteriolateral and ventral
emerged from a single opening. The anteriolatéaglefla together with nuclei were the last
to emerge from the cyst. Its cytoskeleton comprideisingle flagellar apparatus and two
duplicated microtubular structures as shown withmumostaining. The single flagellar
apparatus remained in the same position as in nkerphase trophozoite or the cyst.
Microtubular arcs corresponding to defragmentedeatie disc were positioned left or right
next to backward directed flagella. Trophozoite bad more, so far undescribed, cytoskeletal
microtubular structure stained with anti-acetylatetbulin; these were two microtubular
bundles lying symmetrically along the caudal flégeThese likely corresponded to median
bodies. Both of these microtubular structures @tgfrented disc and microtubular bundles)
disappeared during cell division. The adhesivediacnewly forming daughter trophozoites
in cytokinesis oriented with ventral/ventral axgimmetry were developing in the opposite
directions to each other, winding counter clockweseresponding to typical cytokinesis of
trophozoite (Timova et al. 2007b). Distribution of parental fldgebetween daughter
trophozoites in the first cell division after extatson was similar to that of mitotic
trophozoites (Nohynkov4 et al. 2006). The antetésld and posteriolateral flagellar pairs
received progeny from mother trophozoite, while tv@nand posteriolateral pairs were
assembledde novo and were observed as short axonemes on fluoresaarmoscopy or

Giemsa staining in freshly divided cells.
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5. DISCUSSION
Aphidicolin influence on cell cycle

Two synchronizing methods fdsiardia trophozoites have been published and both of
them used aphidicolin, either alone (Reiner et 2008) or in combination with the
microtubule polymerization inhibitor nocodazole xigitner et al. 2008a). In our study, we
further tested the effect of aphidicolin @nardia trophozoites in order to evaluate and better
understand the consequences of these synchromizatiethods on individualGiardia
trophozoites using an extended repertoire of calobical characteristics. It is widely
accepted that aphidicolin inhibits DNA replicationeukaryotic cells and this effect is used
for arresting cells in the G1/S phase border (ReNi@y et al. 1979). Using two approaches -
BrdU incorporation and flow cytometry analysis -gtmudy DNA replication, we confirmed
that DNA synthesis inGiardia trophozoites is stopped during aphidicolin treattme
Prolonged stalling of the DNA replication fork asesult of aphidicolin treatment may result
in DNA damage and checkpoint activation in HeLdsc@liu et al. 2003)Giardia has two
copies of the core histone H2A (Wu et al. 2000, ¥¢eal. 2007), which is involved in
signaling pathway triggered as a reaction to D$Bmammalian cells. The histone sequences
in Giardia show clear similarity to histones known from otleeikaryotes and near its C-
terminus it contains the same SQ motif, which israhteristic for phosphorylation and
phosphorylated in the variant H2AX in response tdADdamage (Chambers and Downs
2007). We found that this posttranslational modificn of histone H2A is induced @iardia
exposed to aphidicolin. Unrepaired or incorreciypaired DNA lesions or chromosomal
aberrations can lead to cancer or cell death (Zwoi Elledge 2000). In response to such
DNA disorders like DSB, cells have developed highbphisticated systems to recognize
DSB and arrest cell cycle until the lesions areaxied.Giardia cells during replacement of
the histone H2A after the release from aphidicodienter cell division, which might indicate
that DSB are repaired through DNA repair machingv suppose that this block of mitotic
entry after aphidicolin-mediated DNA damage andofeing reentry into mitosis after the
release from aphidicolin is a strong indication tlee presence of a DNA damage checkpoint
in Giardia. However, further studies are needed to demoestkdiether components of a
DNA damage checkpoint signaling cascade are aetivatGiardia in response to exposure
to aphidicolin.

While DNA replication and entry into mitosis in agicolin treatedGiardia trophozoites
stopped as discussed above, other cell cycle mesantinue. Increased cell size together
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with significantly higher protein content in tredteells, suggests that the nuclear and
cytoplasmic cycles are dissociated. Increasing sie## has already been documented in sea
urchin embryos (Sluder and Lewis 198Pgramecium caudatum or bloodstream forms of
Trypanosoma brucei under aphidicolin influence (Sabaneyeva et al.9199utomba and
Wang 1996) or in senescent cells in mammalianccétlires (Campisi et al. 1996). Therefore,
it seems that cells that cannot enter mitosis dones reason (activated checkpoint due to the
presence of inhibitor, lack of nutrients, senesassilis) continue to synthesize proteins and
increase in cell size.

Nuclear division and cell organization during differentiation

Nuclear division duringsiardia differentiation is one of the poorly understoodexdp of
the life cycle of this pathogen. It is well knowmat theGiardia trophozoite is bi-nucleated
whereas the cyst is quadri-nucleated. However,di@angsis during encystment has not been
documented so far. In the trophozoite, divisiomwotlei is tightly coupled to the cell division,
i.e., to the mitotic reorganization of cytoskeletorcluding complicated duplication of
flagellar apparatus, and cytokinesis (Nohynkovalet2006; Timova et al. 2007b). In the
precyst, nuclear division is independent of celiision. Nuclei divide in a non-dividing cell
with a single flagellar apparatus, which correspotalthat of an interphase trophozoite; no
new basal bodies/axonemes are formed and no cledwagwing is induced. Despite nuclear
division in precyst, the topological arrangementsnastigonts of the cyst with four nuclei
correspond to that in trophozoites (Sheffield andngatn 1977). The two karyomastigonts
are linked to pertinent tetrad of basal bodies tposed side by side between the nuclei.
Instead of two nuclei in trophozoite, there are pairs of interconnected nuclei in cyst. And
only one nucleus from each pair is positioned wselproximity to relevant tetrad of basal
bodies. We found that the interconnection of nublefusion of both nuclear membranes in
Giardia cyst is not a temporary or occasional event ogogionly in one nuclear pair during
the encystation or within already formed cyst. Weespnt data showing that this
interconnection of nuclear membranes is preseheih precysts, or in cysts of any origin:
in in vitro formed mature cysts that are resistant to wagatrment or even in wild-type cysts
gained from animals or human patients.

Nuclei interconnection in cyst stage was shown tatten micrographs also earlier;
however authors described this process differeptthier as an unfinished nuclear division in
cyst (Solari et al. 2003) or as an unfinished rarctivision during excystation (Hetsko et al.
1998). Poxleitner et al. (2008b) regards the nuctesion in a cyst as a mark of genetic
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exchange. Anyway all the authors so far have desdrithis phenomenon as temporary.
Fusion of nuclei might function not only for podsilgenetic recombination as suggested by
Poxleitner et al. (2008b) but might serve as meca&mond within the nuclear pair in cyst

and especially during excystation when the karydigast has to squeeze through the small
opening in cyst wall and stay interconnected asda®imented on structural description of

the excyzoite, in which the nuclear pairs are keld together.

6. SUMMARY OF RESULTS

Aphidicolin influence on cell cycle

* DNA replication inhibitor aphidicolin causes intibn of DNA synthesis inGiardia:
trophozoites are arrested at the G1/S border aicgptd their DNA content. Consequent
inhibition of entry into mitosis and cytokinesisdinates thatGiardia has functioning
DNA damage checkpoint.

* Presence of phosphorylated histone H2A, a markeoable strand breaks, suggests that
aphidicolin may cause DNA damage @Giardia. Reversibility of this posttranslational
modification after inhibitor removal indicates th&iardia possesses DNA damage

reparatory mechanisms.

» Aphidicolin treatment causes dissociation of nuckea cytoplasmic cycles. While DNA
synthesis and entry to mitosis are stopped, theptasmic cycle and its processes
continue: increasing cell size, corresponding tghér protein content and higher
percentage of cells containing median bodies.

Albendazole influence on cell cycle

» Albendazole inhibits nuclei division i@iardia trophozoites by blocking mitotic spindle
assembly. Nuclei that did not undergo karyokingseceed to the second round of DNA
replication. The control mechanism of allowing DN#nthesis only once per cell cycle

seems to be missing or circumventedsiardia.

Nuclear division and DNA replication during encystdion
* Replication of DNA duringGiardia encystation occurs after nuclei division. BrdU

incorporation revealed that DNA replication occdrie all four nuclei within the cyst.
15



Albendazole blocks nuclei division durin@iardia encystation. However, it does not
prevent cyst wall formation — these two processesret interconnected. The nuclei
within cysts formed in the presence of albendazoidergo another round of DNA

replication without previous karyokinesis.

Nuclear division and cell organization during differentiation

Nuclei division occurs in early phase of encystatlwefore cyst wall formation in a
precyst. Each nucleus is divided by its own mitspndle composed of extranuclear and

intranuclear microtubules. Nuclei are divided bgnsepenmitosis as in trophozoites.

Nuclei after the karyokinesis stay pairs on one cyst pole. Nuclei in pairs are
interconnected with several inter-nuclear bridgiesmed by fusion of both nuclear
membranes. This nuclear organization in cyst psrasmature wild-type, as well im

vitro, formed cysts.

Flagellar apparatus does not replicate during Kamgsis in encystation, which is in
contrast to karyokinesis in trophozoites. The agesment of flagellar apparatus remains
same as in interphase trophozoite. In each nupksaionly one nucleus is associated with

one tetrad of basal bodies.

Excystation

Excyzoite is rounded; four nuclei are still orgadzin two pairs. The cytoskeleton
comprises a single flagellar apparatus, which rama the same arrangement as in the
trophozoite and the cyst. Next to backward direeednemes are fragments of adhesive
disc. Along caudal flagella lie two microtubular rialles which likely correspond to

median bodies.
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