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ABSTRACT

A model plant Arabidopsis thalianaduplicates its chromosomes without cell division,
a procesgnown as endoreplicatioithe primaryobjectiveof this studywas toidentify genes
andproteirs that specifically accumulate endoreplicated nuclei iArabidopsis thaliana
Analysis ofnuclei sorted by fluorescent activated cell sorter (FACS) revealeglthdy leveb
and nuclear volumerere positively correlateddowever, the proteirmmouns among2C, 4C,
and 8Cnucleihad no significant differeneseThis indicated a decrease of the protein
concentration in endoreplicated nuclei.contrastthe RNA amountin the 8Cnucleiwas1.3
and 1.4fold higher tharthat in the4C and 2Cnuclei respectivelyThis suggestd an increase of
RNA after the second round of endoliegtion.

Thesecondry objective was tadentify the biological function of unique domaifeund
in Arabidopsistopoisomerase VI subunit B (AbpVIB) that contributeto endoreplication.
Usingthe AtTopVIB amino acid sequence and protein database search engimetjfied two
uniquedomaingto whichl designatedheinsertion of the Nlerminal domair{IND) andthe
extension in the @erminal domain ECD). These domains are well consenedween
ArabidopsisandOryza sativgrice) but very unique inthe entire familyTowards understanding
thebiologicalfunction of thse domains, | analyzebe localiation of AtTopVIB inArabidopsis
protoplasts with yellowfluorescent protein (YFP). The results indicateat &ktTopVIB was
localized inthe nucleus. Ko, | analyzedAtTopVIB self interaction inArabidopsisprotoplasts
usingsplit-luciferase The resultsndicated a weak self interaction AfTopVIB. Thes results
suggested that the IND and ECD may be involved in the localization entsgtiction of

AtTopVIB in Arabidopsiscells
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CHAPTER 1
LITERATURE REVIEW

1.1The CellCycle that Routes toPolyploidization

Two of themostfundamental aspects of cells gmwth and divisionMaintaining an
identical copy of genetic material in each cell during cell division is critical in somatic Teilts.
process is controlled by theltcycle'. The gant cell cycle isregulated somewhat @frently
from other eukaryotes:or instanceplantslack orthologs of thenammalian G'S specific
cyclin-dependent kinases 4 and 6 (CDK4 and CDbi)passesa plant specific Bype CDKZ>.
Y et they share the mamechanisnof regulators controlling theell cycletransition from one
phase to the netin order for somatic cells tdivide, they need to undergomitotic cellcycle
that results in producing two diploidells. The mitotic cell cycle encompasses 4earetl phases
G1, S G, and Mphase. Althouglthe cell cycle oimany eukaryotesequires the successful
completion othe M-phase prioto DNA replicationin the S-phase somehighly specialized
cellsskip the Mphaseto obtain gpolyploid DNA content. For instancehuman negakaryocytes
skip part of the Mphasgendomitosis)whereasArabidopsisandDrosophilaspecialized cells
skip the entire Mphase(endoreplicatiop® > ©

Fausto et al. showed thaitugs, such aChemokine (calcium tetrachloridéhat was
reported to be toxic to hepatocyt@xreasedhe ploidy level oimammaliarhepatocytes which
suggests that polyploidization could be a physiological adaptation to cellular.d#tessover,
due to the increase in cell size causegdlyploidization Otto et al. suggesthat
polyploidization may be theay to regulate tissue and organ Size higherplants
polyploidization was shown to be a part of their developmental program and the ploidy level
seensto increase with ageidgThis case was atsobservedn diploid hepatocytes inewly born

mammals whichincreasd to tetraploid and octaploid with the ageing profess



1.2 Polyploidization in Homo sapiens Endomitosis

Bonemarrow precursor cells that give rise to blood plasefatre a DNA content of up
to 128C(C is defined as the DNA content of a haploid nucleasppposed tahediploid DNA
content of Z as a reslt of endomitosisEndomitosis i process in which the cell enters mitosis
with no nuclear envelope degradation and exithgM-phase from late anaphasesulting in
an enlarged cell with twice the DNA content per round of cell &y@lee biological function of
endomitosis is to piuce large megakaryocytes with high ploidy level content wtach
producelarger number of differentiated platelets compared to diploid megakaryStiftes
molecular mechanism of endomitosis owes toldlo& of the nuclear envelope degradation in
prophag andis due to the lack of proteinsuch as the Aurora B Kinagayolved in the
formation of a network of anparallel microtubules between the separating chromosomes during
the metaphase/anaphase transition
1.3 Polyploidization in Drosophilaelegans; Polytene thromosome

In the salivary glandbf thefruit fly Drosophilathis endoreplicatedhuclei havepuffed
polytene chromosormsefollowing S-phase with visible light and dark bands under the
microscop&. The dark bansi represent areas of the gendive are densely packed, whereas the
light bands represent areas of the genome that are lightly packed. The puffs represent
transcriptionally active genes in the gendme&he sister chromatgktay aligned throughout the
cell cycle until the proceedingghasé®. Although the precise function of forming polytene
chromosome is still unknowit has been proposehat it occurs in highly specialize@lts that
demand higher protein content to carry on their required furtétion

It has been reported that there is a significant updesentation of the heterochromatin

DNA in duplicated genomes in salivary gland cell®odsophila>*®. This is 4 least partially



due to the oscillationf cyclin E (CycE)levels during the &S phase transitidh CycE isa
regulator of Gto Sphase transitn in mammalian celfé. The control of CycE levelduring the
endocycles is regulatdry an E3 ubiquitin ligase thatansfers a ubiquitimolecule from the
cysteine of E2 ulguitin-conjugated enzyme, tbe lysine of the target protein for proteolysis by
the protoesom&*®. Hence thehypomorphic Pelement mutation of CycEycE!s72) allowsthe
completion of the genomic duplication including the replication of the late heterochramatin
Drosophilaovarian cellS’.

1.4 Polyploidization in Arabidopsis thaliana Endoreplication

Zuzana et aluggestedhat endoreplication occurs in organisms vatmall genome
size to increase their gene expression activity yielding higher protein content needed to carry on
their specialized functidfi Melaragno et al. also suggestedt endoreplication is part of a
developmental program irabidopss™.

Unlike Drosophilasalivary gland cellsArabidopsisspecialized cells, such as pavement
leaf cells and trichomes, undergo endoreplication producing unosede&hromatin with no
visible puffs or bands.Morphological difference in the DNA betweBmosophilapolytere
chromosomes anfirabidopsisendoreplicated chromosomssggests a difference in the
mechanism of chromosome sorting, decatenation, and chromosome condensation post
replication.

Cyclin dependent kinase B1;1 (CDKB1;1) is a key regulator of the trangitionG, to
the M-phase by interacting wittyclin A3;2 (CYCA3;2), cyclin A2;3(CYCAZ2;3), andcyclin
D3;1 (CYCD3;)) in Arabidopsis |t is known thatCDKB1;1 is highly expressed in dividing cells
and is down regulated at the onset of endoreplicitidiso, transgenidArabidopsis

overproducing a dominant negative CDKB1;1 undergo increased endorepficatience,



CDKB1;1 is considered the key moleeuhat control endoreplication Arabidopsis Another
CDKB found to control endoreplication is the CDKB1;2. Eatogxpression of CDKB1;2
switchesthe developmental fate okrabidopsistrichomes from endoreplicating into mitotically
dividing cells™. A different molecule that is also knowndontrol theswitch from the mitotic
cycle to endoreplication BCS52A, arortholog of the yeast and anin@lhl/srwl/fzgenes
acting as a substraspecific activator of the anaphagemoting complex (APCYbiquitin
ligase.The CCS52A controls the degradation of mitotic cyéfink has been reported that the
down regulation of CCS52A significantly reduces the ploidy levéd imancatulanodule$®,
Also, it has been reported thaiis-expression of one of thiareeidentified CCS52A genes (fzr
1, fzr-2, fzr-3), fzr-2, is sufficient to drive endoreplication Arabidopsispetal$®. Also, a F

DNA insertion in the fz2 gene 1zr2-1) in Arabidopsisresulted in smaller leaf cells that undergo
fewer endorefitationcycles®. This suggests that CCS52A plays a rolesigulatingthe
developmental control between mitotic cycles and endoreplication.

Anothergene that contrelendoreplicatiorand is involved in cell cycle regulation is the
SIAMESE (SM). SIM function was reported to repress the mitotic division by interactitiy wi
the regulators of (o S phase transition,-ype cyclins (CycD) and cyclidependent kinase
A;1 (CDKA:1), in Arabidopsi$’. Mutations inSIM of Arabidopsis thalianaesuledin
multicellular trichomes that encompasisglenuclei with a low ploidylevel, a phenotype
strikingly different from that of wiletype trichomeS. Moreover, @er-expression o8IM causes
enlarged epidermal cells with higher DNA content due to increase in the number of endocycles
in Arabidopsisthalian&”.

Othergenes that are not involved in cell cycle regulatiohcontrol endoreplication in

Arabidopsishave been identified’hese genes include rhll, rhl2, hyp6, bin4, and midget all of



which constituteghetopoisomerase VI complar Arabidopis Mutations n thosegenes
resulted ina similar phenotypeof dwarf plants with reduced ploidy levels and smaller cell

size3?83234 However, the mechanism by which the topoisomerase causes endoreplication is no

clear



CHAPTER 2
CHARACTERIZATION OF ARABIDOPSISENDOREPLICATED NUCLEI
2.1 Introduction

Kato et al. established @rabidopsis thaliandransgenic planEL702Cthat has
GFP/lacl cassette integrated in two loci MBp apart on chromosome 3. TE&702C
transgenic plant was used to compare the chsmmemovement in diploid and endoreplicated
nuclei by measuring the overall mean squared change in distance over the change in time
between the 2 inserted loci. The resuliewed that the change in distance squared over the
elapsed time in endoreplicated nuclei was significantly higher compared to diploidhuclei
These results suggest a loss or modification in the protein cont@ralmtiopsisendoreplicated
nucleus Attachmentof the chromatirio the nuclear envelopeasntrolled byscaffold proteins
known asamin proteinsin animalé®. In higher plants nuclear matritocalized protein
(MFP1)carrying a coileetoil motif that binds to the nuclear matattachmentegionsof the
chromatin(MAR) has been identif#*. Kato et alraised tle question of what could cause such
behavior inside the endoreplicatedcleus.

Mutational studies of genes suchragl, mid, andbin4, all of which are members of the
topoisomeras¥| complex inArabidopsisthaliana, identifieda clearphenotypewith reduced
endoreplication levels. Interestingly, none of these mutants eliminated the endoreplication
process completely and the plant still carried nuclei with ploidy level up to 8@iml¢af
tissued?33. This suggestthatthe first two cycles of endoreplicationay beessential for
embryo development

A microarray analysis comparing the gene expression pathetweenArabidopsis

thalianadiploid and synthetic allopolyploiformed bypollinating an autotetraploid species



with another autotetraploid spegiestablished by interspecific hybridization between
autotetraploidArabidopsisthalianaandArabidopsisarenosawas reported. Among
approximatel\2430 cDNA studied, 11% géayed a change expression ithe S254
(allotetraploidline self crossedor 3 generationsprogenitorscompared tdoth parens.
Approximately40 geneghat are highly expressed in the par&rabidopsisthalianawere
further analyzedo their expresion rate in th@rogenitor These genes encode proteins involved
in cell metabolism, cell division, protein transport, signal transduction, and transpasmTsy
these gened6 (60%) arelownregulated®. They also reported that this dowegulation is
caused by methylationn the chromosom&sThese silenced genase thought to be
unnecessary iallopolyploidcells. Overall, thisstudy showed a unique expression pattern in a
synthetic allotetraploid compared Avabidopsisthaliana diploid seedlingsuggesting a
difference in expression pattern between diploid @lwpbolyploid cells

The studies mentioned above indicated that endoreplicated cells/nuclei may contain their
specific proteins and RNAs so that their biological funct®specializedOur goal wago
identify theseproteins and RNAshat may bespecifically accumulated in endoreplicated nuclei
to understand the biological function of endoreplication. A challenge to identify endoreplicated
nucleispecific proteins and RAs is that a high number of nuckie required to obtain enough
amounts ohuclear protein and RNA for downstream analyGialbraith et al. established a
nucld sorting technique that yields a significantly higilimberof sorted nuclei compared to
othertechnigues such as the quantitative microphotometry that uses DNA specific dyes without
sorting®. Their method allowdor thesortingof nucleiaccording tctheir DNA contentusing a

Fluorescence étivated Cell Srter (FACSY®.



2.2 Objectives
Objective I: Optimizing the Condition to Collect the Sorted Nuclei

The method developed IBalbraith et aborts10° Arabidopsisthaliananuclei in 10mL
of Nuclei Sorting Buffer (NSB)I needed to concentrate the sorted nuclei from a volume of
10mL into smaller volumes dfo0-200 L to obtain enough amounts pfotein and RNA to
identify the nuclearproteirs and gene inendoreplicated nucleli used severapproaches to
concentratehe sorted nuclei while preserving the integrity of its content.
Objective II: Measuring Arabidospsighaliana Nuclear Volume, Protein, and RNAamounts
of Endoreplicated Nuclei

| wanted to determinthe actual nucleavolumes,andthe actual amount of proteins and
RNAs in endoreplicated nucleTherefore, lcompare the nuclear volume anthe amounts of
proteirs and RN/As betweeriploid and endoreplicateauclei.| hypothesizedhat Arabidopsis
thalianaendoreplicateduclei have higher protein and RNlavels than diploid nuclei.
Objectivelll. Comparing the Protein and mRNA Content ketween Diploid and
Endoreplicated Nuclei byiTRAQ and Microarray Analysis

| hypothesizedhat there is a difference in the nuclear protein content between diploid
and polyploidy nuclei irArabidopsisthaliana. | predictedthat some proteins are biochemically
modified in emloreplicated nuclei causing the less restricted movement ohtbenoemes To
comparethe proteincontent between diploid arhdoreplicated nuclei | decided to use the
isobaric tag for relative and absolute quantification (iTRAQ) due to its comparative and rapid
results.The iTRAQ can compare up to 4 distinct samiesutaneouslyAfter labelingthe
different protein samples with the isobaric tadigal mass spectrometrf§/MS) fragmentation

givesthe distinct reporter iorthat are used to quantify their respective samgleeiTRAQ test



requiress0-100ug of proteinper studed sample (diploid vs. endoreplicajed a concentration
of 2.5ug/uL.

It is alsopossiblethatsome mMRNAs are specifically accumulated in endoreplicated
nuclei inArabidopsis To compare the RNA content between diploid and endorgpticaucleil
decided to ustheoligonucleotide microarray services offeredthg David Galbraith lab at
Arizona State UniversityThe microarray analysis require80ng per ploidy level as a
minimum amount of total RNAer studied samplat a concentration of 2@gy/uL.
2.3Materials and Methods

1 Nuclei Sorting
Arabidopsis thaliana&Columbia ecotypevasgrown in longday growth chamber (1itrs

of light/8hr of dark). Leaves of 3 weekdd plants were chopped in a cold room with a single
edged razor blade in a glass palish (diameter, 5 cm) containigNuclei Sorting Buffer
(NSB). The NSBcontents45mM magnesium chloride, 3®M sodium citrate, 2énM 3-
morpholinopropanesulfonic ac{lOPS), and Trton X- 100(1 m@ml) at pH 7.0. The chopped
leaf suspension was then pagshrough a 5Qm nylon mesh and centrifuged at 500 for 3
minutes. The p&dt wasre-suspended in BiL of NSB containing2 ul of 4',6-diamidino-2-
phenylindole(DAPI) (100 pg/mL). For sorting a fluorescence activadecell sorter (FACSt&!S
BecktonDickinson, Germanywith a 70um size nozzle equipped with an Argan laser
(INNOVA 90C-5) emittingUV-light was used10’ DAPI staired nucleiwas sorted to colle@C,
4C, and 8Chuclei inlOMLNSB. Light microscopyequipped with DAPI filter was used
confirm the presence of sorted nuclei

1 Collecting the Sorted Nuclei

For collecting the sorted nucldi(® nuclei of2C, 4C, andC ploidy in10 mL NSBwas

centrifugedat different speeds artanes Initially, 10 mL of 2C sorted nuclei were centrifuged at

9



850 x g for 10 min at L as suggested by Meier et*al.Twenty microliters of the centrifuged
nuclei solution was stained with DAP100 ug/mL) and used to quantify the nuclei number
usingfluorescenimicroscope=quipped with DAPI filteland a hemocytomet. In addition to this
conventional method, the following methods were employed to collect the sorted nuclei.

1. Ten milli-liters of 2C sorted nclei was passed once throughCaydn and another
through 100 pm nylon mesh (AmicaritraInc., USA). Twentymicroliters of the
filtrate and the flonthrough were stained with DARINd used to quantify the nuclei
number

2. Ten milli-liters of 2C sorted nuclei waadded to 40 kDa Millipore tubes(Millipore
Inc., USA), whichrecoverproteins with méecular weight flgher thanlO kDa, and
spunat 3,800 x g for 40 minutes 4tC.

3. Ten milli-liters of 2C sorted nuclei was added in a 1:1 molar rati@dtal nane
particles colloid thahas been reported to bindclear memiane proteins of low
abundancéSigmaddrich Inc., USA and incubatedver night a##°C*%. This was
followed by two steps of centrifugation at 3,800 fog40 min at4 °C and washing
with a4-(2-hydroxyethyl}1-piperazineethanesulfonic adidEPES buffer. Twenty
microlitersof the resulting pellet was stained with DAPI and used to quantify the
nuclei number.

4. Eventually, 2Csorted nuclei wereollectedusing arultra-centrifuge byspinning the
10mL NSB containing the sorted nuclei at 22,000 x g for 2 hatu4SC This was
followed by resuspading the nuclei pellet in 100L of nuclei lysing luffer (NLB
20mM KCI, 20mM HEPES, pH 7.4, 0.6%(v/v) Triton-X00, 13.8% (v/v) hexylene

glycol, 1% (v/v) thiodoglycol, 50 uM spermine, 125 uM spermidihenM

10



Phenylmethylsulfonyfluoride (PMSF), 2 pg/mL aprotininjor protein and RNA
guantification.
1 Measuring Nuclei Volume
Sorted nuclei were stained with PA(10pug/pL) and viewed under 200X oil-

immersionobjectiveof ade-convolution microscopé_eica DM RXA2, LeicaMicrosystems,
USA). Sorted nuclei volume was calculated by analyzing an acquiragestackusing
deconvolution microscopystackingonimages weretaken and the image was subjected to
convolution to remove any optical distortiohmage analysis and cstrained iterative de
convolutionwereperformed withthe softwareSlidebookversion(Intelligent Imaging
Innovation, USA).

1 Protein Quantification

For nuclear protein quantificatipa bovine serum albumin (BSABigmaAldrich Inc.,
USA) aliquots with concentrations ranging frorb0 ng/uL made with dBHO were prepared.
One microliter of each BSA aliquot was suspended in 1mL of the dye solution provided by the
Bradford kit (Biorad Inc., USA) that binds netovalently to hydrophobic regisrof proteins.
One milliliter of dye solution with no protein sample was used to blank the light
spectrophotometer (Thao-Scientific, USA). Absorbancef BSA aliquotsvasmeasured at 595
nm. A BSAstandard curve fgorotein quantificationwas established his was followed by
suspending L of the lysed nuclei solution inthL of the dye solutio and measuring the
absorbance

1 RNA Quantification

For nuclear RNA quantification, 30 of RNase A inhibitor (1ug/mL) was added to

100puL solution containing the lysed nuclei, releasing the nuclear RNA content in to the solution.

Twentymicro litersof two RNA quantificationstandard¢$0 nguL and 100ng/ul) were
11



suspended in 180L reaction mixprovided by theQubit kit (Invitrogen Inc., U8), and used to
blank the spectrophotomet&uclear RNA content was quantified by suspendind df the
lysed nuclei solutiomn 199pL of the reaction mix and measuring theorescence, that bind
specifically to RNA,using a spectrophometer providedy the same Kkit.
2.4 Results
Nuclei Sorting

In an attemptd obtainenoughamountsof proteins and RNA for the downstream
analysis approximatelys x 10° nuclei were collected fronpproximately6000 leaves of 3 week
old Arabidopsisat the Genomic Institute (IPK) in Gatersleben, Germadhg leaves were
directly chopped by a razor blade in the nuclei sorting buffer (NSB). In my corsiioni.(
nuclei of different ploidy levels were released from 600 leaves in abaut. 30SB. The nuclei
were then stained with Ngliadnidino2-phenylindole(DAPI) and placed in #uorescence
activated cell sorter (FAQSDAPI stained nuclei generaterward light scatte(FSC)during
sorting(Fig. 1). Thisdata helg indefiningthetiming of gate peningto sortthe nuclei into
different ploidy levels (2C, 4C, 8@6C, and 32C)About 10 hours wertaken to sorb x 10°
nuclei. Sorted nuclei were then collected inll0 NSB depending on their ploidy levels (2C,
4C, and 8C)Thehistogramin Figure 2showsthe ploidy levelof sorted nucleithe number of
sorted nucle(labeled as eventand theircorresponding DAPIntensities(labeled a¥/iolet-1A)
(Fig. 2). In summary, 1Qubes for each ploidy levéach tube containing 1@uclei), total of
100mL, were collected over a period of 10 d§¥80 h) The tubes were immediately frozenm

liquid nitrogen,stored at80°C and shipped thouisiana State University

12



Defining the Gates of FACS for
- Nuclei Sorting
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Figurel. DAPI staining graph ohrabidopsisnuclei. This information was used to determine the timing of gat
opening for nuclei with different ploidy levelgeach rectangleepresents a different gate). “éxis shows the
forward light scatter FS¢and the xaxis shows the intensity of DAPI fluorescenabeled as VioletiA).
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Nuclei Sorting Histogram
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Figure2. The sorted nuclei oArabidopsideaves. Thdlow cytometric histogram shows the nuclei ploidy level,
number of nuclei sortedlabeled as events on the-gixis) and its corresponding DAPI intensitydetected from
a total of 5 x 18 nuclei(labeled as VioletLAon the xaxis).

Concentration of Sorted Nuclei

To conduct the iTRAQ assa$0-100ug of proteinat a concentration d2.5 pug/pL is
required*® (personnel communicatiody.M. Keck Foundation, Biotech Resource Laboratory
Yale University USA). To conduct the microarray ass&@0 ng oftotal RNA ata concentration
of 20 ng/pL of total RNA isrequired*®(personnel communication, Dr.Galbrahizona State
University, USA) Hence, lconcentratethe sorted nuclei to smaller volume 0100-200 pl)
NSB so that | could extract thogeoleculesat the most efficient manndfive different methods
were used to concentratee sorted nutei because a conventional nuclei concentration technique
using a centrifuge at 850 x g for 10 min &Cldid not precipitate enough nuclei unday
conditions(Table 1). The number of precipitated nuclei was calculated by staining the precipitate

with DAPI and then counting the nuclei number usangicroscope equipped with a DAPI filter
14



and a hemocytometer. Using>idrted nuclei in 16nL of NSB as a starting rtexial,
centrifugation at 850 x g precipitated only?Hiclei, or 0.1% of the starting material. This
numberwas not enough to obtain enoygtotein ad RNA for the downstreamnalysigThis is
most likely due to electroatic charges of sorted nucl&r. D. W. Gabraith personal
communication). Hence, | usedbur other methods to collect tls®rted nucleiKnowing that
Arabidopsisnucleus size is abo@0-200um?’, | passedhe sorted nuclei solution through48
pm filter membraneHowever the solution did not pasrough the filtermembraneperhaps
the nuclei clogged the pores of the filter memilaralternatively, | used darger pore size of
100 pum filter membraneThough he solution wenthrough thdilter membrae, the number of
nucleithatremained on the membranedilwas only 16, or 1% of the starting materiaflence,
the membrane filter method did nmincentrate thaucleienoughto extractthe protein and
RNA efficiently. The Millipore centrifugal filterwith a molecular weight cubff of 10 kDa
(Amicon Ultra15, Millipore, USA), known to concentraf@oteinswasalsoused to cacentrate
thenuclei. When addinghe solution containing the sorted nucli the Millipore filterthe
solution turnedlue Although | did not know the actual reasormight bea chemical reaction
between the NSB ingredients and M#ipore filter. Therefore, | was not able to use this
method to collect my sorted nucl@old naneparticles (AuNP)method hadeen reported to
bind to and concentrate low abundance proteins needed for proteomic dhalgsise, | tried
to concentrate the sortedclei by binding to the AuNBndthenprecipitatingthe nuclei bound
to AUNP. The AuNP(Sigma Aldrich USA) precipitation protocol waedopted from Wang et
al® and was used to precipitate the 6rted nucleiHowever he recovereduclei using the
AuNPOs met h o’drilafthe startihgsmater@l.

Since none of the methsdnentionedabove recoverethe amountof nuclei needed to
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extract protein and RNA for myownstreananalysis as the last methodl spunthe sorted nuclei

at a maximum speeaf 22,000 x gor 2 hrsat4°C using an ultrecentrifuge One drawback of

this methodvasthat themembrane oprecipitated nucleivasrupturel. This may cause thess

of nuclear protein and RNA. Although | could not count the number of nuclei, due to disturbed
structures of th@recipitated nuclei, | was able to collect enough RNA (@@)0to carry on the
microarray assay. However, the recovered amount of proteipg3Wwas not enough to carry on
the iITRAQ analysis.

Tablel. Sorted nuclei collection methodalongwith the starting nuclei number and the recovered nuclei
number of each collection method (N/M not measured).

Collection Centrifugation | Filtration Filtration Millipore tube | Gold nane Ultra-

Method at 850 x g for | using40 using100 | centrifugation | particles centrifugati
10 min. pm filter pm filter 4,852 x g for 30| centrifugation | on at

membrane | membrane | min. 4,852 x g for 40| 22,000 x ¢
min. for 2 hrs.

Starting 10°/10 mL 10°710mL | 10710mL | 10°/10mL 10°/10 mL 10°/10 mL

Nuclei

Number

Ploidy level | 2C 2C 2C 2C 2C 2C

Used

Recovered | 10°7/100pL N/M 10710mL | N/M 10°/100 pL N/M

Nuclei

Number

Recovered | N/M N/M N/M N/M N/M 20ng/uL

RNA

Evaluation of Sorted Nuclei
Nuclei Volume

To compare the nuclear volumes of endoreplicatedei, the sortednucleiwerestained
with DAPI before the centrifugatioand viewed under deconvolutiorfluorescent microscope
equipped wittDAPI filter (Fig. 3). The nuclewere countedising a hemocytometdmages of
tenDAPI stainednuclei from2C, 4C, ad 8Csortedpoolswere capturedavith the deconvolution

fluorescenimicroscope showing thaositive correlation between ploidy level and nuclei.size
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A
Figure3. Deconvolutal images ofArabidopsis thaliandeaf tissueA) 2C nucleus, B) 4C nucleus, and Cy@&Teus

stained with DAPI
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Figure4. Nuclear volume comparison &fC, 4C, and 8€brted nuclei ofArabidopsis thaliandeaf tissue(N is the
number of nuclei used to calculate the nuclear volume for each ploidy Ieu&tror bars representstandard
deviation.

The average nuclear volume frdd nuclei of2C, 4C, and 8C sorted nuclei was
calculatedusingthe deconvolution microscopy.The analysis revealeah average volume of
19.47+14.42, 70.70+23.71, and 146.26+2Qu&f in 2C, 4C, and 8C nucleiespectivelyFig.
4). This suggestedhe positive correlation between the ploidy level and the nuclear voafrie
sorted nuclei
Nuclear Protein Quantification

In order to quantify the amount of protein in the sorted nukclgsed the nuclecollected
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by the ultracentrifuge method iA00pL of nuclei lysing buffer KLB). This lysing step allowed
for the release of the nuclear protein content for quantificatime microliter of the re
suspendegellet was usetb quarify the nuclear protein amounsingthe Bradford assayit
(Biorad, USA). Bovine serum albuminBSA) was used as a standard proteirerive a
standard curve fogachprotein quantificationest(data not shownNuclear protein
guantification ofthree separate tests2€, 4C, and 8C sorted necresulted ir85.13+2.1,
37.03+2.3, and 36.07+2.16/pdy, respectivelyBecause 10nuclei wereprecipitated ande-
suspended in 100L of NLB, | concluded that each nuclea2C, 4C, and 8had35, 37, and
36 pg of proteinrespectively(Fig. 5. This result indicated thakhére is no significant difference

in theprotein amounbf 2C,4C, and 8C nucldiFig. 5).

Protein content vs. Ploidy level
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Figure5. Comparison of the average proteamountsbetween 2C, 4C, and 8ébrted nucleiof
Arabidopsis thaliandeaf tissueand their corresponding-test and Anova (analysis of variance)
p-values(Nis the number of times the experiment was repeated).
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Nuclear RNA Quantification
In order b quantify theamount oftotal nuclearRNA, | lysed the nuclei collecteoly the

ultra-centrifuge method in 100L of nuclei lysing buffer (NLB).To prevent the ejradation of
the RNA | also addedRNase A inhibitor (1qug/pL) to the NLB. This lysing step allowetbr

the release of thimtal nuclear RNAcontent for quantificationOnemicro liter of the re
suspended pellet was used to quantify the total nuBlN#y using the @bit kit (Invitrogen Inc.,
USA). Two standards (0 ng/pL and 10 ng/pL) were used as a standard RNA to derive the
standard curve foeachRNA quantificationtest NuclearRNA quantification of three separate
testsof sorted nuclei resulted i8.1+2.1, 20.3£2.2, and 26.1+1.2@/uL in 2C, 4C, and 8C,
respectivelyBecause 10nuclei were resuspended in 100L of NLB, | concluded that each
nucleusof 2C, 4C, and 8C hatB, 20, and 2@g of total RNArespectivelyThis result suggests
thatthe RNAcontent of 8Chuclei showed a 1-3and a 1.4old increase in comparison to 2C
and 4C nuclear RA content respectivelfFig. 6). No significant difference between 2C and 4C

nuclear RNA was detectdg-value > 0.08%
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Figure6. Comparison of serage nuclear RNA amountsetween 2C, 4Cand 8Csorted nuclei of
Arabidopsis thaliandeaf tissueand their corresponding-test and Anova (analysis of variancpjvalues
(Nis the number of times the experiment was repeatedrror bars epresents standard deviation.
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ITRAQ and Microarray Analysis

In order to conduct the iITRAQ analysis | neededlB0ug of nuclear protein per ploidy
level ata concentration of 2.Ag/uL. Based on the analysis of nuclear protein quantification, |
could onlycollect about 3.5 pgf nuclear protein gr ploidy level This meanthat | would need
about100 tubes of sorted nuclei per ploidy léyeach tube having 20f sorted nucleijo collect
enough nuclear protein to conduct the iTRAQ analy$ence, | was not able to conduct the
ITRAQ analysis.

In order to conduct the microarray analysis | needédng(of total RNA at a
concentration of 2@g/pL. Based on the analysis of nuclear RNA guantification, | collected
about 20(hg of total nuclear RA per ploidy level of sorted nuclefhe btal RNA extracted
from 2C nuclei and 8C nuclei wésensent to Arizona State University (ASU) for microarray
analysis At ASU, the mRNA was tagged with a fluorescence probe from the RNA protaded
check the quidy of the mRNA. No fluorescence labeled mRNA was detected which suggests
the poor quality of the extracted RNRBr. J. Janda, personal communicajidtence, | was not
able to conduct the microarray assay.
2.5Discussion

| have extracted and sorted nudtem Arabidopsis thaliandeaf tissues into 2C, 4C, and
8C ploidypools Theanalysis of nuclei volume kiyre deconvolution microscopy revealed the
positive correlation between ploidy level and nuclei voluiiiteese results agree with a repmyt
Jovtchewet af* that showshe positive corelation among ploidy levetell volume and nuclear
volumein Arabidospsis thaliand. Moreover, hese resut support théypothesighat
endoreplicationis related to an evolutionary adaptation resultingririncrease in cellular growth

in organisms that carry a small genomerder to carry on the required cellular metabolic
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functions.Anotherexplanation fo such a correlatiors thatthe genome duplication in
endoreplicated nuclei needs double the nuclear volume of diploid nuclei to preserve the
corresponding space for chromattiustriggeringthe expansion of theuclear volume.
Interestinglyfor me, the volume of 4C nuclei was 3 fold higher than 2C naddieirent than the
2 fold increase reportetiowever, Schubert et al. showddit endoreplicated chromosonuds
Arabidopsis thalianaoheretogether at random positioasdhence, daot neeal the extra space
created by the increased nuclear voltfirighis finding raisedhe questioras towhy do
endoreplicated cells increase their nuclear volifritee endoreplicated chromosoneshere so
often

The proteirmmountsf 2C, 4C, ad 8C nucleshowved no significant differenceamong
them Togethemwith theresuls of the nuclei viume analysis suggesta decrease in protein
concentrationn these endoreplicated nucl@hesedecreasgin protein concentratiowere
surprising, since the hypothests the cause of endoreplicationAnabidopsisis to increase the
protein content of the cedind nucleuso carryoutits required function. One explanation for this
decrease of protein concentratiorendoreplicated nuclés the specificoverreplication of the
heterochromatin regiom chromatin region with highly repetitive sequenBecause this region
rarely expresses genes encoding proteins, endoreplicated magléiavesimilar protein
amounsto diploid nuclei. Because polytene chrommss of follicle cells irDrosophila
melanogastehave lower copies of heterochromatin compared to euchromatin r&ions
speculate thaArabidopsismay undergae-replicationin heterochromatimegions as opposed to
Drosophila melanogaster

Anotherexplanation for the decrease tihe protein concentratiosf endoreplicated nuclei

may bedue to the gene silengjrof the endonglicatedcopyby epigenetic meartbat leads to the
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inhibition of protein expressiolsomegenes imrabidopsissyntheticallotetraploidsare down
regulated duéo hypermethylation of those gefies his maysuggest thaanepigenetic
mechanism is involveth controlling the expession of specific genes in the endoreplicated
nuclei

| do not deny the possibility thahé similar proteirmmountsn 2C, 4C, and 8Q@uclei
may owe to the collectg methodl used Spinning the sorted nuclei at sualgh speeds (22,000
x g) could causethe rupture of the nuclear membraardrelease thsoluble nuclear proteins
into the NSB. This may result in the loss of nuclear proteins. If this is the case, then it explains
the insignificant difference between the prot@mounts amongC, 4C, and 8C nuclelf this is
the caseit is possiblehat the concentration ouclear membrangroteins mayereduce in the
endoreplicated nuclei.

In 2C and 4C nuclei there was no difference inalmunt of nucleaRNAs. This
suggests a @deease ithe RNA concentratiorince the nuclear volume triple@ne explanation
for this may be due to transcription inhibition of thereplicated genomet may besuggested
that the transcriptiors regulated either by epigenetic amanismsuch as DNA methylan, or
by regulation of the transcription factors involved in transcription initiatiwever,l can not
rule outthe possibility that RNAs are lost during theclei collection methad

DNA methylationin Arabidopsis thalianas mainly achieved by DNAnethyltransferase
(MET21)*. Met1 was also found to be responsible in gene d@gnlation in synthetic
allotetraploids>. Therefore, metl expressiomay be upregulatecand that ugegulationof metl
is responsible, at least partially, for transcription silencing of the 4C nuclei gendaheefirst
round of the endocycle

Arabidopsis thalian@ncompasses approximatélp72 genes that encode for
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transcription factors, 6% of thetal number of genés One common transcription factor family
in Arabidopsisis E2F. E2F regulates the;® Sphase transition during the celfcle by either
bindingto its dimerization partner (DPhat allows the tramsiption of genes required for the S
phase or by binding to the Retinoblastoma (Rb) preventing it from interacting with the
transcription machinery and thus preventingt@Sphase transitiofi. Thereforeijt is possible
that thesimilarity of the nucleaRNA contentbetween 2C and 4C nuclei may dhee to the
regulatory mechanism défanscription factothat inhibits transcription in 4C nuclaithough

they encompassouble the DNA amount found in 2C nuclei.

Similar RNA amouns in 2C and 4C nuclanay be deto the upregulation of gene
expressiorthatis initiated in nuclei with ploidy levels of 8C and higher. In support of this
hypothesis, most genes idéied by mutational studies fgay a role in endoreplication have
affected the second and third raisrendocycles but not the fitst>**,

In 8C nuclei a 1.4and 1.3fold increase in the total nuclear RN#nountwas seen
compared to 2C and 4C, respectivdliais increase in thmstal nuclear RNA may be due to an
increase in either the heterochromatic regibthe chromatin that encodes for ribosomal RNA
(rRNA), since it constitutes the majority of ttedal cellular RNA, or due to amncrease in the
MRNA encoding proteins

rRNA is clustered in heterochromatic nucleetirganizing regions known as NOR&d
NOR4 on chromosomes 2 andespectivelyTherefore, an increase in the rRNA transcription
may ingease théotal RNA amountHowever the transcription of rRNA has been reported to be
massiveenergy consumingompared to the transcription of other parts of the gefioffiais

contradictghe hypothesis that cells exit the cell cycle and undergo endoreplication to conserve
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energy®. Hence, lit is possiblethat Arabidopsismay have adated strategiescell proliferation
and cell expansiom its developmental program, whighany case&equires energy.

Alternatively, theincrease in total nucle®NA content may owe to an increase in
MRNA. Based on myrotein qiartification analysis, | suggesat if mMRNAincreasesn 8C
nuclei it would most likelyencode for nomuclear proteins. This would make endoreplicating
cells have higher gene expression emogdytoplasmic proteins that may be involved in the cell
expansion.

Thesimilar nuclear RNAamountseen between 2C and 4C nuclei and then the increase in
nuclear RNA content in 8C nucladds to the ambiguity of the endoreplication function.
Wheread expecedto seea positive correlation betweeniclear RNA and nuclear volumier
the cell to carry & normal cellular function, this was not the casmynanalyss. Based ormy
findings, | would liketo suggest thalifferent regulatory mechanisms exigtween the first and
second round of endocyadle Arabidopis

| believe thata complete understanding of this difference in regulatory mechaném
be achieved by a higiiroughput analysis of proteimiotent andyene expression C, 4C, and
8C endoreplicated cellsdentifying specific proteinandmRNA in endoreplicated nucleill
help bette characterize the functiasf endoreplicationThis could be achieved liyrther
optimizing the conditions of protein and RNA extractions from sof@didopsisnuclei
yielding higher starting material of protein and RNA to carry on the iTRAQ and microarray

analysis, respectively.
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CHAPTER 3
LOCALIZATION AND SELF -INTERACTION OF ARABIDOPSISTOPOISOMERASE
VIB

3.1Introduction

Topoisomeraseare enzymes that are required to change the topology of DNA in crucial
processes in pkaryotesand eukaryotes by relieving DNA torsional strassa result of
unwinding the DNA during transcription and replicafioiropoisomeraseare subdivided into
two functionalfamilies;type | and type Il.

Type | topoisomerases functias monomer enzymes that chatige topology of the
DNA by introducingasingle strand breaik their target DNA They are subdivided into type 1A
and type IB according to which end of the DNA theklin;56 f or type | A and =

Type Il topoisomerase are structurally and functionally different from type |
topoisomerases. Unlike type | topoisomeraspair of strands in a DNA doultelix are
transiently broken iconcertwith dimerized type Il topoisomerasierming double staggered
cuts on their target DNA by a phosphodiester bond linkage of its tyrtwsthe DNA phosphate
group. Unlike type | topoisomerase they arefand ATRdependent. Similar to type 1B, they
relax negativelysubtractive helical twistingdnd positively (additive helical twisting)
supercoiled DNAThey are subdivided into type lli&nd type IIB.

EukaryoticTopllA enzymes exist as diers and forna4bp staggered cut on their target
DNA. They have been reported to play a role in the unknotting and decatenateurgbter
chromosomes after thefhasé®. Xie et al. reported thiew detection ofArabidopsisToplIA
(AtTopllA) polypeptide in mature seeds and vegetative tissbi@sabidopsis and its rapid
increase after germination and during the early phase of seedling developheset findings

indicate the positive correlation betweerplld expression and proliferation Arabidopsis
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thaliana, confirmingthe importance of thisnzyme in chromosome condensation durmigptic
cell cycle®.

On the other handype IIB enzymes havieeen found irarchaehacteriaand
eukaryote®. Unlike type ToplIA, theenzyme results ia 2bp staggered cut at its target DNA
The enzyme is coposedby heterotetramersf an A-subunit dimeknown as TopVIA)and a B
subunit dimeiknown as TopVIB) Extensivestructuralstudies have been conducted on TopVI
Sulfolobus shibataandMethanosarcia maze (archaea)TopVIA (subunit A of ToplIB)share
the same TOPRIMtopoisomeras@rimase)domainandcatabolite activator protein (CAP)
domain foundn type TopllA. Meanwhile, he TopVIB(subunit B of ToplIB)has aconserved
ATPase domaiand a transducer domtihat is also found itype TopllA. The transducer
domain is thought to communicate th&P state of the ATPase domain to the rest of the
proteiri®, Archaed TopVIB alsohas twoextra domais, one of which liebetween the ATPase
and transducer domaandcontairs a helix two turn helix (H2THEonservednotif (Fig.
7)*849%0 The second extra domain lies after the transducer doahttie Gterminal enchotated
asanextension of the @erminal domain (ECD)The aystal structure ofl.mazeipresents the
ECD as an extension of the TopVIB projecting to the outside of the ptbtiéevin et al.
suggested that the ECD of archaea TopVIB may act as a substrate sensor to distinguish the
activity withtype TopllA, yet therelaive activity ofM.mazeiTopVIB lacking the ECD on
different substrate was not affectedevin et al also suggested that gimilarity of the
secondary structure between the TopVIB ECIMimazeiandimmunoglobulin moleculemay
suggest that the ECD play role inbinding with other proteins, which may alternate the
localization ofthe TopVIB to a sutzellular regioR*. However, no reports to dahave shown

the role of the @erminal of TopVIB in he localization of the protein.
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Proposed ATPase—strand passage cycle of type ToplIB that is composed of TopVIA
and TopVIB subunits
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Figure7. TypeToplIBworking scheme showing the ATP possible structure along with the consequential changes
after ATP binding. The TopVIB dimer of thge ToplIB enzyme can have more than one conformational

structure before ATP binding, opened and closed. Upon the entry of the gate segmestr@®&d) and the

transfer segment (strand) DNA and ATP binding to the ATPase domain on TopVIB, the TopVIB subunit
dimerizes and closes. This allows the TopVIA CAP domain to modify the topology of #tea®d DNA using its
functional tyrosine group. This is followed by ATP hydrolysis and the passage of-gtemd through the cuts of

the Gstrand relieving the torsional stres. The hydrolysis of the second ATP molecule resets the enzyme to its
old conformational state ready to modify the topology of the next stressed DNA. This image is modified from
figure6 Berger et al.2007.

3.2 Cellular Effects in Mutations of the Topoisomerase VIB Gne inArabidopsis

Plantscarry TopVIB homologue as an exception among higher eukarydidike
AtTopllA, no report to date has linked the functionalityAsébidopsistype ToplIB (AtTopVI)
to the mitotic cell cycle. HoweveArabidopss TopVIB (AtTopVIB) subunit function has a link
to endoreplicationFour mutants of TopVIB (hi3, hyp6, bindand TopVIB have been identified

in Arabidopsis thaliangdAtTopVIB). The firstAtTopVIB mutant rhi3 (root hairless mutant)
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was identified duringhe ethylmethylsulfonate EMS) mutagenesis screenifigr plants that
havefewer than normaloot hairs The mutant had an indistinguishable phenotype frldéhthat
also show adwarf plant withonly 10 hairprojectiors per root% An rhl2 mutant le&showved a
reduction in the ploidy leveh more thai8C) compared to wildtypé&a (upto 32C) The
second mutantyyp6(hypocotyl mutantswasidentified through EMS screenirigr plants that
did not grow long hypocotyls the dark The mutant had a similar phenotypela, and the
double mutantrhl2/hyp§ was indistinguishable from either mutant.

Two bin3 (brassinosterdi insensitive mutantshutants were identified through the
screening oplants that are insensitive to extdrapplication of brassinosteroiBin3-1 was a F
DNA- knockout line, whilebin3-2 was areffect of EMS mutagenesi§. One of thebin3 mutants
showsa dwarf plant with no reduction in the ploidy levéigp to 32C)compared to wileype
plant (up to 32C¥>.

Moreover, through the screening oDINA insertion libraries of the Arabidopsis
knockout facility(MadisonWisconsin, USA) another AtTopVIBmutant was foundThe mutant
had dwarfplantwith ploidy level reductior(no more tha8C). A comet assgythat involves
lysing the nuclei under an electric current on agarose which allows DNA to travel agdordin
the degree of DNA damagthé furtherdistance the DNA travels the more nucledsgradation
occurred, was done to evaluate the degree of chromosomal degradghisnl-DNA insertion
mutanthad a longer coniesuggesting a more severe de@i@on bycellular nucleases compared
to the wildtype due to the absence of #ETopVIB functional activity*.

3.3 Objectives
Objective I: Structural Comparison of TopVIB in Archaea and Arabidopsis

In order tounderstand the role of AtTopVIB in endoreplication and cglleesionat a
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molecular and structural levélexaminedheamino acid sequence AfTopVIB using protein
databas¢€PDB) search engines, such as Pfamlsocompared the archadebopVIB crystal
structure to AtTopVIB predicted structure based on the irddion in PDB servers, such as
SwissProt. The firstgoal of this projectvas to identify unique domain(s) in plant TopVIB,
which may contribute to the function of endoreplication.
Objective II: Localization and Interaction Analysis of TopVIB in Arabidopsis Protoplasts

| identified two unique domains in AtTopVIB that are conserved in rice TopVIB. |
hypothesized that #se domains function as a nuclear localizasignal (NLS) that transports
the AtTopVIB proten to the nucleus, as interagbn domains with other protein¥he second
goal of this projectvas to test the hypothesis.thisthesis | tested the localization arse |-
interactionof AtTopVIB by molecular imaging methods
3.4 Materials and Methods

1 AtTopVIB Amplification from pDuetl Vector

The AtTopVIB clone was kindly provideoly the Frank Hartung lab in a pDuetl vector.
TopVIB forward PCR primers were designed with an attBlarking sequence for the BP
cloning reaction( 5G5GGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCGGGTGO 3 ) .
TheTopVIB reverse primer was designed to delete the stop codon out of the TopVIB sequence
for protein expression and had an attB1.2 flanking sequence:

( 5EEGGACCACTTTGTACAAGAAAGCTGGGTACAACATGAGCEGO 3)

The pDuetl containing the AtTopVIB was amplified usifigq PCR kit (Takara Inc., Japan)
with anannealingemperaturef 60°C for 30 cyclesn a 50uL reaction mix The 50uL PCR
product (amplicon) was run on 0.8% agarose gel.

f DH5U Compe PrepattioiCe | | s
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A glycerolstock ofDH 5 U (&réstinlPeuferd. SU, USA)wasspread over LB agar
plate overnight aB7°C. A single colony was cultured inmiL LB broth for 16hrs at J°C with
shaking.Two and a half millilitersof the culture was inoculated in 183 autoclavedsOB
medium(20 g tryptone, 59 yeastextract, and 0.§ NaCl in 1 liter distilled watenn a 500mL
Erlenmeyer flask for 7 hrs &7°C with shaking.Ten milliliters of the culture was inoculated in
freshlyautoclavedl25mL SOB medium and incubated28°C with shaking for 9 hrs at 200
rpm. Opticaldensity (O.D.was measured at 6@0n, using SOB as a blankntil O.D. 0.55 was
reached. At O.D. of 0.5%he remaining culture was divided into two B0 falcon tubes and
centrifuged at 3006om using a swing out rotor (Radius &8n) for 10min at 4°C The
supernatant was discarded and the pellet wasspended in 80L cold Inoue buffer(55 mM
MnCl,.4H,0, 15mM CaC}.2H,0, 250mM KCI, and 10mM PIPES pH6.7 in 1 liter of distilled
water). The 80nL suspension was centrifuged at 3000 rpm for 10 m#i@t The pellet was re
suspended in cold 20L Inoue buffer and 1.5L DMSO by swirling a4°C. One and a half
milliliter centrifugetubes were chilled on ice and 200 pL of competent cells were pipetted
each tube. Tubes were dropped in liquid nitrogen and stor88°& immediately

DH5U transformati on e fpdpUElY masnudy(nwiragen, t e st e d
USA). Fifty microlitersof DH5U competent cells were transfe
pguL) heatshocked for 1 mirollowed by the addition of 150 uL of SOB medium and
incubation aB7°C for 30 min The product was spread on an LB agar plate overnigihtat
Fifty colonies were counted on the plate which means that the transforméitieney was 5 x
10°/ug of DNA.

1 Amplicon Insertion into Entry Clone
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The amplicon was excisdtbm a0.8% agarose geind eluted using QIAEX Il Gel
Extraction Kit(Qiagen Sciences Maryland, USA)he eluted amplicon was quantified andngb
was mixed withl85ng of pDNOR vectocontaining Zeociras aselectivemarkerusing
Gateway cloning BRlonaseenzymemix Il (Invitrogen Inc, USA) in a total volume of 10 pL
and incubated &5°C for 4 hours.The product, pPENRAtTopVIB, was used tdransform50 pL
of DH5Ucompetent cells and the transtiedproduct was spread oveB agar containing &ocin
antibiotic (1 mg/mL)plateover night.

Three colonies were cultured im3. of LB brothcontaining Zeocirfl mg/mL)
Plasmids were extracted using thai-prepprotocol adopted frorthe Molecular Cbning
laboratory manudt. The plasmid extracts from the three cultures were quantiétdy a nano
spectrophotometeand confirmed byligesting withBglll restrictionenzyme After confirming
the digestion productc&fach pl asmid, glycerol stocks of
glycerol and stored a80°C.

Plasmid extracts we then sent for sequencing a&rnihington sequencing facili3aton
Rouge, LA USA)using M13 forward and reverse primerhe pENTRTopVIBthat did not
undergoa mutation in itentiresequencavasused beyond this point

1 AtTopVIB LR reaction with pDuexAnl and pDuexAcl.

For the localization assag,vector containing the yellow fluorescent protein (YFP) was
used to clon&FP to the Nterminalend pDuexAn1) or to the Gterminal pDuexAcl1)®’ end of
PENTRAtTopVIB.3usingGatewaylL.R clonase mixl (Invitrogen Inc.) Both pDuexAnl and
pDueXAcl vectors carry an Ampicillin resistance ge®®e hundred and fifty nanogramb
PENTRTopVIB.3 was mixed wh 250ng of pDuexAnl andpDuexAcl in a total volume of 10

pL and incubated at 2%Cfor 4 hrs.Fifty microliters ofDH5Uwas transgérmedwith the Anl and
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Acl vectors and spread oveB agar containingrapicillin (1 mg/mL)plates. Three colonies

from each plate were cultured in lWBothcontaining anpicillin (1 mg/mL)and plasmids were

extracted using the muprep and quantified as described previously. Once the plasmid construct

was confirmedy restriction digestionsing Bglll (BioRad, USA, plasmids were rextracted
usingPlasmid Plus Midkit (Qiagen USA). Plasmids were then quantified amsked for the
transformation oAArabidopsisprotoplasts.
1 AtTopVIB LR reaction with pDuexAn6 and pDuexDn6
For the splitluciferaseassaypENTRTopVIB.3 was cloneanceinto a vectorcontainng
the Nterminalfragmentof luciferasg1-229aa(pDuexAn6)] and anothecontaining the €
terminalof luciferase 230-311aa pDuexDn6)]*’ using Gateway LR clonase mix Il. Mipreps
and midipreps were cakd as described prewsly. Histone 2A tagged to the-Nc
(pDuexAn6-H2A) and Histone?B tagged to the Qic (pDue>Dn6-H2B)>’ were the positive
control for thesplit-luciferasecomplementatiomssay.
1 Protoplast Preparation
Arabidopsigthalianaplants of ecotype Colunidbwere grown in long day growth

chamber (16 H&r of light and 8hrs of dark). One grarh3 weekold rosettesvere gently cut

usingsharp sciss@randsliced using a single razor blade into 1mm thin threads. Leaf threads

were added to 1ML digestion buffe(0.4 M mannitol, 20mM MES pH5.7, 20nM KCI, 10

mM CaC}) containing 0.1g Cellulase and 0.02% Macerozyme (Yakut Honsha Co. ltd. Tokyo,

Japan) in a Petri dish. The plate was sttiejg to vacuuming for 30 miiellowed by incubation

at 25°C in the dark fo 9 hrs.The leaf suspension wésen passed through a 100 um cell strainer

(BD Falcon, USA) and cerifuged at 100 x g for 3 miriThe pellet was rsuspended in 16L

of W5 buffer (154mM NacCl, 125mM CaC}, and 5mM KCI, 2 mM MES pH5.7) and
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centifugedat 100 x g for 3 minThe pellet was rsuspended in 1L W5 bufferand stored at
4°C for 30 minfor the protoplast to settle down. The protoplast suspension was cemtrifuge
again at 100 x g for 3 miand the pellet rsuspended in 10 mL of MMg buffer &M mannitol,
15mM MgCl,.6H,0, and 4mM MES pH6.7 in 1 liter of distilled water). Protoplast suspension
was centifuged at 100 x g for 3 miand the pellet was 1&uspended in BiL of MMg buffer. To
calculate the aacentration of the extracted protopla#® pL of the protoplastsolution was
placedon a hemocytometéHausser Scientific Partnership, PA) under a light microsebpé
X objective and the number of protoplast that falls in eachX65gq.areawas countedThe
hemocytometehas 9 5sq x 5sq areas,the average of the 9 areas was calculated

91 Localization Assay

For the localization assagDuexAn1RG, pDuexAn1TopVIB.3, and

pDuexAclTopVIB.3 plasmid concentratisnvere adjusted to pg/uL. Five microlitersof each
plasmid weregrepared in a total df0OuL dH,O for each separate experimeAttotal of 80uL
wasloaded in to 4 wells of a 9&ell plate using aligital pipette(Fisherbrand Inc., USApr
each separate experimeRbrthe protoplast transfection, extractgtoplast concentrationas
adjustedo 2-3 x 1@protoplast/mL Transfection was started withe addition 050 pL
protoplasts followed by0 uL PEG solution40% v/v PEG400QFluka 81240), 0.21 mannitol,
and 0.1M CacCl) in to each wellThe 96well plate was immediately placed on arbit shaker
at 850 rpnmfor 15 seconds, and incubated@m temperature for 10 min. Two hundred micro
liters of WI buffer (0.5M mannitol, 4mM MES pH5.7, and 20nM KCI) was added to each
well and he plate was centtifjed at 150 x g ia swing out rotor for 3 minThe supernatant was
discardedby vacuumaspirationusing a 96éwell plate vacuum (BioTek, USAThis was

followed by two additional WI buffer washeafter the last vacuum suctiorhe protoplast pellet
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in each welwas resuspended in 200L of WI buffer and incubated in the dark2&°C for 16
hrs. Twenty micrgliters of transfected protoplasts froeach wellbottomwere stained with
DAPI (10pg/puL) and viewed under fluorescent microscope equipped withaiBIDAPI filters.
Images ofprotoplasts showing DAPI staining and YFP localizati@are taken.
1 Selfinteraction Assay(Split-luciferase Complementation Assay)

For the splitluciferase assapDuexXAn6TopVIB.3 pDueXOn6TopVIB.3,
pDuexAn6H2A, andpDuexXDn6H2B plasmidconcentrations were adjusted t0Gng/uL. Five
microliters ofAn6TopVIB.3andDn6TopVIB.3 plasmids werenixedin a total plasmid mix of
100pL, prepared with dkD. Five microliters ofpDuexAn6H2A andpDueXDn6H2B plasmids
weremixed in a total plasmid mix dfOOuL, prepared with dkO. pDueXAn1RG plasmid
concentratiorwas adjusted to fig/uL. Five microliters ofpDueXAn1RG were mixed in a total
plasmid mix ofl00 pL, prepared with dbD. Each separate experiment was repeated 4 times by
loading80 pL of each plasmid mixa4 wells on the 94vell plate except for the mock wells
that had no plasmid mixX.he protoplast transfection procedure cargetiis the same as the one
used in the lodaation assayViviRen Live Cell substrate (Promega, USA)uaiferase
substratewasdissolved in DMSO at a concentration of 6mM and store8@C. ViviRen
solution wadreshlydiluted to 60uM before us and 10ul was addean to each wellThe 96-
well plate was placed omabrbit shakerat 850 rpnfor 15 sec and luminescence was measured
usingVeritas microplate Luminometer (Turner Biosystems, USA).
3.5Results
Structural Comparison of TopVIB in Archaea and Arabidopsis

PfanT® identified 2 independent uncharacterized domdihs first domain consists 68

amino acids (aa) starting at positiona&®Fig. 8, 9) This domain lies within the ATPase
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domain (45234aa) towards the-derminal end of AtTopVIB (Fig. 8). designatedhis domain
asIND (insertion of Nterminal domain)The second uncharacterized domain consists of 90aa
starting at position 570aa. This domain lies right after the transducer d@t0@ib57aa) athe
C-terminal end of AtTopVIB (Fig. 810) as reportedn archaeabactetid opVIB. Comparison of
amino acid sequence Arabidopsis Oryza(rice), and several archaeabacteria membwas
expresghe TopVIB protein, confirmed that the IND is well conserbetiveerrice and
Arabidopsisbut missing in archadacterid members (Fig. 9).

IND (86-154) ECD (580-670)

45 234 407 557

Figure 8. Schematic drawin@f AtTopVIB showing & domains ATPase domairtransducer domain,
helix-2-turn-helix motif (H2TH), insertion of the Nterminal domain (ND), andextension of the €
terminal domain ECL). The numigrs on top represents their amino acid positioning.

The second uncharacterized domain can be fomhdin species that expregse TopllA
enzyme in their genom@&he comparison of the amino acid sequence of the ECD among
AtTopVIB (570-670aa), riceand veral members of the archaea TopVIB revealed that the ECD
was not conserved between archaeabacteria and higher plants, but well conskrabuiopsis

and rice (Fig.10).

35



Q52PR4  FFRENRNIAGFDNPGRSLYTTMRELVENALDSAESISELPDIEIIIEEITRSRENTMIGL 120  (52ZPR4 ORYSI
005207 FERENPELAGEPNPARALYQTVRELIENSLDATDVHEGILENIRITIDLIDDA- ——----- 56 TOFGB_SULSH
Q97270  FERRNPELAGFPNPARALYQTVRELIENSLDATDVEGILENIKITIDLIDES-------- §6  TOFE3_SULSO
Q97172  FERRNPELAGFSNPARALYQTVRELVENALDATDVHENILBSIKIIIELVDRQ-------- §5  TOEE3 SULTO
QUYEE4  FERENRELAGFANPTRALYQTIRELVENSLDATDARGILBWIEISIRQIEGSEG------ 89 TOF§B_AERPE
QBZVM0  WERRNRELAGFHNPTRALYQTIRELTENSLDATETYGILBTIVLRVNIEDEQ-------- §3  TOFE3_PYRAE
Q8PUBE  FFERNRQILGEDSAPRSLITTVREAVDNALDACEEAGILEDILVQVERTGPDY------- 73 TOP6B_METMA
Q8TQFT  FFEENRQILGEDSAPRSLITTVEEAVDNSLDACEEAGILBDILVQVERTGQDY------- 73 TOP4B_METAC
QUER31  FFEENKEMLGEDSGARGLVTAVEREAVDNALDATEEAGILEDIVVEIS-EGRDY------- 82 TOP6B_HALSA
80R4D3  FFERNREMLGEDSGARGLVTAVREAVDNALDATEEAGILEDIYVEIS-EGRDY------- 82 TOP6B_HALS3
Q5V4R5  FFEENREMLGEDSEARALVTAVEEAVDNALDACEEAGILBDIVVEIQ-ESGDY------- 81  TOP6B_HALMA
029405 FFEENRHILGYSNPARAIITVVEEAVDNALDACEEAGILBDIFVRIS-EVDDH------- §4  TOPE3_ARCFU
Q58434  FFRENRKEMLGYSGRIRSLTTIIHELVINSLDACEEAGILEDIRVEIERLGADH------- 73 TOP6B_METJA
074020  FFRRNARMLGYTGRIRSLTTIIHEAVINSLDACEEAGILPTIRVEIEELGREH------- 71 TOP&3_PYRHO
027088  FERENRQMLGETGRIRSLTIVFHELITNSFDAAEEAGILPEIRIDLERIGRDH------- 73 TOPB_METTH
HA HE - HI L il LoRE o
QIC5Ve  IDRERVDTQLYDDYETERARGRRLAREARASEIQARNLASGRENREPGVSRVLERRGEAS 152  TOP63 ARATH
Q5ZFR4  VDRQRIDEELYDDFESARARERRLAREARFQETQARNAALGRRVREAPARRG-KGRGELA 179  Q5ZPR4_ORYSI
005207  =mmm oo m oo RQ 68  TOPFE3 SULSH
QITZFD  mmmmmm o m oo RQ &8  TOEE3 SULSO
QITIT2  mmmmmm oo EQ &7  TOP&B_SULTO
QUYEGE  mm oo s oo RGEGRF 94  TOF6B_AERPE
QBZVMD == o mm o mm oo oo KG 65  TOP6B_PYRAE
QBPUBE  mmmm oo mm oo oo 73 TOP6B_METMA
QBTQFT  mmmm oo m oo 73 TOF6B_METAC
QUER3L  mmmm oo oo 82 TOP6B_HALSA
BOR4DI  mmmmmmmm o oo oo 82 TOP4B HALS3
QIVARS  mm oo 81  TOPB_HALMA
029605  mmmm oo oo oo §4  TOPE3_RRCFU
R58434  mmmm oo 73 TOPB_METJA
074020 mmmmmmmmm oo 71 TOR&B_PYRHO
D270BE == mmmm oo mm oo oo 73 TOP6B_METTH
R9cCsVe YYRVICEDNGEGMPHDDIPNMFGRVLSGTRYG-LEQTRGRKFGLGARMALIWSEMSTGLPI 211 TOPEB_ARATH
Q5ZPRY FFGVICEDNGRGMPHDDIPNMLGRVLSGTRYG-LRRTRGKFGLGARMALIWSEMSTGLPI 238 QSZPR4_ORYSI
005207 IYRVNVVDNGIGIPPQEVPNAFGRVLYSSEYV-NRRTRGMYGLGVEAAVLYSQMHQDEPI 127 TOPEB_SULSH
QAT7ZF0 IYRVNVVDNGIGIPPQEVPNAFGRVLYSSEYV-NRQTRGMYGLGVERAAVLYSQMHQDEPI 127 TOPEB_SULSO
paTiT2 IYRVNVEDNGIGIPPHIVPNAFGRVLYSSEYV-LRRQTRGMYGLGVEAAVLYSQMYQEREV 126 TOPEB_SULTO
RYYER4 RYTIVIVEDNGIGVEVTSMAMAFGRVLFSSKYV-IRQTRGMYGLGVRRAILYGQMTAGTEV 153 TOPGEBE_RERPE
RBZVMO WVSVYAEDNGIGIFPGNEIPNVFGRVFYSSKYR-IRQHRGVFGLGLEMVVLYSQSTTNREV 124 TOPEE_PYRAE
QEPUBE -VIVIIEDNGPGIVREQIPRVFARLLYGSRFHALRQSRGQQGIGISAAVLYAQMTAGRHT 132 TOPGEE_METMA
QATQFT -VIVIIEDNGPGIVREQIPRVFARLLYGSRFHALKQSRGQQGIGISAAVLYAQMTAGRHT 132 TOP&EB METAC
QROUHR31 -YTLIVEDNGPGITNAQIPRIFGELLYGSRFHAREQSRGOQGIGISAAVLYSQLTSGERV 141 TOPGB:HRLSA
BOR4D3 -YTLIVEDNGPGITNAQIPRIFGELLYGSRFHAREQSRGOQGIGISAAVLYSQLTSGERV 141 TOPEB_HALS3
RIV4RS -YRLVVEDNGPGITREQAPRIFGRLLYGSRFHAREQNRGQQGIGISAAVLYSQLTSGEPA 140 TOPEB_HALMA
029605 -FRIVVEDNGPGIPREQIPEVFGRLLYGSRFHEIRPSRGQQGIGISAAVLYAQLTTGEPA 123 TOPEB_ARCFU
p5B434 -YRVAVEDNGPGIPLEFIPEVFGEMLAGSEMHRFIQSRGQQGIGAARGVLLFSQITTGEPL 132 TOPEB_METJA
074020 -YRVIVEDNGPGIPEEYIPHVFGRMLAGTRAHRNIQSRGRQGIGISGAVMFAQITTGRERPT 130 TOPEB_PYRHO
027088 -YILRHQDNGPGIPERYIPRVFCTMFAGSEFR-NIQSRGRQRGLGCSGCVLLSQMTTGEREV 131 TOPEB_METTH

Figure 9 N-terminal sequence alignment oAtTopVIB(red rectangle)in comparison withOryza(rice, green
rectangle and different members of archaeabacteria. The labels on the {efind side are accession numbers for
the following organisms respectivelArabidopsis thaliangdQ9C5V6)Qryza sativa(Q5ZPR4)Sulfolobus

shibatae (005207) Sulfolobus solfataricugQ97ZFQ)Sulfolobus tokodai{Q971T2) Aeropyrum perniXQ9YEG64)
Pyrobaculum aerophilunfQ8z2VMO0) Methanosarcina magi (Q8PUBS8), Methanosarcina acetivorans (Q8TQF7)
Halobacterium salinarium(BOR4D3)Haloarculamarismortui (Q5V4R5)Archaeoglobus fulgidag029605)
Pyrococcusurious (Q8U0OK8)Methanocaldococcus jannasct{ip58434) Pyrococcus horikoshiD74020)
Methanobacterium thermoautotrophicus (027088)
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o4g ) QARFOD B EDL LY ILEQOMT EETE D MLDEVSEQD B

Q52PR4  RKLQARERQDRRRNLNRYIPDVARRIMETLGEIADESPPRRPHYDREDEELLERVNSEEV 633  (02PR4 ORYSI
UTSZUT  ERRREUEEKRACLEYLRYIPEVSRSLATFLASGNREL == VSKTQNEISECLERLISRAG 517 TUFES SULSE
Q872F0  ERRREQERRRELLAYLEYVPEVSRSLAIFLASGNREL---VPEYQGEIVEGLFRLISREL 513  TOPEE_SULSO
Q37172  ERRREZEARRRLITYLRYIPEVSRGLALFLVGGDRQE---IGDAYSDLRERLLRIALNEL 513  TOPEE SULTO
QIYEE4  REAREZEAIRRSVILARYIPEVAVSLAYFLRFPSKWQFP-RPEEVERIQERLIRIVARHI 542  TOPES AERPE
QBZVMO0  RREREMEMLNRYISLARYVEEIAYNLSMITR-IERES---LARNLETLIERRIGLTIEEL 50§ TOPEZ PYRAE
QEPUSE  EQSNLRERREREIIITRVLPRLAARVAEVLERDVEDINPVVAKIMGNLLVERVIRNNGDG 524  TOPES METMA
QBTQFT  EQSNLRRRREREIIITRVLPRMAVRVANILERDVEDINPVVARIMGNLLVYREVRSNGDG 524  TOPEE METAC
QUHR31  RRQSMRERQQEQDVIMDILPTMAERVGELTGRGGVDVSDSLARIMNNVLVERARSDDGQ- 717  TOPEE HALSA
B0R4D3  RRQSMRERQQEQDVIMDILPTMAERVGELTGRGGVDVSDSLARIMNNVLVEIRARSDDGR- 717  TOPES HALS?
Q5V4R5  ERRSMQQRREXQDRLATILPEMAERLTEVTDNDELHIDDSLARIMNNVLVEREVEDD--- 713  TOPEE HALMA
020405  RRSRQQERRRREEMIGRVLPLIARRVCEILEREPLEIDRIVARIMGYLEVIRIVEERDG- 513  TOPEE ARCEFU
(58434 RIRREAEEERRRRYVMRYARIFAEALANILNRPVDEIEERVVELLE-------------- 60 TOPEE_METJA
074020  GRYRRMYQIRRRRTLERYLPEIARSLHILTGEPEZRIREYFLELIESKIEVEEVESVEVE 560 TOPEE PYRHO
027088  RRKRABRREEAQRARIFESYVEVIIRQAALLAEREEPDYRELLDTVIR-RARLEILGGITE- 523  TOPEE METTH
Q9C5VE  TRETLRERLAEEVEQVDYEMALEYATQSGVSEEPRENIYLQHLDFNKSNEIDLESPTEVE 666  TOPES ARATH
Q52PR4  TEMTFRDCLIQEVEQVDYEMALEYAM(SGVSEEPREALYLNSLEG-SYRFIDFQSPVEVE 602  (5ZPR4 ORYSI
005207  DLIN----IEEYREVYR--VDSE--—---=--—=-=====-==-----moomoomoo - 530  TOPEB_SULSH
Q372F0  DLIN----IEEYREVYR--VDSE--—---=--—=-=====-—=--m-mmomomoo - 530 TOPEB_SULSO
Q37172  EVNDER--LEEEIRNYR--VEEL- === === === o= oo mmmmmmmommooo e 532 TOPEE_SULTO
QI¥EE4  ELPPVDGRTEDFEAIVRRIVESVELE------—--=--==--==-=--—=-—-----——- 568  TOPE3 RERPE
QBZVMO  VEHT----LSMSSTSQEEVVERTBQ---—= === === -mmmmmm oo ommmmomoe 527  TOPE3_PYRAE
QEPUSE  TVDVAIRVRNFGTSAYSFRVHEMLPCEVSGARPEPRVVIMGNDYDYVWDISASAGSSRVL 584  TOPES METMA
QBTQFT  TADVAIRVRNTGTSAKSFRVHEMLPCRKINGARPEPRVVIMDNDYDYVWDVSARAGSSRVL 584  TOPGB METAC
QUHR31  --TVTLRVENHETGSVDVDVIDIVSAEPDGVGDDASVVAMDDEYFVEWIPAVAGDDRAEL 775  TOPEE HALSA
BUR4D3  --TVILRVENHGTGSVDVDVIDIVSAEFDGVGDDASVVAMDDEYFVEWIPAVAGDDRAEL 773  TOPEE HALS?
Q5V4R5  --TVRVRIENNDDTNADVELTDIVIAER-QVINGATVVEMDGEWFVEWSPIVGRGETAVL 770  TOPEE HALMA
029805  VEVVIIRVSNFTRSKRSIKLYEMCSG---NVEADGARVSGSGYSTVIWSLEVEFDEEVEV 570  TOPEE ARCEFU
TR L e 60 TOPEE_METJA
074020 ERER--—m-mm - mm oo oo 564  TOPEE_PYRHO
0270BE === mmm oo oo 523 TOPEB METTH
DUCSVE  RLML--====== === === ==mmommmo oo €71  TOPEB_RRATH

D5ZPR4  REFIP-—---—=-—=-—-om-mo—o oo €37  Q5ZPR4_ORYSI

005207 == -—mmmmmmmmmmmm oo 531 TOP6B _SULSE

QOTZF0  mmmmmmmmmmm o mmm oo 531 TOP6B SULSO

ROTIT2Z  mmmmmmmmm oo m o m oo 533  TOP6B SULTO

QUYEG4  —mmmmmmmmmm oo mmmm oo 560 TOF6B AERPE

REZVMD == m - mmmmmmmmm e 528  TOP6B_PYRAE

QEPUBE  SYRIESASEEELQRLPQLIVEGIEEELVIGARAFKGY 621  TOP§3 METMA

REIQRF7  SYRIESATVEELRRLPQLIVEGIEEELVIGARAFRGY 621  TOPGB_METAC

QOER31  TYSVDADADCELS------ VSGVADARLTVSEADT-- 805  TOPEE HALSA

30R4D3  TYSVDADADCELS------ VSGVADARLTVSEADT-- 805  TOPEE HALS3

Q5V4RS  EYSVTIDEAEFTVS------ VDGIEEERLTVNA----- 797  TOP6B_HALMA

020605  SYRLEGRIINENP----- LYEGVEEDLLSGAEVMNFA 02  TOFE3 ARCFD

Q58434 o mm oo 6§61 TOPEE METJR

074020  —========m=mmmmmoooo o 565 TOPEB_PYRHO

027088  —====== = 524 TOP6B METTH

Figurel0. Gterminal sequence alignment oAtTopVIB(red rectangle)n comparison withOryza(rice, green
rectangle and different members of archaeabacterid he labels on the lefhand side are accession numbers for
the following organisms respectivelArabidopsis thaliangdQ9C5V6)Qryza sativa(Q5ZPR4)Sulfolobus

shibatae (005207) Sulfolobus solfataricugQ97ZFQ)Sulfolobus tokodai{Q971T2) Aeropyrum perniXQ9YE64)
Pyrobaculum aerophilunfQ8ZVMO0) Methanosarcina magi (Q8PUB8), Methanosarcina acetivorans (Q8TQF7)
Halobacteriumsalinarium (BOR4D3)Haloarcula marismortu{Q5V4R5)Archaeoglobus fulgidag029605)
Pyrococcusurious (Q8U0OK8)Methanocaldococcus jannasct{ip58434) Pyrococcus horikoshiD74020)
Methanobacterium thermoautotrophicus (027088)
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A B
Figure 11A) The AtTopVIB Nerminal surface density predicted structure using therotein database PDB

software with the insertion in the Nterminal domain (ND) in yellow. B)S.shibataeTopVIB Nierminal
crystallized structure missing the IND.

The SwissProfprotein servewas then usetb predict the structure of the IND of
AtTopVIB®°. This servemusesthe amino acid sequence of AtTopVIB aseharchfor a homology
in proteins with kown crystal structuregersonal communication Blake Crochét If it fails to
match the amino acid sequence, it predicts the secondary structure of the protein using the
structural dynamics of amino acids found in its daselfersonal communation Blake
Croche}. The predicted structure of AtTopVIB wabnost similarto the crystal structure of
M.mazeMopVI B structure except for the | ND, whi
ATPase domain in AtTopVIB (Fig.1).
Construction of Plasmid Vectors for Molecular Imaging Assay

TheAtTopVIB clone was kindly provided in a pDuetl vechyrtheFrank Hartung lab.
In order to utilize the AtTopVIRIlone inthe localization andhteraction assay amplified the
AtTopVIB clone and inserted the amplicon into gateway cloning pDONR vector. This was done
usinga GatewayBP clonase reaction producing a pENStRopVIB. Three pENTRtTopVIB

clones were cultured and digested to confirm that they were the right conSthectesuing
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