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ABSTRACT

This thesis documents the subcellular localization and prptetein interactions of
two methyl recycling enzymeslhese two enzymesadenosine kinase (ADK) an&
adenosylL-homocysteine hydrolase (SAHH), are essential to sustain the hundr8ds of
adenosylL -methionine (SAM)-dependent transmethylatioreactions in plantsBoth
ADK and SAHH are involved in the removal of competitive inhiltlor of
methyltransferase@ViTs), SadenosylL-homocysteindSAH), thatis generated as a by
product of the each transfer of a methyl group ff8AM to a substrateThis research
focused orunderstanishg how SAH is metabolizedn distinct cellular compartrants to

maintain MT activities required for plant growth and development.

Localization studies usingreenfluorescent proteifGFP) fusions revealed that both
ADK and SAHH localize to the cytoplasm and the nucleus, and possibly to the
chloroplast,despitethe fact that therimary amino acid sequence of neither protein
contains detectable targeting signalhis suggested the possibility that these methyl
recycling enzymes may be targeted by specific prgietein interactions. Moreover,
deletion analysi of SAHH1 indicated that the insertion region (IR) of 41 amino acids
(Gly*™%Lys', which is present only in plants and parasitic protozoan SAHHs among
eukaryotes, is essential for nuclear targeting. Th®ult suggestd that the surface
exposed IR lop may serve as a binding domain for interactions with other proteins that

maydirect SAHH tothe nucleus

To investigate protenprotein interactions, several methods were performed including

co-immunoprecipitation, bimolecular fluorescence complementatiomd puldown



assays. These results not only revealed that ADK and SAHH possibly interact through the
IR loop of SAHHIn planta but also suggested that this interaction is either dynamic or
indirect, requiring a cofactor/another protein(s) or imtdational modifications.
Moreover, possible interactions bbth ADK and SAHHwith a putative Arabidopsis
MRNA cap methyltransferaséCMT), which is localizd predominantly in the nucleus
were also confirmed. ®se resultsupport the hypothesis that thactear targeting of
both SAHH and ADK can be mediated by the interaction with CMT. In addition,
purification of Strepagged SAHH1 expressed in Arabidopsdentified a novel
interaction between SAHH and aspartséenialdehyde dehydrogenase (ASDH)
enzyme that catalyzes thesecond step afhe aspartatalerived amino acid biosynthesis
pathway Analysis of ASDHGFP fusiors revealed that ASDHbcalizes to the chloroplast
and thestromulelike structure that emanat&om chloroplass. Moreover the mutatioim

three amino acids (PY8-Asp'®>-Prd®® located within the IR loop of SAHH disrupted its
binding to ASDH which affected the plastid localization of SAHH, suggesting that the

interaction between SAHH and ASDH is required for plagtideting of SAHH.

Taken together, this thesis demonstrated that the localization of ADK and SAHH in or
between compartments is possibly mediated by specific protein interactions, and that the

surfaceexposed IR loop of SAHH is crucial for these interactions.
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INTRODUCTION

1. Arabidopsis as a model system

Arabidopsisthaliana a member of the mustard fami(Brassicaceag)is a small
flowering plant(Figure 1) It was discovemr by Johannes Thal in the Havountains, in

Germany in the 15 (Pio$eBasiliggosad f i r st named as

Over 750accessios of Arabidopsis have been collected frdifferent environments
aroundthe world and anong thesgColumbia and Landsbergrectaare the twoecotypes
which are moscommonly used. AlthougArabidopsislacksagricultural significance, in
the past 40 yeaiis has risen to become one the most studied and characterized organisms
used by thousands oplant scienceresearchers around the wor{d@he Arabidopsis

Genome Iniative, 2000; The Arabidopsis Information Resource (TAIR), 2010).

Arabidopsis has been used extensively for studies of plant molecular genetics,
developmentmetabolism, physiology and biotechnology. The main reasons for this are

as follows

First, Arabidopsis has a short life cyclabout6 weeks resulting in the production of

5,000-10,000 seeds.

Second, ts genome structure makes it well suited for functional genomic studies
including small genome size (about 125 Mb) relative to other plants, rejatwel
amount of interspersed repeat sequence DNA, small introns and few gene families. These
traits facilitate the use of molecular techniques gmne mapping, isolation and

characterizatiofThe_Arabidopsis_Genome_ Initiative, 2Q0@ortman et al., 2003



As well, he complete genome has been sequenced and multiple databases of DNA
sagjuences have been compikead are available onlin&p until now, 31,407 genes have
been reported, and among thesembers,26,751 are annotated as proteoding genes
(TAIR, 2010. In addition to the useful online databases, the stock ceptexsding
thousands of cloned genes and a large number ofcwathcterized Arabidopsiautants
including point mutants, insertion mutarasd activationtagged lines are availablard
facilitate a quick analysis of genes of interest (TAIR, 201Q

The_Arabidopsis_Genomhitiative, 2000.

Lastly, poduction of transgenic plants is relatively edsy using the bacterium
Agrobacterium tumefacierand \arious methods fdransformation ofArabidopsishave
been develope(Bent, 2000 Zhang et al., 2006 Among these, the floral dip method is
most widely used for producing transgeAi@abidopsisplants due to its simplicity and
efficiency(Clough and Bent, 1998For example, transformation can be accomplished by
dipping Arabidopsisnflorescences for a few seconds, and a transformatsguéncy of
at least 1% can be obtained withabout2 months(Zhang et al., 2006 Thesenumerous
advantageded to the us of Arabidopsisin the research outlined in this thesis which
examina the subcellular localization and protginotein interaction of methylecycling

enzymes.



Figure 1. Arabidopsisthaliana.

A five-weekold wild-type Arabidopsis plan{the Columba accessigngrown under
standardconditions (6-hour day length at2C) is shown(A). The mature Arabidopsis
plant consists ofive main parts roots, shoots, leaves, flowers and siligudse rosette
leaves (E) form at the base of the plJartd he axilary buds of these leaves develop into
shaots from which cauline leaves (D) ariSghe shootproduces flower¢B; young floral
buds and flowepsafter about3 weeks, and the flowersecome silique¢C) upon ®If-

pollination.






2. Activated methyl cycle

2.1. Methylation

Methylation including the addition or substitution of a methyl group on various
substratess a process necessary for many biological functitins known tobe part of
various biologicaprocesses such:abkeregulation of gene expressiandgene silencing
(Finnegan et al., 2000rurker, 2002; the regulation ofprotdan functiors involved in
signal transduction, stress respasigaotein trafficking, and proteiprotein interactions
(Dolzhanskaya et al., 2008im et al., 1998 Mowen et al., 2004 andthe modification
of MRNAs by5' cap methylation, whiclffectstranscript stability, subsequenmRNA

processing, and initiation of translatifournere et al., 2002

In plans, methylation is a very pervasive reactisincea number of compoundacting
in response twariousenvironmental stimulithroughout plant developmergquire the
addition of a methyl group for their functionalifyeretilnyk et al., 2001 For example,
secondarymetabolites such as flavonoids and anthocyanimish contain methyl groups
are synthesized in response to UV light, drought, salt stress, or pattidigen and
Pava, 1995 Ibrahim et al.,, 1998 The biosynthesis and function péctin and lignin
which are the major components of cell wall structure, amependent on
methylatioddemethylation reaction@Boudet, 1998 Bourlard et al., 1997 Many other
compounds includinglant hormones are also methylated tleeir synthesis or function:
glycine betaine(Summers and Weretilnyk, 1983chlorophyll (Von Wettstein et al.,
1995; phospholipid (Datko and Mudd, 1988 nicotine, caffeine, and o#h alkaloids

(Facchini, 2001 Koshiishi et al., 200% and plant hormones such as cytokinins,



gibberellc acid and brassinosteroi@Bujita et al., 1977Levi et al., 1978 All these

methylation reactiondepend orthe availability ofmethyl donors

2.2. SAM-dependent transmethylation

In cells, there are several common methyl donors su&adsnosyl -methionine, 5
methyltetrahydrofolatetrimethylglycine, methylsulfonylmethane andhethylcobalamin.
Among these, te mgor methyl donor forall biological methylation reactions IS
adenosyl-methionine (SAM), which isa high energy intermediatén the cellular
metabolismof both prokaryotes and eukaryot@sdwards, 1996Lu, 200Q. SAM is a
small molecule composed of mathine and an adenosyl group whichsismthesizedy
SAM synthetase JAMS; EC 2.5.1.6)from L-methionine and adesine triphosphate
(ATP) (Chou and Talalay, 19735chrdder et al., 1997SAM functions not only as an
activemethyl donor but it is also used as a key molecule for many biological processes in
plants: regulation of the biosynthesis of methionine and amino acids of the aspartate
family, inhibition of an isozyme of aspartate kingdéeevedo et al., 1997 activation of
threonine synthaggCurien et al., 1998 and regulation of the activities of spermidine and
spermine synthases as a substrate of decarboxyResgg, 198p In addition, it is used
as t he sdeoxyadeaosybradicdisNyhich leads to the production of methionine
a n d-de&xy§denosyl radical intermedigtRoje, 2009. It also actsas precursor for the
biosynthesis ofsome compoundsncluding polyamines, nicotianamine and ethylene

(Roje, 20086.



Sinceover 90% of SAM is used by many different methyltransferdgds EC 2.1.1)
for methylation reactionéClarke et al., 2008 a steady supply of SAMor the activated
methyl cycle is essential féine majority ofMT activitieswhich are involved in a variety
of biological functionsThese SAMdependent MT reactiorare catalyzed by substrate
specificMTs thattransfer a methyl group from tmeethyl donor SAM tovariousmethyt
acceping compoundslt is thought that a different MT acts on each acceptor, which leads
to the conclusion that hundreds of different MTs exist in eukaryotic o&disa by
product,of these reactiona molecule ofSadenosyl-homocysteine (SAH) is produced
for each methyl group transferred from SAM to a methyl accéptmulton, 1981 Since
MT activities are essential for modification or biosynthesis of numerous compsuciils
asDNA, RNA, protein, pectin, lignin phosphatidylcholine anglant growth regulators
SAH is continuously produceds a result of SAMIependentransnethylation(Moffatt

and Weetilnyk, 2001 Poulton, 1981 The activated methyl cycle is shownRigure 2.

Since SAHis similar in structure to SANt actsasa competitive inhibitor oSAM-
dependentMT activities, which could lead to blocking essentialtrangnethylation
reactions(Poulton and Butt, 1975 SAH must therefore benetabolizedto maintain
SAM-dependentrangnethylation Despite the diversity of MTs that exist in eukargot
cells, only one enzymes-adenosyl -homocysteinehydrolase (SAHHEC 3.3.1.1), is
capable of SAH removdDe La Haba and Cantoni, 195$AHH breaks down the SAH
into homocysteine (Hcy) and adenosine (Adaljowing the MT activities to continue
(De La Haba and Cantoni, 1959 his reactionis critical to determining thebalance
between SAM and SAH (known asethylation ratio,methyldaion potentialor methyl

index) in cels (Loehre et al., 1998



The SAHH-catalyzed reaction is reversible and the direction of SAH syntli®sis
favored thermodynamicallythusthe two endproducts othis metabolism Hcy and Ado
mustalso beremowed (De La Haba and Cantoni, 199%oulton, 198} Hcy is converted
to methionine (Met) by addition of a methyl groeherfrom 5-methyktetrahydrofolate
which is catalyzed bivet synthase (EC 2.1.1.18) from S methylmethionine (SMMpy
Hcy Smethyltranderase (EC 2.1.1.10Met is sulsequentlyrecycled back into SAMr
SMM by SAM synthetase(EC 2.5.1.6 or Met Smethyltransferase (EC 2.1.1.12)
respectively(Hanson et al., 1994SMM is known tohave a rolen the regulation of Met
andSAM levelsandin the transport of sulphufrom leaves to seeds vihe phloem, and
asa Met storage form oas a plantspecific methyl group dondBourgis et al., 1999
Kocsiset al., 2003 Mudd and Datko, 19900n the other handAdo is metabolizedy
three different route@igure 2: hydrolysisof Ado to adening/Ade) by Ado nucleosidase
(ADN; EC 3.2.2.9) deaminationof Ado to inosine(Ino) by Ado deaminase (ADA; EC
3.5.4.4) and the conversioof Ado into Ado monophosphateAMP) via phosphorylation

by Ado kinase (ADK; EC 2.7.1.20)



Figure 2. SAM-dependenttransmethylation cycle and related pathways.

SAH, which actsas an inhibitor of MTsis produced as a byroduct of the methyl
transferfrom SAM to an acceptdsy a MT andsubsequently cleaved into Hcy and Ado
by SAHH. While Hcy is recycled to Met either by MS anentethyl THF as a methyl
donor or by HMTvia SMM cyde, Ado is metabolized by three different routas
indicated.SAH inhibits MT activities.SAMS catalyzes the conversion of Met to SAM
that serve not only asmethyl donorbut also asa precursor in the biosynthesis of
ethylene, polyamines and nicotianaminMTA, a key byproduct of polyamine
biosynthesiscan be recycled to Methe dottedarrowindicates the involvement of AMP
in cytokinin biosynthesis anthterconversionADA, adenosine deaminas&de, adenine;
Ado, adenosine; ADK, adenosine kinase; ANenosine nucleosidag®yP, adenosine
monophosphateAPT, adenine phosphoribosyltransferaséicy, homocysteine; HMT,
homocysteineS-methyltransferasdno, inosine Met, methionine; MMT, methionin&
methyltransferase; MS, methionine synthase; MT, megtiydferase; MA,
methylthioadenosinediTN, methylthioadenosinaucleosidaseMTR, methylthioribose
SAH, Sadenosylhomocysteine; SAHFgGadenosylhomocysteinbydrolase; SAM,S
adenosyhethionine; SAMS, Sadenosylhomocysteine synthase; SMM, S

methylmethiome; THF, tetrahydrofolate
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2.3. Adenosine salvage pathways

Since he synthesis oAdo is energetically expensive requirinige hydrolysis of7
ATP or GTP moleculesAdo is salvagedby three different reactions(Figure 2) In
mammalian cellSADN has acritical role in Ado metabolism but is thought to be less
predominant in plantADN catalyzes the irreversible hydrolysis of AdoAde, with the
Ade being subsequentlyphosphoribosylatd to AMP by Ade phosphoribosyltransferase
(APT; EC2.4.2.7. Although ADN activity has been found in several planideextracs
such asbarley (Guranowski and Schneider, 197Wheat(Chen and Kristopeit, 1981
and Arabidops (Auer, 1999, in only a few casess ADN thought to be a major
contributor to Ado metabolism. For exampleaffeine biosynthesis irtea leaves
(Camellia sinensis.) has been shown to invoMeDN-producedAMP (Koshiishi et al.,
2001 andleavesof Avicennia marinaare reported to havés-fold higher ADN activity
than ADK activityundernonstressed conditi@(Suzuki et al., 2003 Rieweet al.(2008)
reported thathe potato(Solanum tuberosunADN isinvolved in salvage of extracellular
ATP andis highly specific forAdo. Gaschromatographynass spectrometrfGC-MS)
analysisusing the extracts prepared from potato tulséi@vedthe production ofribose
by ADN in the presence @&do. Moreover, this enzymeas characterizeds a cell wall
boundADN, since it 5 not releasedluring extraction procedures includirggnon-ionic
detergent(Riewe et al., 2008 Recently,a uidine ribohydrolase(URH) that is highly
homologous to nucleoside hydrolases from protists andt ywas identified from
Arabidopsis(Jung et al., 2009 It was shown thatURH has akey role in pyrimidine
degradation and utilizes uridine as a preferred substnatie Ino, Ado and cytokinin

ribosides being less well accepted substrélesg et al., 2009 The two isoforms of
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Arabidopsis ADN, ADN1 and ADN2 were further studied recently using a
spectrophotometric assdigngel, 2009 Again no substratevasfound for ADN1 while
ADN2 preferred uridineTakentogether,it is clear that whileADN activity is certainly

presenin plants,agene encodingnenzymespecific for Ado isnot yet evident

ADA catalyzsthe deamination of Ado tmo and of deoxyadenosine to deoxyinosine
(Fox and Kelley, 1978 Although ADA has beerfound in most organismsncluding
mammals, invertebrates, bacteria, and fumigereit is thought toplay a key rolen Ado
salvageexertpathway(Cristalli et al., 200}, it has beemgenerallyconsideed that ADA
activity is not presenin plants(Brady and Hegarty, 196®ancer et al., 1997Recently,
the functionality of the only putative ADAoding sequencie Arabidopsis(At4g0488(
was investigatedEngel, 2009 Based on the recombinant protein assays and functional
complementation, this gene produlties notpossesADA activity andis not essentla
for Arabidopsisplant growth(Engel, 2009. Thus,if ADA-mediatedAdo salvageexids,

it must be encoded by a different gene

In contrast toADN and ADA, recent evidence indicates thADK activity is the
predomnant route forthe removal ofAdo in plants based on its highranscript
abundance and kinetic activity in plarfddoffatt et al., 2002 Moreover, theabnorméa
phenotype oADK -deficientplants,which correlates with thaccumulation of Adpalso

supports the importae of ADK activity for plantgrowth (Moffatt et al.,2002).
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3. Adenosine Kinase and S-adenosyl-L-Homocysteine

Hydrolase

3.1. ADK

ADK is atypical housekeeping enzymieeingconstitutively expresseid and essential
to all cellsbased onts contributionto variouscellular processe¢Moffatt et al., 200 It
is consideredo bethe most abundant nucleosikinase in mammalian cel{®athews et
al., 1998. The lethalty of ADK knock-out mice indicates its critical role in eukaryotic
organisms(Boison et al.,, 2002 In the livers of these micAMP and ADP were
decreased by 60% and ATP was redusg85% comparedo wild type,while SAH was
increasedy 2.3-fold. The ADK -deficientmice exhibited microvesicular hepatic steatosis
within 4 days after birth and they ultimatalyed within 14 days with fatty liver The
Ade nucleotidedeficiency, including ATP, in the liver ifhoughtto causemitochondrial
dysfunction as well asdeficiencies in fatty acid transport and oxidation. Although the
accumulation of SAHn ADK-deficientmiceis consistent witla shift in the equilibrium
of the SAHH reaction toward accumulation of SAH, the SAH/SAM ratio is not
significanty altered comparetb that of wildtype sotransmethylation reactiorsse likely

not affectedBoison et al., 2002

In wild-type mammalian cells, ADAmediatesthe major route for Ado recycling
during embryogenesis with prominent expression levels in the pla@atkburn et al.,
1995. ADK is present in most tissues ahajhly expressed in theostnataliver where
ADA is expressed at very low level8ndres and Fox, 197%uranowski etal., 198).

Thus, Ado is mainly metabolized téno by ADA, during embryonic developmerand
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converted to AMP by ADKafter birth. At this point, ADA-expression shifts to cells

lining the alimentary canal and the regulation of Au® level in mosttissuesbecomes

dependent on AD¥expression{Chinsky et al., 1990 ADA knock-out miceare embryo

lethal due tot he f or mati on of c ydeowyadenosine, witicenre i vat i v e
potent inhibitors of SAHH. In & mutans, the level of SAH and SAMreincreased 5

6-fold and 2fold, respectivelycompared to wileype contro$ (Migchielsen et al., 1995

Wakamiya et al., 1995

While only three prokaryotic ADKs have been reported fravtycobacterium
tuberculosis(Long et al., 2008 Streptomyces lividanfRajkarnikar et al., 2007 and
Xanthomonas campestrfku et al., 2009, ADKs havebeen isolated and characterized
from many eukaryotes, including humai®pychala et al., 1996nd other mammalian
organisms(Fisher and Newshime, 1984 McNally et al., 199Y), yeast(Caputto, 1951
Kornberg and Pricer, 19%1parasitic protozodDarling et al., 1999Datta et al., 1987
moss(von Schwartzenberg et al., 19@hdseverabplant specie¢Chen ad Eckert, 1977

Faye and LeFloch, 199Guranowski, 1979Moffatt et al., 200D

In mammalia cells, two isoforms of ADK existone of the twocontains additional
20i 21 amino acids at the -drminus Both isoformsare believed to have the same
functiors based on theisimilar biochemical propertie€Sakowicz et al., 20Q1Spychala
et al., 1998 ADKs have anoptimum pH between 4.8 and 8.0 and a temperatamnge
between 30 and 4C depending on therganismfrom which they have beersolated
(Schomburg et al., 2004M. tuberculosisADK exists asa dimer (Long et al., 2008 but
all othercharacterizedADKs act as monomers, with average molecular weight G#
to 56 kDa. The crystal structure of ADK for the enzyme isolated froidomo sapiens
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Toxoplasma gondiM. tuberculosishave beendeterminedht high resolutiorfCook et al.,

200Q Mathews et al., 199&Reddy et al., 2007

ADK s have been characterized from various plants including w(@héen and Eckert,
1977, peach(Faye and LeFloch, 1997yellow lupin (Guranowski, 1979 Arabidopsis
(Moffatt et al., 200, and tobaccdLaukens et al., 2003A strong structural similarity
between human and pladDKs has been proposeohsedon the similarity of their
deduced amino acid seques@ndthreedimensional structurenodelng (Moffatt et al.,

200Q von Schwartzenberg et al., 1998

3.2. ADK in Arabidopsis

In Arabidopsis,there aretwo genes encoding A, designatedADK1 (At3g09820)
and ADK2 (At5g03300)(Moffatt et al., 200D These enzymes haven@lecular massf
about 38Da, andshare 56% amino acid seqeernidentity with human ADKMoffatt et
al., 2000 Spychala et al., 1996The two isoforms share signiintsequence similarity at
both theamino acid (92%) and nucleotide (89%yels Moreover,both ADK genes are
constitutively expressed throughout plant developmeithough ADK1 transcrips are
generallymore abundanthan those oADK2 (Moffatt et al., 200D Current tanscript
profiles documented in  the online database  Genevestigator
(https://wwwgenevestigatocom/) indicatethe ADK1 mRNA levels are 1.50ld higher
than those ofADK2 in all tissues throughout developmenith the exception of the
germinated seed stage in whidlDK2 transcript levels are slightly high€rruz et al.,

2008.

15


https://www.genevestigator.com/

In an effort todeterminethe importance oADK in plants Arabidopsis transgenic
plantswith reduced ADK activitywere generate@offatt et al., 2002 These plants,
designated as sADK for sense silencing of ADK, warade by siRNA transgene
silencing.The individual lines vary in their residual ADK activity, from% to 70 % of
that in the wildtype (Moffatt et al., 2002 The sADK plants display developmeiita
abnormal phenotypes including clustered inflorescences, wrinkled |leaveslelayed
senescencéMoffatt et al., 2002 Compared to wild typesADK leaveswith less thar20%
residual ADK activityhave a 4€old increase infSAH, almost2-fold decrease in SAM
(Moffatt et al., 2002 and 3.5-fold increase in Ad¢N. Emery, S. Schoor and B Moffatt,
manuscript in preparationJhe increased SAHind Ado levelsare consistent with the
scenario thataccumulaéd Ado leads to SAH synthesis instead 08AH hydrolysis
resulting inan accumulation ofSAH that inhibits MT activities. Both seed coat pectin
methylation and DNA methylation are reduced in these lines. It is posisdilée wavy
leaf morphology of the sADK lines may in part be due to alterpdctin methw
esterification, whichchanges how tightly adjacent cell walls associated with each

other(Pereira et al., 2006

Taken togetherthesestudies povide evidencethat ADK is essential for maintaining
MT activities inArabidopsisand likely othemplants(Moffatt et al., 2002 Pereira et al.,
2006. This conclusion idurther supported bythe increase oADK activity levels in
responsdo methylatedosmolyteglycine betaingN,N,Ntrimethylglycine)accumulation
under salt stress conditiofSuzuki et al., 2003Weretilnyk et al., 2001 In addition,

ADK activity andtranscript abundancare coordinately regiated with those of SAHH

16



during plant developmensuggesting possiblerelationship between these two enzymes

to sustairMT activities(Pereira et al., 2007

3.3. SAHH

Since SAHacts as an inhibitor of MT§Gibson et al., 1991 SAH metabolismis
essential to maintaithe intracelluar balance of SAM:SAH ratio in a c€lKramer et al.,
199Q Loehrer et al., 1998 In most bacterial spe@e SAH is metabolizedby 5*
methylthioadenosingMTA) nucleosidase(EC 3.2.2.16)or SAH nucleosidasg EC
3.2.2.9)to Ade and Sribosylhomocysteindut in eukaryotesonly SAHH removesSAH
(De La Haba and Cantoni, 1959%hereasthe SAHH reactin is reversible and its
equilibrium lies in the biosynthetic direction to fol®#\H, the rapid removal of Ado and
Hcy under normal conditionfvors the catabolicdirection of the reaction(Palmer and

Abeles, 1973

The importance o5AH metabolismis evidenced by a number of mutant studigs
reduction in human AHH activity to 3-10% ofthe cortrol results in theaccumulation of
SAM andSAH by 30fold and 156fold, respectivelyaccompanied bgevere growth and
developmerdl defectsincluding myopathy and mental retardatigB a r i | et al
Buist et al., 2008 the completeloss of activityresults inembryonic lethaty in mice

(Miller et al., 1994.

SAHH activity is a target for antiviral and antiparastic drugs. Siresesmethylation is
essential fothe replication ofthese pathogens and they rely on the host SAHH for SAH

hydrolysis, these drugs are particularly effec(iR®bins et al., 1998rang and Borchardt,
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2000. They actby the following mechanisminhibition of viral or parasitic SAHH
elevationof SAH levels- inhibition of MT activity - reduction inmRNA caps on viral
transcripts suppressiomf viral or parasitic growthFor example, arkBAHH inhibitors
are the onlyknown effective inhibitors ofthe Ebola virus(Yuan et al., 19909 Since
SAHH is a highly conserved proteifParker et al., 2003 most parasitic enzymes are
nearly identical to human SAHH in terms thfeir amino acid sequences apdotein
structure, includingthe cofactor binding sit¢Hu et al., 1999Tanaka et al., 2004 urner

et al., 1993

3.4. Dynamic protein structure of SAHH

The crystal structuseof SAHH purified from several organismgcluding human
(Turner et al., 1998 rat (Hu et al., 1999 parasitic protozogPlasmodium falciparuin
(Tanaka et al., 20Q04andpathogenic bacteri@gM. tuberculosiy (Reddy et al., 200&have
been determinedExcept for onecase that of yellow lupin (Lupinus luteup seeds all
other SAHHsexistashighly conservedhomotetramic enzynssesigrated A, B, C and D
(Guranowski and Pawelkiewicz, 197TVurner et al., 1998 Each subunitontains one
tightly boundnicotinamideAde dinucleotide(NAD) moleculein its active sitg Turner et
al., 2000. Each monomeronsistsof three domainsan N-terminal substratebinding
domain, a cofactorbinding domain, and a sma@-terminal tail that is imporant for
tetramer stabilitfAult-Riché et al., 1994Turner et al., 1998 The two adjacent subunits
A andB form a dimerin a reciprocaimannerby integratingtheir small C-terminaltails,

therebycovering the cofactorbinding siteof the otherpartner This dimerizationalso
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occurs between subunits C andThe A-B and CD dimersbind tightly to each otherd
form the tetramer, which results ithe formation of central corsurrounded by the four

cofactorbinding domaingTurner et al., 1998Figure 3)

SAHH undergoes aonformatioml changeupon substrate bindinghanging from an
flopenformo to a ficlosedformo (Wang et al., 2005Yang et al., 2008 This transition is
important for theenzymaticcatalysis as well assubstrate recognitioand binding The
open formallowsthe substrateeasyaccess to the active si@d the transition from open
to closed form occursnce the substrate bisdThe closedorm provides eclosercontact
between substrate and cofac(btAD/NADH) within the enzymewhich is supportive

for catalysig\Wang et al., 2005vang et al., 2003Yin et al., 2000.
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Figure 3. Three-dimensional structure of Plasmodiumfalciparum SAHH tetramer.

The 3D structure othe human malaria parasiasmodiunSAHH tetramer(1V8B)
obtained fromthe protein data ban®DB; http://www.pdb.org/pdb/home/home)dand
refined using3D Molecule viewer of VectorNIT(Invitrogen. The backgroundolor was
changed from black to whitgsing Adobe Photoshofhe four subunit$A-D chains)are
shown in different colorsvith a solid ribbon Theinsertion regionIR) of each subuniis

shown nred C, Gterminus; IR, Insertion regiom, N-terminus.
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3.5. Insertion region in SAHH

SAHH is one of the most conserved enzymes in termbe$equenceand protein
structural similaritiesreported to dat€Sganga et al., 1992Turner et al., 2000 As
mentioned earlierSAHH formsa homotetrameand catalzes the conversion of SAH to
Ado and Hcy(De La Haba and Cantoni, 1999oulton, 1981 Turner et al., 198). The
estimatel molecular weighf each subunitanges between53-57 kDa for plant SAHH
(e.g. 53 kDa with 485residuesin ArabidopsisjGuranowski and Paslkiewicz, 1977
Mitsui et al., 1993 while it is ~48kDa in mammaliarorganisms(47.5 kDa with 432
residues in huma)(Bethin et al., 1995Turner et al.,, 2000 The difference in the
molecular weightdetweenplant and mammalian SAHHs mainly due to thepresence
of 40-45 amino acid$n the middle of thepolypeptide(positions 150190 in Arabidopsis
SAHH)(Figure 3). This insertion region (IR)is not found in SAHHs from other
eukaryotic organism@-igure 4)with the excepton of severalparasitic protozoa SAHs$i
Entamoeba histolyticaTrichomonas vaginalis Cryptosporidium parvumT. gondii,
Theileria annulataandP. falciparum(Stepkowski et al., 2005It has beemproposed that
the loss othe IRin some eukaryotes perhaps preceded the divergence of their lineages in

a limited number of speci€Stepkowski et al., 2005

Recently, wo crystal structure studies resolved the IR struotéirtae human malaria
parasiteP. falciparumthat containg 40-residue insertion at positidi¥6-186 (Tanaka et
al., 2004 andthe pathogenic bacteridl. tuberculosighat containg 37-residue insertion
at 167203 (Reddy et al., 2008 The two IRsappear similato each otherforming
strandturn-helix (Mycobacterium or helix-loop-helix (Plasmodium structure on the
surface of the substralending domain of each subitinSince the IRs separated from
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the main body of the tetramanddoesnot contacithersubunits,it does notaffect the

formation of SAHH tetramefReddy et al 2008 Tanaka et al., 2004

ReddyandcolleaguegReddy et al., 2008lsodetermined therystal struture of the
SAHH:SAH complexto betterunderstand the binding mode le€y and the involvement
of the IR. Their results leda the proposathat the presence ofhe IR changesthe
entrance ofthe access chann&b theHcy-binding regionfrom a shallow depssion to a
deep pocket with a narrow openifghis deep pockethaped entranamay allow His363
to act as aswitch that opes upthe solvent access channiel accept the substratend
closes dowr{restrics solvent access channetiter release of thede Hy (Reddy et al.,
2008. Sinceall plant SAHHSs contain #hunique segmeriR that is not present in most of
other eukaryotests biologicalandphysiologicalsignificance in plant cells remaits be

elucidated
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Figure 4. Amino acid sequence alignment cBAHHSs.

The alignment was performed using Aligrof VectorNTI with default settingand
edited in Microsoft Word. Conserved residues are bdded, andimilar residues are
in gray. Numberson right represent amino acid sequence eagich SAHH indicated;
numbersabove the alignmentpresent amino acid sequencedodibidopsisSAHH. The
black line above the sequence alignment repres#m insertion region(IR; Gly*%
Lys'®). The amino acid sequences used in the alignment(SmissProt accession
numbers) Arabidopsis (Arabidopsis thaliana 023255.), wheat (Triticum aestivum

P32112.1),Plasmodium(Plasmodium falciparumP50250.2),human (Homo sapiens

P23526.4),mouse(Mus musculusP50247.3)rat (Rattus norvegicys?10760.3)

24



Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

Arabidopsis
Wheat
Plasmodium
Human
Mouse
Rat

MALLVEKESGR
MALSVEKE

MSDKLPYKIDIGLAA GRKA
MSDKLPYK”DIGLA

137
137
132
129
129
129

207
207
202
158
158
158

EKTCGQ L TST
EKSGRAZBBEST FKIV Tl IR DA KTDA
=EKNIL{gliEKAHNEHEERCHETLLKNS LKNPHK

277
277
272
228
228
228

=RL{ED( <RATDVMIAGKVA Acadernivie] ((
=RL{ED(] <RATDVMIAGKVA\aGYGDVGK

347
347
342
298
298
298

417
417
411
366
366
366

485
485
479
432
432
432

25



3.6. SAHH in plants

For decadeshe majority ofthe researcton SAHHhas been focused on mammalian or
parasiticenzymegdue totheirimportanceas potential drugr therapeuticarges (Parker
et al.,, 2003 Yang and Borchardt, 20pOHowever since SAHH plays a key role in
metabolic processesssential for plat developmentjt hasalso beenstudiedin various

plant speciesisingdifferent approaches

First, theenzyme activig of SAHH, with its fluctuating patternn relation to metabolic
and developmental procesdbat requires methylatiomas been charactered in several
plants includingtobacco (Sebestova etla 1984, spinach(Poulton and Butt, 1976
parsley(Kawalleck et al., 1992 and alfalfa (Edwards and Dixon, 1991In addition
SAHH enzyme activity was assessed using crude extracts prepared from different organs
of five-weekold wild-type Arabidopsis plast(Todorova, 2002 The highest specific
activity was measured in extracts of roots, while loweels of activity wereletectedn

buds, flowerssiliques,and upper sterfiTodorova, 200p

Second, SAHH gene expressiorhas been documentemh several development
instances SAHH transcripts argpredominantlylocatedin stemsof lucerne Medicago
sativg, with a significant decreas®ccurring in response to wounding and various
hormone treatmentglue to a decrease franscription(Abrahams et al., 1995In parsley
leaves highly abundanBAHHtranscipts aredetectedn floral buds and stemsvhereas
lower levels are found in roots and leavegKawalleck et al., 1992 Moreover, the
markedly increased ergssion was observéa response to pathogalerived elicitor ag

defensenechanisn{Kawalleck et al., 1992 In addition,anincreasén SAHHexpression
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Is obsened in parsleyexposed to UV lightLogemann et al., 2000In Arabidopsis,
SAHH is constitutively expressed throughout the plant including roots, stehsl@ues
with the highest transcript abundance, and buds and flowers with relatively lower mRNA

abundancé€Todorova, 2002

Lastly, the characterization of plamtleficientin SAHH activity supports the essential
role of this enzymen plant growth and developmerfor examplepetuniaplants in
which SAHHgene expression is suppres&et0 fold by antisensgeneexpressionhave
profuse branching, delayed flowering, increased leaf size and higher seedmidd
Arabidopsis plants overexpressinggAHH (HOMOLOGYDEPENDENT GENE
SILENCING1 HOGL) exhibit early flowering with a significantly reduced plant biomass
and number of leave@Sodge et al., 2008 Moreover,a 220 fold reduction ofSAHH
transcriph levels intobacco plantexpressing an SAHH antisense transgéredto a 10-
fold higherlevel of SAH relative tothe wild type (Masuta et al., 1995 and exhibit
abnormal morphological changes in floral organth stuntingof growth loss of apical
dominance, delayed sescenceand hypomethylation of repetitive DN@Eanaka et al.,
1997. These traitsare similar to those observed #rabidopsis SADK plants as
mentioned earlier irBection 3.2AMoffatt et al.,2002, suggestinghat ADK and SAHH
deficiencies affect similar physiological and developmental procdssefatt et al.,

2002 Pereira et al., 200G anaka et al., 1997

The Arabidopsis genome carries two highly similar gezrecoding SAHHactivity.
The two isoforms, designat&&AHH1(At4g13940) andSAHH2 (At3g23810), have a 92%
nucleic acid and 95% amino acid sequence iderBoth are constitutively expressed
throughout plant developmenthile SAHH1transcript levels are generally higher than
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those of SAHH2 (Li et al.,, 2008 Pereira et al., 2007 Microarray data compiled in
Genevestigato(Hruz et al., 200B reveat SAHHL mRNA levels are & to 35-fold
higher than those @AHHR in all tissues throughout developmewith highes levels of
expression irthe germinated seed stager SAHH1and the mature flowering stage for
SAHH2 respectively (https://wwwgenevestigatocom/ as of Oct. 2010. Recently,
several SAHH mutants have beeisolated and characterizédom Arabidopsisby
differentresearch group&MS-induced point mutations in ArabidopS&\HH1(HOG1)
generesult indevelopmental abnormalities includiggowth retardationlow fertility and
reduced seed germinatiowjth a decreasan DNA (total cytosine is reduced to 10%
methylation(Rocha et al., 2005However, acomplete knockoutreatedoy atransposon
(hogx4) and a FDNA (hog15) insertionin the HOG1 generesults in zygotic lethality
(Rocha et al., 2005 Arabidopsisplants with a decreasen SAHH1 gene expression
created by a DNA insertion inthe SAHH1genehave defects in rodtair development

along with the other phenotypes observeldaglplants(Wu et al., 209).

Taken together with the differencetire abundancef SAHHlandSAHH2transcripts,
the SAHH1 mutant studies indicate th@AHH1 is predominant oveBAHH2 andthese
two isoforms may havdistinct rather than redundant rolesArmabidopsis. This islao
supported bythe observation thah T-DNA insertion in the SAHH2 gene displays
indistinguishablephenotypedrom its wild-type parentvith normal growth and fertility
while anSAHH1gene knockout causeggotic lethaity as mentioned abov&ocha et al.,
2005. In addition, the key phenotypesobserved inthe antisenseSAHH1 gene
suppressiorlines suggestthe involvementof its gene producin cytokinin signaling

(Godge et al., 2008
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3.7. ADK and SAHH in cytokinin metabolism

Cytokinin, a class of plarttormoneshas severaimportant roles imaspectsf plant

growth and developmeirtcluding cell division, cell and organ enlargement, senescence,

sink strength, and bud dormandyoth et al., 2003 Werner et al.,, 2003 The
predominant cytokimisin higher plantsare sopentenyladenine (jRndtranszeatin(tZ)
(Werner et al.,2003. Both iP and tZ are derivatives &f°-prenylatedAde and are
thought to be the biologically active compounds in Arabidofsisue et al., 2001
Yamada et al., 200Q1In the first step otytokinin biosynthesis, thésoprenoid group is
transferred toAMP by adenylate isopentenyltransferase (ademyRie EC 2.5.1.27,
resulting in the formation of isoptamyladenine riboside monophosphate (iPRMmis
reaction happesnot onlyon AMP but also on ADP and ATRvhich allow the formation
of isopentenyladenine ribosidei- or tri-) phosphatgiPRDP or iPRTP, respectivgly
Subsequently, the conversion of IRt o | P 1 s -nockdtidaseyandaea
nucleosidase. The conversion of iP into tZ is catalyzed by P450 monooxygéraisss
et al., 2004 In the iPRMP-independent pathwayas analternative pathway for tZ
biosynthesisthe side chain precursor dimethylallyl diphosphate (DMARP{lirectly

transferred t&AMP to produce zeatin monophospate (ZMiRydo et al., 201p

Several lines of eviderclead to the conclusion that ADK involved in cytokinin
metabolism.In vitro assayf recombinantArabidopsisADKs and wheahomogenates
containing ADK activity showed that these enzymes arable touse both Ado and
isopentenyladenosiné@) as substates(Chen and Eckert, 197K offatt et al., 200D In
the case of Arabidopsis ADKs, thaffinity for Ado is 10 timeshigher than foriPA
(Moffatt et al., 200D, In vivofeedingof chloronemal tissues of the md3kyscomitrella
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patenswith cytokinins also demonstrate that the ADK activity is important for the
conversion of cytokininribosidesto the correspondingnucleotidesbased onin vivo
feeding ofiPA (von Stwartzenberg et al., 19R8Vore recently kinetic analysis othe

four purified tobaccoADK isoformsof BY-2 cellsshowedthey havestrong affinity for

the three predominant cytokinimibosides, iPA, zeatin riboside and dihydrozeatin
ribosidein vitro (Kwade et al., 2005 Consistent with thighe apoptosis induced bi{PA

in tobacco B¥2 cellsdepends on ADK activityhat catajzesthe conversionof iPA to

IPA monophosphatesince the caspase activities and the number of dead cells are

markedly decreased when AlaCtivity is inhibited(Mlejnek and Prochazka, 2002

There is also evidence that supp@#&HHO s  asa dytekininrelatedprotein(Mitsui
et al.,, 1993 It wasidentified as acomponent otcytokinin-binding proteincomplexin
tobacco leaves following purification of the complexby a cytokininraffinity
chromatography(Mitsui et al., 1998 Moreover SAHH-deficient tobacco line with
decreased SAHH activitijaveabout three times highévels ofcytokinin than those of
wild-type plants(Masuta et al., 1995and the abnormal phenotype of these plants
correlates with the increased cytokinin levelMasuta et al., 1995 anaka et al., 1997
More recently Godge and colleagues (2008) purified an epiagged SAHH from
transgenic Arabidopsis planémdfound that it hada strong affinity for cytokinindased
on thermal calorimetry measureme(®odge et al., 20Q8Finally, the cytokinin profile
of Arabidopsis sahhl mutant roots was determined by high performance liquid
chromatography(HPLC) (Li et al., 2008. The T-DNA insertion mutantanalyzedhas
markedly reducedSAHHL gene expressiomnd exhibits severgbhenotyfic changs,

including delayed floweringand senescencefewer and shorter roofsand increased
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chlorophylllevelscompared to wild typewith normal fertility. The mutant rootshavea
threefold higher level of eatin than thsein the wild-type Arabidopsis rootsGene
expressionlevels of both SAHH1 and ADK1 were increasedupon an addition ofP,
howevernone of thecytokinins testecaffectedSAHH enzymeactivity in vitro (Li et al.,

2009.

Taken together, it iclear that both ADK and SAHH are not only importafar
maintaining in SAM-dependent transmethylation, but alkely to be involved in
cytokinin metabolismThis @nclusion is supported by the observatibiat cytokinin
distribution patterns in Arabidopsis floral merister(Gorbesier et al., 2003are
consistent with the transcript abundance of K andSAHHin different meristematic

regions(Pereira et al., 2007

3.8. Subcellular localization of ADK and SAHH

As mentioned earlier, transmethylation is essential for biosyntbesidification of
numerousmethyl acceptor compounds in plant céfisluding DNA and mRNAs, pectin,
lignin, phosphatidylcholineand othergMoffatt and Weretilnyk, 2001 (Figure. 2). To
fulfill all theseprocessg SAM-dependentransmethylation must occur throughout the
cell in specific subcellulalocatiors, depending upon the substrate,shown in Figure 5.
Clearly, the enzymesnvolvedin these reactionsncluding SAHH and ADKneed tobe
located in the same cellular compartments to maintain MT activitdesvever, both
ADK and SAHH are regarded as cytosolienzymessince no specific localization or

conventional N-terminal signal sequence have been found by various prediction
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programsdesigned to determine the subcellular localization of pratemtsuding PA

SUB (Lu et al., 2004 MultiLoc2 (Blum et al., 2008 WoLF PSORT(Horton et al.,
2007, NOCtree(Nair and Rost, 2005 ChloroP(Emanuelsson et al., 199@&ndTargetP
(Emanuelsson et al., 2000Moreover, thecytoplasmis proposed to behe primarysite
where themethyktion reactionsoccur (Hanson et al., 200(Hanson and Roje, 2001
Consistent with these predictiormth SAHH and ADKare positionedn the cytosoby

immunoblot analysisising different fractions prepared from spinach legVésretilnyk

et al., 200L

However ADK and SAHHmay also reside in the nucleusor example resarch
using Xenopusleavis oocytesshowel the accumulation oSAH in the nucleusand
redu@d mMRNA methylationdue tothe inhibtion of SAHH activity in cell cultures
(Radomski et al., 1999In a follow-up study, these authorseported evidencef SAHH
trandocation from the cytoplasmto the nucleus mediated via aspecific protein
interaction with the MTinvolved in mMRNA cappindRadomski et al., 2002Recently,
the localization of the two isoforms ADK in variousmammalian celléncluding human
HT-108Q humanHeLa mouse LMTk, and Chinese hamste€HO cellswas reported
(Cui et al., 200% In this study, themmunofluorescence labelinghowed that the long
form of ADK that containgn additionaR0 amino acidst its Nterminusis localized in
thenucleus, whereas the short form resimhethe cytoplasmMoreover the additionalN-
terminal sequence of long form waidentified as a nuclear localization signal (NLS)
based on gability to targeta fusedgreen fluorescent proteiiGFP)to this compartment

(Cui et al., 200%
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Earlier work from the Moffatt laku si ng | mmun o g o lgldcurbneldse | i ng a
(GUS) fusionssuggestdthat ArabidopsisADK and SAHHarepresent irthe nucleusand
the cytoplasm, angbossiblyin the chloroplasas well(Pereira, 2004Schoor, 200). Thus,
part of the researcldescribed in this thesiwas designed to tesheseobservations
Moreover, it examires how both enzymeamigrate between the cytoplasm and other
organelles In order tounderstand thishbackgroundinformation on protein transport

systemsn the nucleus and the chloropl&sprovidedin the next sewn.
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Cytosol
(metabolite synthesis,
cell signaling, viral and
pathogen resistance)

Nucl eus
(chromatin modification,
MRNA capping, histone
modification)
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(methylation of polysaccharides,
pectin synthesis)

Chl oropl ast
(chlorophyll synthesis,
methylation of rubisco)

Mi tochondr i
(activation of biotin and
lipoic acid synthase)

Figure 5. Methylation in multiple subcellular compartments ofa plant cell.

Methylation reactions take place every secand everywheren plant cellsfor many
important metabolic functiong he plant cellimage wasoriginally adapte from (Silva-

Filho, 2003 andredrawn using Adobe Photoshop
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4. Mechanism of protein transport

4.1. Nuclear targeting

The nucleusis a dynamicorganelle that contains the majority ofthe genetic
information of an organisnifhe nucleuss alsothe sitefor variousprocesses, such as
DNA replication and repaifLisby et al., 2003 Nakayasu and Berezney, 198&®NA
transcription andsplicing (Fu and Maniatis, 1990Wansink et al., 1993 and other
modifications includingnRNA capping(Shafe et al., 200pand chromatin modification
(Richards and Elgin, 2002To fulfill all these essential processasmyriad offactors
and proteins (which are synthesized in the cy)psolstenter and exit the nucleus

throughout the cell cycl@NVeis, 2003.

The nucleusis surrounded by a nuclear envelope consisting of two lipid b#aye
containing numerousuclear poreomplexs(NPC) (Tran and Wente, 2008Veis, 2003.
The nuclear envelope not only provides a physical barrier that separates the nuclear
genome fron the intermediary metabolism and signaling systems of the cytoplasm and
other organelles, but alsmlows macromolecal trafficking in and out of the nucleus

through theNPC (Merkle, 2003 Tran and Wente, 2008Veis, 2003,

Molecules smaller than @40 kDa suchas water, ions, and small proteican
passvely diffuse through the WC (Bohnsack et al., 200Zried and Kutay, 2003
whereas macromolecules-70 kDa require an energydependent transporhachinery
(active transpo)t (D'Angelo et al., 2009 Active transportis mediated by transport
receptors(e.g. importin U/ &nd signal peptidesontainingnuclear localization signals

(NLSs) or nuclear export signals (NESBlarel and Forbes, 20D4These are present in
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most, but not alhuclear targeting proteings nuclear import can also be mediated by

interaction with another protein that does have an Ni§g, 1997.

Import of poteins into the nucleus by active transport involves several @tgpse 6)
Importin thecdsgomidasa dam adapt or,thatrecognzedreNLSI mpor t i1
on the cargo(NLS-cargo) in the cytoplasm The import complex (importit) : b
heterodimercargo or cargo:carrier compleis then translocated to tlogtoplasmicside
of the NPCand subsequently to the nucleoplasmic side of the.NFPG@he nucleus,
RanGTP(the GTRbound form of the G protein Rah)i nd s t o, resultipgonrtiei n b
dissociationof the complexinto the NLScargo and mi mp o r-RanGITP @&mplex
Then, both importirs separatelyrecycle back to the cytoplasntomplexedwith either
i mporRamGTbP or -RanGPRCAS (CAS, Cellular Apoptosis Susceptibility
protein;the export cofactor fomp o r t, leavinghe NLScargoin the nucleusin the
cytoplasm RanGAP catalyzethe conversionof RanGTP to RanGDP, resulting in the
releag of importins in the cytoplasmfor another round of nuclearangort The
exportinmediated transport of NE&rgo to the cytoplasm occursdmilar, but reverse
manner The directionality of nucleocytoplasmic transpas effectively controlledby the
nucleotide state of Ran (between GTéhd GDPbound states}hat regulates cargo
binding and release of import and export recepfbine Ran GTPase provides the energy

for this nuclear transpo(Merkle, 2003 Stewart, 2007Tran andWente, 200k
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Figure 6. Nuclear import machinery by active transport.

Nuclear importprocess includedive distinct steps (1) NLS recognitionin the
cytoplasm the cargo binds to the recept@mportins); (2) Translocation ofimportins-
cargocomgex into the nucleusthe complexentes throughthe nuclear pore complex
(NPC); (3) Cargo dissociatiom the nucleusRanGTPdissociatesmporin b from cargo
and importinUbinds to CAS(Cellular Apoptosis Susceptibilifgrotein) (4) Recyclingof
importins to the cytoplasman exportinCAS forms acomplex consisting of CAS,
RanGTP and:; () tmpostin tidsaciatidh in the cytoplasm, tleenversion of
RanGTP to RanGDReleass importins.Small moleculeg<70 kDa)can passively diffuse
through theNPC (green arrow)The image was originally adapted frgylourgidis and

Fornerod, 200Pand redrawn using Adobe Photoshop.
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4.2. Chloroplast targeting

Chloroplasts the photosyntheticorganelles of green plantad algae are the most
prominent members of thplastid family that includesleucoplasts, amyloplastand
chromoplastsPlastids, along with mitochondriare of prokaryotic origin(cyanobacteria
and proteobacteria respectively) and entered the eukaryotic lineage through
endosymbiosigGould et al., 2008ReyesPrieto et al., 2007 Chloroplastscontain the
green pigment chlorophyll and areence responsible forphotosynthetic activities
including light-harvesting and carbeiixation reactions(Gould et al., 2008 It is
estimatedthat about18% of Arabidopsisnuclear genesapout4,500 of ~25,000genes)
were acquired from a cyanobacterial ancestor of the plastiendosymbiotic gene
transfes (Martin et al., 200§ amongthese only a small fraction ofjenes (158209) are
knownto be enodedin the chloroplasgenome(Keeling and Palmer, 20D8As a result,
chloroplastsgreatly rely on sophisticated transport systems to enshe¢ essential
proteins encoded by the nucde DNA are imported from the cytoplasmwhere the
proteirs aresynthesizedIn Arabidopsis, approximately,0 nucl@r encoded proteins
are estimaéd to be targeted to chloroplagts and Chiu, 2010 The majority of these
proteinsaresynhesized in precursor formith a cleavabléN-terminaltransit peptidehat
Is requiredfor targeting to the organellgy an active, podranslational targeting process

(Li and Chiu, 201}

Transport of nucleusencodedproteins from the cytoplasm to thehlorogdast is
mediated bytwo membrane protein complexeslled transloconcomponentghat are
locatedeitherin the outer membran@oc; translocon at the outer envelope membrane of
chloroplasty or in the inner membrane (Tictranslocon at the inner envelopembrane
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of chloroplasty of chloroplasts respectively(Schnell et al., 199{Figure 7) The Toc
complex (Tocl59 Toc34 and Toc75)which is exposed at the chloroplasurface
mediats the initial recognitionand translocationof preproteins across the outer
membraneequiing ATP and GTHLIi and Chiu, 201D Although t is notclearly known
yet how preproteins are diverted from the Toc comphga the intermembrane spaca
possible role o& cytosolic guidance complesomposed of an Hsp{@0 kDaheat shock
protein) chaperoneanda 143-3 protein is proposed for directingreproteindo theToc

or Tic complex(May and Soll, 2000 At this point, theTic complex(Tic20, Tic21 and
Tic110, which fornms theinner membrane translocation channghysically associage
with the Toc complex and the translocation progeds simultaneously across both
membranesin addition, the interamn of TodTic complexes with a set of chaperones
(Hsp93 93 kDaheat shock protejrCpn6Q 60 kDa chaperonin protejrappeas to drive
translocatiorof preproteinsnto the stromgNielsen et al., 1997andfacilitate the folding
and assemblgf newly impored proteingKessler and Blobel, 1996Upontranslocation
across the TdTic complexes,a soluble stromal processing peptidase (SPP) cleaves the

transit peptide from therpprotein(Richter and Lamppa, 1988

In addition,while there ino direct evidenget is proposed thain dternativepathway
for chloroplastimport may exgt: proteintrafficking through theendomembrane system
or unusual translocation chloroplast proteins l&ing cleavable transit peptidédarvis
and Robinson, 2004 Recent microscopy studiegsing GFP show thatthe plastid
envelopehas profound tubular structues termed stromulegfor stromafilled tubule9
(Kwok and Hanson, 2004 Although thér exact mechanism of action including their

formation andunctionis not clearly establisheget, it is suggested thatromules play a
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role in exchanghg materials letween plastids and other organellgsvok and Hanson,
2004. Moreover,from the observation adn increase of the surface area of the plastid
envelope memianeby extrusion of stromule# is further suggestdthat stromules may
alsofacilitate proteinimport from the cytoplasmnto plastics (Hanson and Sattarzadeh,

2009.

To characterize the mechaniswfsorganelle protein transponnuchwork described
above has been done using variexperimentatools, including GFP, mutant plants and
other approaches for protein interaction detectibhese observationsrevealedthe
location and association between Toc/Tic complexes and/or other factors involved in th
machinery My research also applies these approaches niderstandinghow MT
activities are maintained throughout the cell, including nucleus and the chloroplast.
Thus, the nexsection discusseseveraluseful tools for studyingthe aspects oplant

science.
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Figure 7. Mechanismof chloroplast protein import.

A guidance complex14-3-3/Hsp7(Q directspreproteirs that contain a transit peptide
to thechloroplast surfaceGTP supports the binding of the transit peptdgreproteis
to the Toc comiex (mostlikely at the G domain of Tocl1%9Preprotein tanslocation
occurs through theuter andinner membranes simultaneoudljpon the change of ATP
concentratioal ow concentr at i oraquired atthispoindimdproperl 0 0 ¢ M)
temperaturethe translocatiorof preproteinproceedscross the outeanvelopemembrane
through the Toc75 channebnd at the same timethe preprotein is aupletely
translocated into thetromathrough the Tic complewf the inner envelopanembrane
Upon arrival in he stromathe tansit peptide is cleaved by SP&nhdthe processed
mature proteinis then completely releasedrom the Tic complexby Hsp93. The
chaperoninCpn60likely assiss the folding ofmatureproteins Stromules maygontribute
to share molecules s as metabolic intermediatesd proteins among plastids or
between plastids and other compartmeHtswvever, he exact mechanism tieir action
or structure is unknowrThe image was originally adapted frofhi and Chiu, 201pand

(Jarvis and Rahson, 2004, andredrawn using Adobe Photoshop.
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5. Useful tools for studying plant sciences

5.1. Fluorescent proteins

GFP from the jellyfishAequorea victoriawas first discoveredan the middle of the
1900's(Shimomura et al., 19¢2andthree decades latéhe geneencoding this protein
was cloned(Prasher et al., 1992GFP is 238 amino acideng and has a molecular
weight of 27 kDaThe cloning ofthe GFP sequencérigged a revolution in cell biology,
particularly since GFPcan fluoresce in living cells without angdditional substrate or

cofactos, even when fused tother proteins of intereg¢Chalfie et al., 1994

Sinceits discovery GFP has been used for hundreds of different applicafiwiasg et
al., 2009 includingintracellularprotein trafficking and localization studiess well as for
studying cell apoptosis(Li and Horwitz, 199Y, proteinprotein interactiondHu and
Kerppola, 2008 and as a reporter for protein foldi{dyaldo et al., 1999 Moreover,a
variety of GFRhomologous fluorescent proteitisat produce different colors ¥Yabeen
isolated and characterize@hudakov et al., 2005 and furthervariants created by
mutation studies resulting inimproved brightness,folding efficiency, and expression
propertiegPedelacq et al., 20D8-or example, theris avariety of differentfluorescent
proteirs includingBFP (blue), CFP (cyan), YFP (yal), RFP (red)and other enhanced
forms of fluorescent protein (e.g. EGFP), which allow its widespread use as a fluorescent
protein tag and even its multicolor imaging in a single @glepmans et al., 2006In
addition, photoactivatable fluorescent proteins {H2s) whose spectral propertiezan

be changé in response to irradiation with specific lighgnable specific marking of
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proteins of interest withia living cell in a spatial and temporal manflenkyanov et al.,

2005.

In the research describedthis thesisfusion proteins oGFP andRFPlinked to ADK,
SAHH, and other proteirsreusedto investigate their subcellular localization and protein
trafficking. The fusion proteinsvere expressedin several differenthosts including
transient expression in Arabidopsis protoplasts (PEGhoads), transient expression in
tobacco (Nicotiana benthamiana leaf infiltration method) plants, and stable
transformation of Arabidopsis planisikewise, combinng with the transgenic approach
a fluorescentprotein not only can enablscientists to tagoroteins of interestand to
visualize their cellular activity, but also providesare powerfutool when applied with
other techniquesuch as reverse genetics and protein interaction assays. For example,
whena fluorescenproteinis used withother detetion systemd allowsin vivo studies of

protein interactions in living cells

5.2. Reverse genetics

Part of my research also uses genbéised tools to create variousDNA insertion
lines and to study mutant plan@Genetics is the study dbw phenotypeand genotype are
passeddown from one generation to the neXolecular genetics has been rapidly
developed through two different approaches: forward and reverse gemetiesard
geneticsattempts todetermine the genetisasis forrecognizablephenotypicvariatiors
induced byenvironmental stimuli or chemical mutagefe.g., ethyl methanesulfonate;

EMS) (Maple and Moller, 2007Snow et al., 1984 Reverse genetiasn the other hand,
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seekdgo discover the function of a ger®y creating phenotypessing the gensequence.
Since numerousgenomesequenes 6483 as of Sep 2010 NCBI) are now available
reverse genetidsas emerged as a powerful analysis toalnderstangenefunctionand
regulation A DNA sequencef interest isengineered talisruptthe function of a target
geneby a modification or a mutatiorand this genetic materiais introduced into the
organisn; the resulting phenotypesaused bythe genemodification are then assessed
(Bouche and Bouchez, 2005everal genetic tools have been developed to generate loss

and/or gairof-function mutations in plants

First, diemical mutagenesis an effectiveway to createandomgenetic variationThe
most commonly usedhemical mutagefor Arabidopsis researds EMSwhich induces
transition point mutations G/C to A/T) by methylation of guanine basé¢slaple and
Moller, 2007 Snow et al., 1984 EMS mutagenesisan be used for both forward and
reverse genetic studie$t is a particularlypowerful tool when it is combinel with
TILLING (Targeting Induced Local Lesns IN Genomes) This isa relatively recent
reverse genetics tool based on the use of a mismspttificcleavageenzymeto identify
target gene mutation@enikoff et al.,, 2004 TILLING was originally devéoped for
Arabidopsis(McCallum et al., 2000andhas beersuccessfully applietb the analysis of
other plant as well as animal spedi8tade et al., 2003Vinkler et al., 200k This allows
the rapid and inexpensivieigh-throughputscreeningof a large mutant populatioto
identify those with changes a target genHenikoff et al., 2001 For Arabidopsis
TILLING, DNA samples extracted froBiM2 plant derived from the seedseatedwith
EMS are poolecand PCRamplified using gengpecific primers for a targeted region of

the genomeTo detect mutationsPCR reaction poolare heated and cooled to allow

46



heteroduplegsformation (mismatched base pairs between mutated aneywpddDNA),
which are then screenedusing denaturing HPLGhat allows the detectiorof the
mismatchesin the heteroduplexeas an extra peak in the chromatograihen an
alterationis detected, DNAs from individuahutantplantsare PCR amplified andthe
mutant plants are ultimately identified by sequencing the P@Rduct carrying the

alteration(McCallum et al., 2000

Homologousrecombinationis a methodto createsite-directed mutatiors or null
mutationsby substituting a wildype gene sequence with a modified gene sequence
(Capecchi, 1989 It has beerextensivelyusedto producetransgenic animalsicluding
knockoutmice using embryonic steoells (Mansour et al., 1988 mithies et al., 1985
but is not widely used in plantRecently,zinc-finger nucleases, which are modified to
create DNA doubletrand breakshave beerused to cleave and stimulate mutations at
specific genomic sites in Arabidopsfkloyd et al.,2005. Moreover, the successfuke
of zinc-finger nucleases fohigh-frequency specifigene modification in tobacco
suggestshe pssibility of its use forplant genome engineering through homologous

recombinationn the futureg(Townsend et al., 2009Vright et al., 200h

My research haselied, in part, ora third type of mutagenesissertional mutageesis
which is a powerful tool for identifying new genes and their functiGhepiroz-Leehan
and Feldmann, 199Martienssen, 1998The most commonly used insertional mutagens
in plants aretransposons and-DNA vectors which candisrupt the expression of the
geneinto which it is inserte@nd alscacts as a markeo identify the mutation(Krysan et
al., 1999. The T-DNA of Agrobacterium tumefaens creates randomand stable
insertionsin the plant genoméhat are maintained in subsequent generat{@apiroz-
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Leehan and Feldmann, 199t the case of Arabidopsis, this tool is even more powerful
as large collections of-DNA insertion mutants have been made publically available,
along with sequence informatidor the location of the ‘DNA insert in each mutant
(TAIR, 2010. Thesecollectionsallow for the easyidentification of mutants affected in
genes of interesby screening datases of thesequences flanking the insertion site

(Azpiroz-Leehan and Feldmann, 1997

| have also utilizedransgenenediated gene silencingy RNA interference (RNAI)
andatrtificial microRNAs (amiRNA) in my researchThese types of gene regulation were
first described relatively recentl{Fire et al., 1998but are surprisingly very active in
eukaryoic cells. The expression of gene targets may be silenced at either the
transcriptional or psttranscriptional level; the factors determining the level at which
silencing occurs are not completely underst@®dhigren et al., 2007In the case of
RNAI, short 2226 nucleotide RNAgsmall interferring RNAs or siRNAs) agoduced
by a RNase llHike enzyme(Dicer) cleavage of doubistranded RNA (Elbashir et al.,
200]). These 21to 26-nucleotide singlestranded RNAswhich are tle primary silencing
RNAs, target long RNA molecules after binding toRNase Hlike protein of the
Argonaute clasdn plants,the targeted RNA is then converted to long dowghtended
RNA by the RNAdirected RNA polymerases (RdRPs) and secondary siRNAs a
generated by Dicer cleavag®aulcombe, 200/ The siRNAs thenassemle into
endoribonucleaseontaining complexegan RNAinduced silencing complexRISC),
unwinding in the processThe singlestranded siRNA subsequently guide RISC to

complementary RNA moleculesdultimately cleave andlestroy specific target mMRNAs
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resuting in suppression ofjene expressionr inhibition of translation(Carthew and

Sontheimer, 20Q0%Ghildiyal and Zamore, 2009

One of thedifferences between miRNAs and most siRNAs is the accuracy of their
ends. The miRNAs have highly exact ends, whereas siRNAs tend to be more
heterogeneous iend composition.This feature of miRNAs probably allows them to
interact with greater specificity on substrate mRNAs without a large ovéClagphew
and Sontheimer, 2009n addition, precursors &RNAs form fully complementariong
doublestranded RNA, while miRNAs are derived fronsinglestranded transcripts that

include imperfect foldback@ssowski et al., 2008

Since previous studies havshown that several nucleotide substitutiongthin the
stemloop structureof the miRNA have no effect on its functionality, amiRNAs can be
designed bymodifying miRNA sequencet® target endogenous genesulting in post
trangriptional silencingof thesetarget genegSchwab et al., 20Q0&/aucheret et al., 2004
Warthmann et al., 2008Becauselant amiRNAs have high specificjtgimilar to that of
endogenous miRNAs, sequences can be simply designadighly specific silencingf
target transcripts without affecting thepeassion of other transcrip{®ssowski et al.,
2008. A web-based bioinformatic tool for amiRNA design has been develégreaver
250 plant species (as of S@010)andis now availableat http://wmd3.weigelworld.org/
(Schwab et al., 2006 However, althougtthis online tool provide a list of possible
amiRNA sequencest doesnot designcandidatesvith 100% efficiency Thus, selecting
two or more amiRNAs in a different region oh target gene from the list are
recommendedo effectively reduce the timeequired toobtain the plantsvith successful

suppression of gene express(@&chwab et al., 2006
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5.3. Protein-protein interactions

Proteins arekey componentsssential for all biological processes in a cell. The
traditional approach to understand protein function is to define the activitipsirdfed
proteins We now know that the cell is a compilation of networks and mantems
function only when associated with partners or as components of large multiprotein
complexes (Gingras et al., 2007 The complete sequence of a numbereakaryotic
genomes, including human@nternational_ Human_Genome_Sequencing_Consortium,
2001, Arabidopsis (The_Arabidopsis_Genome_Initiative, 2000 rice
(International_Rice_Genome_Sequencing_Ritpj2005, and many othergrovides a
estimaion of the primary sequences and the number of proteins encoded by each genome.
However,these sequences do not revibal functional linkages and the complexitythe
proteome In order to explain altellular functions,it is necessary to understand how
these proteins assemble into complexes andrto the molecular machines that perform
the various functions essential for cell viabilfiisenberg et al., 200S&telzl et al., 2006
Thus, many proteins properly functioronly when bound toother cellular components
such as nucleic acids, phospholipids, andgpheteins. All these protein interactions are
connectednto an extensive network to cover the diversityiological functiors, from a
limited number of original componen{&avin et al., 2002deker et al., 20Q1to et al.,
200]). For instance, plant proteomes that contain approximately 40,000 pr({$¢enck
et al., 2007 are estimated to have an 75,080,000 interaction pair@Morsy et al.,
2008. Based on an undstianding of thislynamic anccomplexinteractng network, the
functions of proteins in a cell can ultimately be defirtad how their biochemical

activities are regulated and utilized in related biological proces®es Mering et al.,
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2002. Moreover many cell functions are carried out by mutotein complexes that
consistof more than ongrotein assemigl which canbe referredto asa set of large
protein machinesesuling from theinteractionsbetweerprotein assembligEisenberg et
al., 2000 Ideker et al., 2001 Since poteinprotein interactionsare so critical it is
essential toappreciate their diversity and functionality in order have a reasable

understanding of cellular metabolism

Although proteinprotein interactions can be classifiedseveraldifferent ways based
on their distinctive interaction patterrtbgy can beenerally categorized into two major
groups stable and transienttaractions.Transiently interacting proteins can be easily
removed froma protein complex duringthe purification process, whereas stably
interacting protein complexeare relatively straightforward to recover and analyze
(Bauch and Supertrurga, 2006 Kaake et al., 2000 While they aremore difficult to
detect transient interactions amnportant contributorsotcellular functionsincemany of
cellular processeare controlled by these interactioflooren and Thornton, 2008b
Transient interactions can be strong or weakist in atemporallyor spatially specific
manner and can baffectedby conditions that promote or modify the intetran. These
transient protein complexes atkoughtto be involved in various protein processes
including protein folding, transport, and signalifdporen and Tarnton, 2003aNooren

and Thornton, 2003b

Proteinrprotein interactions can be analyzeg a number of experimental methods
including the yeast twehybrid system (Fields and Song, 1989 b-galactosidase
complementatiorfRossi et al., 1997 split ubiquitin systen{Dunnwald et al., 1999 G-
protein fusion systenfEhrhard et al., 20Q0 optical spectroscopylakey and Raggett,
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1998, tandem affinity purification(TAP) (Gavin et al., 2002 immunoprecipitation
(Williams, 2000, glutathione Sransferase (GSTpull down(Smith and Johnson, 1988
fluorescence resonance egertransfer (FRETYOzawa et al., 20Q1 bioluminescent
resonance energy transfer (BREYyu et al., 1999 and bi-molecular fluorescence

complementation (BiFC)Hu et al., 2002

Among these this research reliednathe yeast twédybrid system, fluorescence based
methods (BiFC)andepitopetag-based affinity purifications (TAP, immunoprecipitation,
GST-pull down, etc) for protenprotein nteraction studiesEachmethodwill be further

described below

5.3.1. Yeast two-hybrid

The yeast twehybrid system wamtroduced in 1989andit has been widelndopted
and adaptedor large scale analyses in many organisms such as viruses, bacteria, and
eukaryotegFields and Song, 1989t exploitsthe two distinct domainpresent inthe
transcription factorsa DNA-binding domain and aanscription activation domain. The
DNA-binding domain targets the activator dspecific cis element and the activation
domain contacts other proteins of the transcriptional machinery to enable transcription to
occur. In the twehybrid system, one opereading frame (ORF) is fused to a DNA
binding domain (bait) and the oth@RF is fused to an activation domain (pregnd
expressed in a yeast strain containing a reporter gene downstream of thecitarget
element If the bait and prey fusion proteinseaexpressed in this yeast host strain and

interact, functional transcription factois produced,which triggers transcription of the
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reporter gene. The expression of the reporter ganebedetected histochemicallgnd
used to score for the interaction bétbait angrey proteins(Fields and Song, 1989The
mog commonly usedreporter genas the Escherichiacoli 3-galactosidasé€lacZ) gene
(Fields and Song, 1989and dher reportersinclude the yeasthistidinolphosphate
aminotransferas¢HIS3 (Durfee et al., 1993or the yeast leucine biosynthesis gene
(LEU2) (Zervos et al., 1993 The yeast twédybrid system has also been successfully
adapted for other organisms indIingE. coli (Bartel et al., 1995 C. elegangWalhout et
al., 2000, Helicobacter pylori(Rain et al., 2001 mammalian cell§Dang et al., 1991

andhepatitis C virus (HCVJFlajolet et al., 2000

There argwo key limitations to the twdnybrid assay for proteiprotein interactions
The detectionof the interactions is restricted in the nudeand thusprevening the
detection of iteractionswith proteinsin other subcellular compartmeni&herefore this
systemis not suitableto detect interactions ahembrane proteinfito et al., 2002 In
addition, this systemis knownto missa large portiorof true interactiongndproduces a
considerable number of false positivgsetz, 2002 von Mering et al., 2002 This is
particularly likely inthe case othe detection ofplant proteininteractiors that require
posttranslational modifiations or other cofactars$n this case, the twhybrid system
can easilymiss true interactions, singeastmay not contairthe specific factor(shat are

present in plants

5.3.2. Pull-down assays

There are several types ofilpdown assays available whicHl@av the recovery of

protein complexesisng an antibody specific for one component atomplex If a
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polyclonal or monoclonal antibody is availabfer a target protein one of the
conventionalmethods immunoprecipitation (IR)canbe the simplest methkoto testthe
interaction between two protein@Villiams, 200Q. To perform this technique an
antibodyspecific for a component of the complarda protein A-conjugated resin that
has high affinity for immunoglobulin G (IgG) are added to cell lysates expressing a target
protein. Binding of the IgGconjugated protein A resin tie target proteinallows its
recovery from the extracpossiblyin associatia with its protein interactorslhen, he
components of the complex can be analyzed by vanmikodsdepending on the type of
information desired. Native gel electrophoresisand sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SIPBGE) can beusedto detect themolecular
weight (MW) of individual components.mimunoblottingcan be usedto distingui$
individual componentsusing an antibody specific fornather possible complex

component; mass spectrometfythe precipitate may identify othergiein components

If no antibody is available for one of the components of a putative complex thay it
be possible to add an epitope tag a target protein of interesthe epitopeagged
recombinant proteirs preparedn a kacterid host(most oftenk .coli) by overexpression
and purification Commonly used protein tags aglitathioneS-transferase (GSTBmith
and Johnson, 19886x histidinetag (Histag) (Hochuli et al., 198) the Myc epitope or
the Flagtag (Hopp et al., 1988 as well asthe maltosébinding protein(Bedouelle and
Duplay, 1988. Among theseGST and Hidags have beemmost widely used for pull
down assaysecause ofthe availability of commercial vectors and antibodiethat
facilitatethe easy and rapid cloningf ORFsandthe detectionof the fusion proteinWith

these tagsit is possibleto test any target protef interestby using proper resins that
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allow interacthg partners to be efficientlyecoveed and eluteddowever, addinghese
tags to proteinsan affectheir activitiesor folding that maycause interruption of certain

protan interactiongArnau et al., 2006

Tandem affinity purification (TAP) can be used on either a small or large scale to
detect components of mulrotein complexes For example,232 distinct protein
complexes were examined in yed&avin ¢ al., 2002 and 40 novel 143-3-binding

proteinswere identified in micéAngrand et al., 2006

This techniqueis based on two sequential steps of affinity purification using two
specific fusion tagsprotein A and calmodulin binding prote{Gavin et al., 2002 The
first stepinvolves a gentleurificaton of protein complexes linked to the TA&yged
fusion protein (bait protein) byP with protein A beadsthe complexis subsequently
releasedrom the protein A beadsy cleavage with the tobacco etch virus (TEV) protease
at a recognition site locatedetween the two tagsA second purificationstep uss
calmodulin bindingbeadsto reduce nonspecific protein recovery.The final protein
complex isultimately released by ethylene glycol tetraacetic acid (EGTi&atment
(Gavin et al., 2002Rigaut et al., 1999 The components of the recovered proteins can

be analyzed using the same methods as outlingchfounoprecipitation.

Although TAP taggingis arelatively rapid and simplenethodfor detecting protein
protein interactions, many previous studiesreshown thatthis methods not sufficient
to examineweak protein interactions dow-abundant proteingn complex eukaryotic
cells Its twostep purificationprocedurewith a relatively large size of TAP tag may

causeincomplete release of protein from the colynfurthermoreprotein degradation
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may resultduring TEV protease cleavag®rakas et al.,, 20Q05Witte et al., 2001
Nevertheless, with a number of modifications or improvemehts TAP method has
beensuccestilly used invariousorganisms such d3rosophila(Veraksa et al., 20Q5E.
coli (Gully and Bouveret, 2006 mammalian cell{Drakas et al., 2005 and plants

(Rohila et al., 2004Rohila et al., 2006Rubio et al., 2006

Recently an epitopetag basedpurification techniqudor plantswas introducedThis
involves the addition of asightamino acid(Trp-SerHis-Pro-GIn-PheGlu-Lys) Strepll
epitopetagto the protein of interest, followed lope-step purification(Witte et al., 2001
The Strepllepitopetag binds to the biotin binding site of streptavidiStfepTacti®,
Novagen andis efficiently elutedfrom the resinby washng with biotin or desthiobiotin
(Korndorfer and Skerra, 20D2The small size of the Strepltag providesa quick and
effective protein purification butsuffers from the possibilityf co-purifying transient

protein interactoréWitte et al., 2004

5.3.3. Bimolecular fluorescence complementation

Bimolecular fluorescence complementation (BiFCaisecently developed technique
for monitoring proteinprotein interactions in living cells using fluorescent proteirise
BiFC assayis based on the reconstitution tofo nonfluorescent fragments @ yellow
fluorescent protein (YFRHu et al., 200® In this assay, tweplit fragments othe YFP,
N-terminaland Gtermirnal of YFP, areeachfused to potential interacting partnelfsthe

fusion proteins come within approximately)0 Angsroms of each othethe YFP is

reconstitutd sufficiently to produce fluorescenoghich is commonly detectedby
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fluorescem or confocal microscopy(Hu et al., 2002 Kerppola, 2008 Thus the
reconstitution ofa YFP fluorescenh signal provide direct evidencenot only for
interactions between the partnéns often the subcellularlocation where the interaction

takes place

BiFC was first introducedto examine interactions between the basmgion leucine
zipper (bZIP)domain and Relamily proteinsin mammalian cell{Hu et al., 200p
Since thenthis technique has beerxtensivéy usedfor other proteirprotein interaction
studies such athe dimerization of Myg Max-, and Madfamily transcription factors
(Grinberg et al., 2004andthe complex formatin of SMAD-family transcription factors

for transforming gr o(Renyetfala200dlor ( TGF) b si gna

The animal cell baseBiFC vectorshad to be modified for use in plants. order ©

allow expression ofwo split ragments of YFRn plants,the corresponding sequences
arecloned between theauliflower mosaic virupromoter CaMV 359 andthe nopaline
synthase terminatgiNOS). The entire expression cassetées subsequenthsubcloned

into T-DNA base plant binaryactors(BrachaDrori et al., 2004 These have since been
used for many studiesor example, this method waised t@nalyzethe dimer formation

of Arabidopsistranscription factors and tobacco 143-3 protein(Walter et al., 2004

and to identify the interaction between a host protein and a viral protein in tobacco

(Caplan et al., 2(8).

Several ecent improvements have been made to these veblewsvectors have been
developedo aid the cloningand transformatiosteps(Citovsky et al., 206 Gehl et al.,

2009; other vectors facilate theuseof BiFC for protoplastiransient expressiofChen et
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al., 2006. Finally amulticolor BIFC systenthat allowsdetecton of multiple protein

interactions in a single ca now availablédWaadt et al., 2008

Not surprisingly,BiFC also suffers from possible artifacihe association kinetics of
the YFP fragments and the low reversibility of YFP fluorophore formatieynresult in
the failure of capturingthe changes irthe protein association staf@lu et al., 2002
Moreover, deperidg on the Kkinetics of transient protemmotein interactions, the
reconstituted YFP signal can bdifagially stabilized,resulting inthe produdion of false
positivesignals(Fricker et al., 2006Walter et &, 2004 Zamyatnin et al., 200&hong et
al., 20098. Previous studies have shown tiBaFC fluorescenceanbe producel by the
selfassociation étween the two YFP fragments without specific interacting pariners
plant cells(Zamyatnin et al., 200&hong et al., 2008 Addition of tag (N or C- terminal
fragment of YFP) or even its orientatiovhen fused to the proteins of interest may
interfere with their potential interactions, resulting in the weak reconstituted fluorescent
signal. In addition, sgcial care must be taken when BiFC is used in plant lpetlausef
the chlorophylland cell wallautofluorescence thaay cause difficultyto differentiate

from the true reconstituted fluoresceriBeachaDrori et al., 2003

Nevertheless, BiFCs powerful method allowing quick and easy detectisnof
fluorescent complexn the living cellswithout specialistequipmentor software for
complex ratiemetric quantification of signal intensities required FRET (Ozawa et al.,
200) and BRET (Xu et al., 1999 BIiFC can be performed using eonventional
epifluorescence microscopthat is a relatively inexpensiveompared to confocal

microscopy(Citovsky et al., 2008Fricker et al., 2006
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6. Objectives of this research

The research outlined in this theggaminea the subcellular localization and the
protein interactions of the key enzymes mediatingthyl recyclingin plants. Several

research objentes were addressed:

Determinethe subcellularocalization of ADK and 8HH in Arabidopsisplant.
Definethe role of the insertion region (IRj SAHH in subcellular targeting
Determineif the dynamic movement andrafficking of thesemethyl recycling
enzymes between multiple subcellular compartmestus via proteirprotan
interactions.

Discover any other proteins or complexes involved in these prepeatein
interactions to address other functions of methyl recycling enzymes.
Createtargetspecific gene silencingines against bottADK and SAHH genes
using an artificialmicroRNA to study their functional significance in plant

development.
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CHAPTER 1: SUBCELLULAR LOCALIZATION OF METHYL

RECYCLING ENZYMES

1. Introduction

Sadenosyl -methionine (SAM), a small molecule synthesized frorméthionine
and ATP, is a major methylonor for all biological methylation reactiofisu, 2000Q. In
the activated methyl cycle, a steady supply of SAM is essential to maintain the activity of
methyltransferases (MTs; EC 2.1.1) that transfer a methyl group from ®AMthyt
accepting compoursdPoulton, 1981 These SAMdependenMT activities are crucial
for modification or biosynthesis of various compounds including DNA, RNA, protein,
pectin, lignin, choline, as well as plant growtlyulatorgMoffatt and Weretilnyk, 20011
Upon each transmethylation reactioone molecule ofSadenosyl-homocysteine
(SAH), which is a potent inhibitor of MTsis produced from SAM as a fproduct
(Poulton, 198} The two key enzymes involved in SAH metabolism in plantsSare
adenosyl-homocysteine hydrolas€(SAHH; EC 3.3.1.1) ancdenosine kinase (ADK,
a d e n o sphosphotr&dnéferase; EC 2.7.1.2dpffatt et al., 200D SAHH breaks down
SAH into L-homocysteine (Hcy) and adenosine (A@og La Haba and Cantoni, 1959
and ADK catalyzes the conversion of thefnpduct Ado into adenase monophosphate

(AMP) by phosphorylation using one molecule of A(NRoffatt et al., 200D

Since SAMdependent transmethylation reactions occur throughouteheSAH is
also generated in these same locati@dsulton, 1981 Thus, the SAH produced in

various subcellular compartments must be metabolizeghamtain these methylation
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reactions. Howewe both ADK and SAHH have been widdlyought to beas cytosolic
enzymes, since the primary location of methyl recycling reactions is the cytoplasm, where
the methyl donor SAM is synthesiz€blanson et al., 200(Hanson and Roje, 2001

Ravanel et al., 1998

To sustain transmethylation activities occurringdifferent subcellular compartments
locations, two possible solutions can be considered. The first possibility is that SAH
metabolism occurs in the cytoplasm and SAH produced in diffeladtions is
transported into the cytoplasm where ADK and SAHHd®sI he other possibility is that

both ADK and SAHH reside in multiple compartments.

The transport of SAH into the cytoplasm is evidenced by the presence of a SAM
transport system (or a SAM/SAH exchanger) in mitochondria and plastids. The SAM
transport syem was first found in mitochondria of rat liver, in which cytosolic SAM is
taken up into mitochondria via a carrieediated systenfHorne et al., 1997 Later,
other mitochondrial transpirs were identified in yeagMarobbio et al., 2003and
human cells(Agrimi et al., 2004. In both of these cases, the transporters exchange
cytosolic SAM for mitochondrial SAH thereby maintaining the SAM/SAH ratio within
the organelle. In plants, the study of the uptake of cytosolic SAM Wbgtésbspinach
(Spinacia oleraceachloroplasts first demonstrated the presence of a specific transport
system, which exchanges SAH produced in plastids for SAM synthesized in the
cytoplasm (Ravanel et al., 2004 More recently, similar SAM transporters were
identified and characterized in both Arabidopsis plas{iisuvier et al., 200% and
mitochondria (Palmieri et al., 2006 In both cases, the transporters are capable of
exchanging SAM/SAH between the cytoplasm and therwetye. In particular, gene
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silencing of the plastid transporter geBAMT1in Arabidopsis and tobaccdicotiana

benthamiana plants affect the chlorophyll pathway with decreased prenyllipids and
plastid pigmentgBouvier et al., 2006 It is proposed that this may due to decreased
SAM flux into plastids via the limited plastid transporter, which disrupts a key

methylation reaction in the chlorophyll pathw@ouvier et al., 2006

On the other handc§AH metabolism in other organelles is supported bgw reports
on nucleus or chloroplast localization studies of ADK &A\HH. Sincevarious essential
processes such as chromatin modificat{@aubec et al., 20)J0and mMRNA capping
(Shafer et al., 2005take place in the nucleus and thepeocessesrely on
transmethylation, both ADK and SAHH need to be capable of entering the nucleus to
maintain these reactions. A recent study examining the Arabidopsis SAHH rhatgdnt
7 as well as the effects of an SAHH inhibitor, dihydroxypropyladenindRB), clearly
demonstratethat SAHHplays a crucial role in the maintenance of chromatin structure by
DNA/histone methylation in the nucleBaubec et al., 20)0Additional evidence for
the nuclear localization of SAHH is demonstrated by its role in mMRNA capytagbn
(Radomski et al., 1999This research shows thgenopusSAHH (xSAHH) localizes to
the nucleus oKenopudeavisoocytes during times of increasedriscription(Radomski
et al.,, 1999 and the movement of xXSAHH from the cytoplasm to the nucleus occurs
during the maturation period of the oocy({@&adomski et al., 2002 Mutation analysis
demonstrates that both ldnd Gtermini of xXSAHH are required for its efficient nuclear
translocation(Radomski et al., 1999 This xXSAHH translocation is mediated by a
specific protein interaction with mRNA (guani@e methyltransferaséRadomski et al.,

2002).
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A recent study of the presence of ADK in the nucleus wasfied by the
immunofluorescence labeling study using various mammalian cell lines including HT
1080, HelLa, LMTK, and CB cells(Cui et al., 200 Mammalian cells expredsvo
different versiors o f ADK, a Al ong formo ADK that cor
acidsatitsN er mi nus and a fishort formo ADK, | acki
terminal sequence of human ADK functions as a nuclear localization signal sequenc

(Cui et al., 2009

The evidence for chloroplast localization of both ADK and SAHH is alsgesigd by
previous studies. For example, the enzymatic activity assay using fractionated leaf
samples showed that the SAHH activity is predominad#djeced in the chloroplast
fraction of tea leave@oshiishi et al., 2001 The presence of ADK in the chloroplast
was also reported by two proteomics studies under different growth conditions: in the
chloroplast of Arabidopsis grown under normal growth conditigfieffmann et al.,

2004 and in the chloroplast of the green alyanaliella salinagrown under high salinity
conditions(Liska et al., 200% In addition, arlier work performed in the Moffai lab

showed that the presence of both ADK and SAHH in thearoplass by immunogold
labeling, &-glucuronidase (GUS) fusions, and immunoblots of purified chloroplast
extracts, although these results are not consistent, nor conclusive. However, results
obtained from the earlier work provides more convincing evidéorcéheir localization

in the nucleus and the cytoplagRereira, 2004Schoor, 200).

Taken together, all of thevidence suggesthat both enzymes ADK and SAHH may
exist in multiple compartments. This reseamsimsto clarify this for Arabidopsis and
examine the possible mechanismgalved.
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2. Materials and Methods

2.1. Chemicals and reagents

All chemicals used in the study outlined in this thesis were purchased from-Sigma
Aldrich (Oakville, Canadgp Bioshop (Burlington, Canadga or BioBasic (Markham,
Canady unless otherwise indicated. Région enzymegREs)and T4 DNA ligase were
purchased from New England BiolalBickering, Canadaor FermentagBurlington,
Canady Taq polymerase used for colony PCR was generated from Moffatt lab and the
one used for cloning was purchased from NewwEnand Bi ol abs (Finnzym
DNA Polymerase) or Invitrogen (High Fidelity DNA polymera8&airlington, Canada
All primers used were obtained from Sigklrich. All constructs obtainedvere
confirmed by sequencing (The Centre for Applied Genomics AGQGKC

http://www.tcag.ca/Toronto, Canada)

2.2. Plant material and growth conditions

Arabidopsis thaliangaccessiorColumbia) seeds were grovam soil or agamedia
For growth on soil, seeds wesewn on a 50:50 soil miMte of Sunshine LC1 Mix and
Sunshine LG3 Germination Mix (SunGro, Canada) in individual @< or large
pots 630cm?d. These pots placed in flat4600cm?3 were covered with plastic domes
and incubated in the dark at 4C for 3 days to synchroszed germination, then
transferred to a growth chamhander long day conditions withé hours light (150 £ 20

umol m? s* photesynthetically active radiation [PAR]) at 22<C. The plants were watered
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every two days and fertilized with 20:20:20 fertilif®tantProd, Plant Products Co Ltd,
Canada) once a week until they reached matuaibp(t6 weeks). For growth on media,
about 0.1 mL of seedsin an open microfuge tubewas sterilized using chlorine gas
produced by addin§ mL of concentrated HCL to a besa containing 100 mL 08-6%
(v/v) sodium hypochloriteBleach)in a desiccator jar in a fume hoaslith a vacuum
conditionfor 1 hour. Sterile seeds were then sown b2 MurashigeSkoog (MS) salt
media (Murashige and Skoog, 1962supplemented with B5 vitamins (2.5 mpt
morpholineethanesulfonic aciMES), 30 g/L sucrose, /L agar, pH 5.75.8). The
plates (140 mm diameter x 20 mm deep) were sealed and incubatedrdoh@4s in the
dark at 4C, then trarerred to a tissue culture chamb@&iC({7, Conviron) with 24 lour

light (150 + 20 umol M s* PAR) at 20C.

2.3. Vector constructions for ADK1 and SAHH1 localization

Standard molecular biology techniques were used to create fusion constructs. To
examine subcallar localizations of ADK and SAHH, pSATEGFRN1 or pSAT6
EGFRC1 and pSAT@sRed2 vectors were usddizfira et al., 200p (Appendix I).

These vectors contaitme constitutive cauliflower mosaic virus (CaMV) 35S promoter,
followed by the tobacco etch virus (TEV) leader to enhance translation efficiency and the
CaMV 35S terminator. For green and red fluorescent tags, the enhanced GFP (EGFP) and
the DsRed2(modified red fluorescent proteinfrom Discosoma sp. were used,
respectively. For plant transformatiatiine entire expression cassette of pSAT6 vectors

were sibcloned into PIPs( rare cutting introrencoded endonuclease recognition site of
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the T-DNA region of pP2P-RCS2 binary vectofTzfira et al., 200p which carries plant

selectable marker coding for resistatzéhe herbicide bialaphobdr geng.

For constructpSAT6-ADK1-EGFP, the coding sequence for ADK1 was amplified
using a primer set (AK1cDNcF and ADK1leRng Table 3. The PCR product was
digested withNcd and Xmd and cloned intdhe pSAT6GEGFRNL1 vector. For pSAT6
EGFRADK1, the ADK1 gene was amplified using primer set (ADK1cFKpn and
ADK1cR-Smg Table 1, digested withKpnl and Xmd, and cloned intahe pSAT6
EGFRCL1 vector.For pSAT6ADK1p:ADK1-EGFP, the kb upstream promoter region
of theADK1 gene was amplified using a primer set (SAHHZwe and ADK1 lw lower,
Table ). The PCR product was digested witgd andNcd and cloned intahe pSAT6
ADK1-EGFP vectotto substitute th&5S promotemwith the ADK1 native promoterFor
pSAT6-ADK1-(no linker}EGFP,the coding sequenctr ADK1 was amplified using a
primer set (AK1cDNcF and\K1cDNcR; Table) and cloned intdhe Ncd site of the
PSATGEGFRC1 vector For pSAT6ADK1-(24aa linkeEGFP, the fullength ADK1
coding sequence was obtained from pSAABK1-(no linker}EGFP by digestion with

Ncd and subsequély inserted into the pPSATF&GFRN1 vector.

For construcpSAT6-SAHH1-EGFP,the coding sequence f@AHH1 was amplified
using a primer set (SAHH1cDNand SAHH1cRSma Table 3. The PCR product was
digested withNcd and Xmd and cloned intdhe pSAT6EGFRN1 vector. For pSAT6
EGFRSAHH1, theSAHH1gene was amplified using a primer set (SAHHXgH and
SAHH1cRSmg Table ), digested withKpnl and Xmd, and cloned intothe pSAT6
EGFRC1 vector. ForpSAT6-SAHH1p:SAHHLIEGFP, the %&b upstream promoter

region of the SAHH1 gene was amplified using a primer set (SAHHK/ge and
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SAHHINCGR; Table 3. The PCR product was digested wilgd and Ncd and cloned
into the pSAT6:SAHHI1-EGFP vectorto substitute the85S promotemwith the SAHH1
native promoter For pSAT6-SAHH2-EGFP, the coding sequence for SAHH2 was
amplified using a primer set (SAHH2for and SAHH28Rg Table 3. The PCR product
was digested witiNcd and Xmd, and then cloned into a pSATBGFRN1 vector.For
pPSAT6-SAHHZ2p:SAHH2-EGFP, the P-kb upstream pmooter region of theSAHH2
gene was amplified using a primer set (SAHH:Axe andSAHH2 NcR; Table 1. The
PCR product was digested witgd andNcd and cloned into a pPSATSAHH2-EGFP

vectorto substitute th85S promotewith the SAHH2native promoter

To verify the nuclar localization of ADK1 and SAHH1, double GFP constructs were
generated in the basic pSAT6 vector by replacing the EGFP Ngth and EcoR
fragments of 2xGFPs froitine 3x sGFP vectofKim et al., 200%. This ligation resulted
in the pSAT62XGFP vector. For pSAFADK1-2xGFP and pSAT&®AHH1-2xGFP,the
coding sequence foADK1/SAHH1 was cloned intdNcd site of the pSAT6-2xGFP
vecta. The expression cassette of all pSAT6 vectors was inserteth@®d-Psd site of

thepPZRRCS2 binary vectdior plant transformation.

2.4. Cloning of yeast SAHH and control vectors for plastid and

nuclear localization

To clone yeasBAHHgene, the 1,358p DNA fragment containing the coding region
of yeast SAHH (P39954) was isolated from yeast genomic DNA by PCR reaction using a

primer set (yYSAHHF1 and ySAHHR1; Table 3. The PCR product was subcloned into
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pJET1.2(Fermentas Canada lh@nd used for fuher cloning after confirmingequence
integrity by sequencing. For pSATSAHH-EGFP, the fullength yeasBAHHgene was
PCR amplifiedfrom a pJETyeastSAHH vectousing a primer set (yYSAHIH Xho and
ySAHH-R Xmg Table ) and inserted into th¥hd and Xmal site ofthe pSAT6GEGFR

N1 vector. For pSAT6-EGFRySAHH, the coding sequence for yeast SAHH was
amplified using a primer sey$AHH-F Xho2 and ySAHFR Xhg, Table 3. The PCR

product was digested witkmd and cloned intdhe pSAT6G-EGFRC1 vector.

For a nuclear targeting control constru@SAT6-SVA0NLSDsRed2, theNLS
sequence oSimian virus 40 (SV40) large T antigen (PKKKRKVEDESoldfarb et al.,
1986 was PCR amplified using a primer set (NDSRed2F and DsRed2Rco; Table ).
The amplified fragments were cloned into ted site of the pSATEDsRed2N1 vector
which resulted in the pSATSV40NLSDsRed2.To allow coexpression ofpSAT6G
NLS-DsRed2with eitherSAHH1-2xGFPor ADK1-2xGFPfusionin a single vectorthe
Agd and Notl fragment ofthe pSAT6-SVA40NLSDsRed2 was substituted with that of
pPSAT4 basic vector to create pSABY40NLSDsRed2. The expression cassette of this
pSAT4 vector was then transferred irt8dé uniquerecognition site othe pPZRRCS2

ADK1-2xGFP ompPZRRCS2SAHH1-2xGFPfor plant transformation

For a control construct for plastid localizatighe small subunit of rubisco complex
(Rbcg gene (Atlg67090) was isolated from a cDNA prepared from -type
Arabidopsis plants. For thishe full-length coding regionof RbcS(543-bp) was PCR
amplified using a primer set (SSBamandSSUR-Bany Table ) and inserted into the
BanHI site of pPSAT6GEGFRN1 or pSAT6-DsRed2N1 vector For co-expression of

RbcSDsRed2 with other EGFP fusion vectors irsiagle vector,the 1,04xbp DNA
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fragment containing the sequenceRIfcScoding regionalong with a part of DsRed?2
sequence was inserted into tiNed site of pSAT4SV40NLSDsRed2to replace
SV40NLS with RbcSThe expression cassettethé pSAT4RbcSDsRed2 vector was
then inserted into the3cé site of pPPZPRCS2ADK1-EGFP orpPZRRCS2SAHH1-

EGFPfor plant transformation

2.5. Deletion analysis for SAHH1 localization

EGFP fusion constructs for SAHHL1 deletion anedysere prepared by multiple PCR
reactionsFor pSAT6S A H H 1-e8pHEGFP, the 137bp of SAHH1gene fragment was
amplified using a primer set (SAHH229F and SAHH1cRSm3a Table ) andinserted
into theNcd andXmd sites of the pSAT6 vectoFor pSAT6SAHHL( p@2)}EGFP, the
1275bp SAHH1 gene fragrant was amplified using a primer set (SAHB&3F and
SAHH1cRSma Table ) andinserted intdhe Ncd andXmd sites of the pSAT6 vector.
For pSAT6SAHHI1( p4-483)EGFP, the 123bp of SAHH1 gene fragment was
amplified using a primer seSAHH1cDNcFand SAHH1-D410R Table ) andinserted
into theNcd andXmd sites of the pSAT6 vectoFor pSAT6SAHHL( o 1-B0rEGFP,
the 447bp of 56 <coding svasqamelified aising a primes Add H 1
(SAHH1cDNcFand SAHH1D149R Table 3 andcloned intothe Ncd and Pst sites of
the pSAT6 vectorto generate a fterminal part of SAHHIfusion (pSAT6-SAHH(1-
149)YEGFB. Thisvectorwas thenigated withthe 885bp of Pst andNcd fragment(C-
terminal part of SAHH]L residues 19485 that was amplifiedusing a primerset

(SAHH1-D191F and SAHH1cRSmg Table 3 from a SAHH1 gene sequence For
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PSATG-SAHHI1( o 1-B0)2xGFPR, the SAHHL( o 1-80) fragment obtained fronthe
PSAT6-SAHHL( o 1-B0}XEGFP vector was inserted into thidcd/Xmd sites ofthe
PSAT6-2xGFP vectar For pSAT6SAHHL( oA 8 , -48%)YEGFP, the 115bp
SAHH1gene fragment was amplified usingpemer set $AHH1-D29F and SAHH1-
D410R Table 3 and clonedinto Ncd/Xmd sites of the pSAT6 vectol-or pSATG
SAHH1-6 1 -485)EGFP, the 1050p of SAHH1gene fragment was amplified
using a primer setSAHH1-D63F and SAHHID410R Table 1) and clored into
Ncd/Xmd sites of the pSATG6 vector. FOPSAT6ES AHH 1-6 @1 -485)PXGFP, the
1044bp of SAHH1gene fragment was amplified using a primer S&HH1-D63F and
SAHH1-410RN Table 3 andinserted intdheNcd site of the pSAT&xGFP vector. For
pPSAT6-SAHH1(150190)2xGFP, the 126p of SAHH1gene fragment was amplified
using a primer set (SAHH149F and SAHHA190R Table 3 andinserted intahe Ncd
site of the pSAT&xGFP vector.

In order to create mutations within the insertion region GRpPAHH, severalPCR
reactions were performed using specific printbet allowamplificationof the mutated
SAHHL gene sequencé&or pSAT6SAHHL( g 1-5/9-EGFP, the924-bp of 36.coding
sequence for SAHH({residues 17885)wasamplified using a primer s¢AHH D178
F and SAHH1cRSmg Table ) andcloned intothe Pst and Xmd sites ofthe pSAT6
SAHH(1-149}YEGFP vector For pSAT6SAHH1( ¢78-190-EGFP, the 531-bp of 56
coding sequence for SAHHZIresidues 4177) was amplified using a primer set
(SAHH1cDNcFandSAHH D177R; Table 3 andcloned intothe Ncd and Pst sites of

the pSAT6-:SAHHL( o 1-B0rEGFPvector.
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To substitute three amino asidPra®-Asp*®-

Pra'® with three alanine residugthe
521-bp partial fragment of SAHH1 gene containing aPDP163AAA mutation
(SAHH1gPDP was amplified using a primer set (SRDPto3Aand SAHH1InR; Table
1). The PCR product wathen replaced thevild-type SAHH1 gene sequencewith
SAHH1gPDPby inserting the PCR fragment intioe Bglll and Agd sites of thepXCS
SAHH1-Strepvector (see Chapter 2)lo mutateThr'®®-Ser®-Thr'®® the 521bp partial
fragment of SAHH1 gene containing ar'ST166AAA mutation (SAHH1gTST) was
amplified using a primer set (SHISTto3AandSAHH1-inR; Table 3. The PCR product
wasinseredinto the Bglll and Agd sites of thegXCS-SAHH1-Strepvectorto replace the
wild-type SAHH1 genesequencevnith SAHH1QI'ST. To create GFP fusion constructs
with both SAHH1 mutationsthe 1176bp partial DNA fragment cut wittkkhd from
pXCSSAHH1gqPDRStrepor pXCSSAHH1p T SStrep vector was replaced with the
1176bp Xhd fragment of pSATESAHHI-EGFP vector to generate pSAT6G

S A HHBRDPBEGFP and pSAT® A H HISBEGFP respectively.

The expression cassette of all SAdEletion or substitution fusion vectors was then

transferred into RPPs( site of pPZPRCS2 binary vectdior plant transformation.

2.6. Arabidopsis transformation

Transformation of Arabidopsis plants waseed out by the floral dip methd@lough
and Bent, 1998 To do this,AgrobacteriumtumefaciensgGV3101 (Koncz and Schell,
1986 strain carrying the transgene was grown overnight in 3 mL of LB aweditaining

appropriate antibiotics at 28°Chis culture was diluted 16@Id in 200 mL fresh LB
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medium and incubated for further 1@®uns. Bacterid cells were then collected by
centrifugation,and the pellet wasesuspended in% sucrose and 0.05% Silwet7d7
(Lehle Seeds, Cat. No. VU@L) at an Dggp Of 0.8 The prepared solution wased to dip
the floral part of4-5 weekold Arabidopsis plants. After floral dippinghye plants were
covered with plastic dome to maintain high humidity and kept at room temperature for 24
hoursin the dark conditionThe plants weréhentransferred back to the growth chambers
until seed setThe seeds collectettom dippedplants were sowand selected osoil by
spraying 0.067% (v/v) (40mg/mL) of the herbicide glufosinate ammonium Basta;
fWipeoud from Wilson Latoratories Ing Dundas, Canadlawhen the plants havlly
expanded first leaveg-2 weeks) The fiWipeoub was appliedonce aday until non
transformed seedlings twed yellow (1-2 weeks) The Bastaesistant T1 plantsvith

healthy true leaves were trafeped into individual pots.

2.7. Transient expressions in tobacco plants

Transient expressiomssaysof fluorescent fusion proteins ere performed using
tobacco Nicotiana benthamianaplants as described previougoinnet et al., 20083
For this,A. tumefacienstrains carrying the transgene were grown overnight in 3 mL of
LB media containing appropriate antibiotics at 28°C. This culture was diluteefdlddn
6 mL fresh LB meda supplemented with 1M MES (pH5.6), 20uM acetosyringone,
and appropriate antibiotics, then incubated for furtherdush Bacteri& cells were then
collected by centrifugatioand resuspended ii0 mM Mgd,, 10 mM MES, 150uM

acetosymgoneat an ORyo of 1.0. The resuspendezklls weremixed with equal volume
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of a culture of P19 straiat anODgg 0f 1.0 The P19 straiexpresesthe P19 protein of
tomato bushy stunt virugshich acts aga suppressor of pestanscriptional gene silemg

in plants(Voinnet et al., 2008 The mixtures weréncubated at room temperature for at
2-3 hours and pressureinfiltrated onto theundersideof 4-6 weeks old tobacco leaves.
Fluorescent signals were monitored43lays after infiltrationusing confocal laser

scanning microscap

2.8. Protoplast isolation and transfection

Transient expression irrabidopsis protoplasts wasarried out using the PEG
mediated transfection meth@g8heen, 1996 Protoplasts were isolated from43weeks
old Arabid@sis leaves grown on %2 MS nwedieaf sanples were incubated for dtrs
at 22°C in darkness ia 50 ml tube containing% (w/v) cellulase R10 (Yakult Honsha,
Japan), 0.25% (w/vjnacerozyme RLO (Calbiochem, Germany), 20 mM MES, 0.1%
(w/v) bovine serumalbumin (BSA), 400 mMmannitol, 10 mM CaGl 20 mM KCI, and
KOH (pH 5.6). The digestd sampleni xt ur e was filtered through
andtransferred to a tube containing 21% (w/v) sucr@seremove thedeadprotoplasts
and cellular debristhe tube wasentrifuged at 98 x g for 10 mitesandfloating intact
protoplastsat the top part of the solution were transferred to a tube contailiihg
solution (154 mM NacCl, 125 mM Cagl5 mM KCI, 5 mMglucose, 1.5 mM MES, KOH
pH5.6) Protoplastsvere carefullywashed twice with W5 solution andstespended in
400 mMmannitol, 15 mM MgCJ, 5 mM MES, KOH (pH 5.6at a final concentration of

4 x 10° protoplasts/mL.
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For the tandection 100pL of protoplasts (2 x T0protoplasty were mixed with10
pL of plasmid DNA (20ug) and incubated with 110L of polyethylene glyco(PEG
solution (40% (w/v) PEGMWS8000, 400 mM mannitol, 100 mM CaG) at room
temperature for 30 mutes Finally, the protoplast mixture was washed twice with W5
solution to remove PE@ndresuspended in 1 mL dfeshW5 solution After 24 hours
incubaton in the dark or light conditionprotoplastswere examined byconfocal laser

scanning microscopy.

2.9. Immunoblots

Protein extracts were prepared lbymogenizing0-100 mg of leave tissuan three
volumes of extraction buffer (50 mM BrpH7.5, 1 mMethylenediaminetetraacetic acid
[EDTA] pH 8.0 8 mM MgCb, 1% (v/v) b-mercaptoethanpllmM phenylmethylsulfonyl
fluoride [PMSH). The extracts were centrifuged at 10,009 for 10 mirutesat 4°C to
remove insoluble plant material and sawve supernatant containing total protein extracts.
Protein quantification was determined the Bradford assay (Bi&Rad).Protein samples
were then boiled in SDS loading buffer for 5 minutes and subjected teP3GE.
Protein samples were applied to the SBXSGE gel (2.5% separating arebo stacking
gels) along with a prestained protein marker (Fermentas, PageRuler SM0671). The
samples were electrophoresed at®m V in a running bufferd(1% (w/v) SDS, 192 mM

glycine, and 25 mM Tris base) until the 18 kpr@stained marker ran off the gel.

After electrophoresis, thgel was washed twice for 15 minutes in a transfer buffer (48

mM Tris, 190 mM glycine, 0.0375% (w/v) SDS, and 20% (v/v) methanbk. Separated
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proteins were transferred ontd@rocellulose memtanes using aemidry electroblotting
device (BieRad) at 20 V for 45 minutes followed by stainlmgh Ponceau S (3 %wWV)
trichloroacetic acigTCA], 0.2 % (w/v) Ponceau Bodium salt SigmaAldrich]). After
washing with PBST (1% (w/v) nonfatdry milk powder, 0.3% (v/v) Tween 20 in PBS),
the membrane was then blocked wWith% (w/v) polyvinyl alcohol (PVASigmaAldrich)
in PBS for 30 seconds amdcubated with thg@rimary antibody diluted in PBS (ant:
ADK, 1:3,500; andiSAHH, 1:5,000 both were preiously generated from Moffatt Igb
overnight at 4C. After washingthree timeswith PBST, the membrane was incubated
with an alkaline phosphatasenjugated secondary antibody (arabbit IgG 1:3,000
SigmaAldrich) for 1 hour at room temperature. Aftwashingthree timeswith PBST,
chemifluorescent deteotm was performed using enhanegtemfluorescence (ECF)
substrate and the resalj image was acquired using the Tgon 9400 laser scanning

system (Amersham Biosciendgittsburgh, PA

2.10. Inverse PCR

To isolate sequensdlanking T-DNA, inverse PCR was carried out using genomic
DNA extracted from young leaves of an Arabidopsis plant expressingS2g#41-
EGFP (Line No. 832-23). Onepg of genomic DNA was digested witPst restriction
endonucleaseof 12 hours. The reaction was inactivated by incubating at 65 °C for 15
minutes, and then sdifjated by T4 DNA ligase at 4 °Gor 16 hours. The ligan
producs were cleaned by ethanol precipitation, and the DNA was resuspendeglin 10
of water. The PCR was performed with an initial 5 minute denaturation at 95 °C,
followed by 35 cycles (each cycle: 95 °C, 30 seconds; 56 °C, 30 seconds; and 72 °C, 2
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minutes), then a final 10 minutes at 72 °C. The primers383%t (forward Table 3 and
8392 LB (reverse Table 1) were used for the inverse PCR. The-Bo3DNA band
obtained from the PCR reaction was cloned into pJET1.2 vector and sequenced to

determinel-DNA insert location in the genome.

2.11. Confocal microscopy

Laser scanning confocal microscopy (Carl Z&¢iS$1 510; Jena, Germany) wased
to examinevarious fusion constructs expresdsin different plant samples including
transiently transformed Arabidopsis protoplasts Alcbtiana benthamianaand stably
transformed Arabidopsis plantor imaging the expsesion of GFP constructs, excitation
lines of an argon ion laser of 488 nmeneused with a 505/530 nm bandpass (BP) filter in
the singletrack facility. Redfluorescence of DsRed2 was excitdd43 nm(BP543) and
detected fronb60 to 615 nnof emissionwavelength.Chlorophyll autofluorescence was

visualized using an optical filter LP650 (excitatdé88 nm, emission 650 nm).
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Table 1. List of primer susedin this research

Name Sequencg50to 30 RE Tm
AK1cDNcF CATccatggCTTCCTCGATTTC Ncad 56
ADK1cR-Sma ATcccgggGTTGAAGTCTGGTTTCTC Xmd 64
ADK1cF-Kpn GTTggtaccATGGCTTCCTCTGATTTCG Kpnl 64
SAHH2pFAge  CAaccggtCCTTAAATTGCAGGAAC Agd 60
ADK1 lux lower GTACGccatggATGATGATGTTAGAAGG Ncd 61
AK1cDNcR GAccatggTGAAGTAGGTTTCTC Ncd 55
SAHH1cDNcF  TCAAccatggCGTTGCTGTC Ncad 57
SAHH1cRSma TTTcccgggGTACCTGTAGTGAGGAGGCTT Xmd 56
SAHH1cFKpn TAAggtaccATGGCGTTGCTCGTCGAGAAG Kpnl 68
SAHH1pFAge  CATaccggtGATCCACCGACGTTCCTAC Agd 66
SAHH1 NcR GCAACGccaggTTGAGCTAGATC Ncad 60
SAHH2 for CAACccatggCTTTGCTTGTAGAGAAAACC Ncad 63
SAHH2cRSma GTTcccgggGTACCTGTAGTGAACAGGCTTG Xmd 69
SAHH2pFAge  CAaccggtCCTTAAATTGCAGGAAC Agd 60
SAHH2 NcR GCAAAGccatggTTGAATAGTTTC Ncad 55
ySAHH-F Xho AActcgagAATGTCTGCTCCAGCTCAAAAC Xha 64
ySAHH-R Xma TTCCCGGGATATCTGTAGTGGTCGGCCTTG Xmd 70
YySAHH-F Xho2 AActcgagACATGTCTGCTCCAGCTC Xhad 61
ySAHH-R Xho  AActcgagTCAATATCTGTAGTGGTCGG Xhad 59
SSUF-Bam CAAggatccTCATGGCTTCCTCTATGCTCTC BanH| 66
SSUR-Bam GTTggatccAACCGGTGAAGCTTGGTGGCTTG BanHI 74
NLSDSREDZF i (0c coTaato GeeTceTeo0AgACe N 88
DsRED2RNco  AGCccatggTCTTCTTCTGCATC Ncad 58
SAHH1-D29F GATccatggATCTCGAGCTCGCCGAAGTTG Ncd 70
SAHH1-D63F CATccatggATATGACCATCCAAACCGCCGTAC Ncd 71
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Table 1.Continued

Name Sequencg56to 39 RE Tm
SAHH1-D410R  GTTcccggAGACATCACGAAACTTGGGTG Xmd 71
SAHH1-D149R  CAActgcagCTCATGAATCAAAAGAGTAG Pst 59
SAHH1-D191F GAGctgcagAAGTACCACAAGATGAAGGAG Pst 63
SAHH1-410RN  ATccatggACATCACGAAACTTGGGTG Ncd 64
SAHH1-149F AAccatggAGGGTGTTAAAGCTGAG Ncd 58
SAHH1-190R ATccatggTCTTAGARATCAACTTGAAG Ncd 57
SAHH D178F GAGctgcagTTGTCTATTATCAAGGAAG Pst 57
SAHH D177R GAACctgcagCACGATCTGAAACTCAG Pst 60
SH1-PDPto3A g?gggzté?;g*AGAAGACTGGTCAAGTI_BCTG Bglll 73
SAHH1-inR GTTaccggtGGTGGTGAC Agd 47
SHLTSTIoA  ACORgaCTTOAGAGICTGRTCARGTTCETG gy 4
8392 Pst TCTTTATGCGGACACTGACG N/A 51
8392 LB TGCAGGTCAAACCTTGACAG N/A 51

The lowercased sequences represent RE sites inditBlieH.sequence is underlined;

start codon of DsRed? is boldeédUnderlined nud¢eotide sequences indicate the

nucleotidesubsitutionsto create three alanimesiduesRE, restriction enzyme; Tm,

melting temperature
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3. Results

3.1. Subcellular localization of ADK and SAHH

The subcellular localization of ADK and SAHH weexamined firstby transient
expression of Enhanced GFP (EGFP) fusion proteins in protapldsssis ared-shifted
variant of wildtype GFP which is particularly suited to plant cell resedrebausat
providesincreased brightness of fluorescenneplant cells throuly its more efficient
translationor folding (Cormacket al., 1998 The EGFP was fused to thet@minus of
ADK1 and SAHH1 and expressed undke control of the constitutive 35S promoter.
These constructs were introduced into Arabidopsis protoplasts by-nidgated
transformation and the localization BGFP was examined by confocal microscopy. The
fluorescence of both EGFP fusion proteins was observed in both the nucleus and

cytoplasm (Figure 1A and B).

Additional constructs were generated to test whether the expression/localization of the
ADK-EGFP fusim was affected by changing the number of amino acids between the two
proteins (linker) or by the different orientations of the target prd&&iP fusions
(Figure 1CGE). All the tested EGFP fusions including those with no linker (Figure 1D) or
linkers of 4amino acids (Figure 1A), or 24 amino acids (Figure 1E) between ADK and
EGFP, as well as the EGFP fusion tetddminus of ADK (Figure 1D) showesimilar
fluorescent signals. In all cases ADK localized to both the nucleus and cytoplasm. These
results indiate that the localization of the ADEGFP fusion proteins is not influenced
by the flexibility of the linkers between the two proteins or whether the EGFP htluse

the N or G- terminus.
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Seven different EGFP fusion constructs for ADK and SAHH were exainin
transgenic Arabidopsis plants to verify these transient expression results. At least twenty
independent T1 generation transgenic lines generatedAdipbacteriummediated
transformation were obtained for each construct. The expression of the-BGRR and
SAHH1-EGFP fusion proteingeach with4 amino aciddinkers) in the transgenic plants
was examined by immunoblot analyses using eitherADK or anttSAHH specific
antibodies, respectively (Figure 2). ADKEEIGFP protein (Figure 2A) and SAHHAGFP
protein (Figure 2B) were successfully detected at 65 kDa and 80 kDa in all cases; the
corresponding native proteins were observed at 38 kDa and 53 kDa. Thus EGFP fusions
of ADK1 (Figure 3A and B) and SAHH1 (Figure 3C and D) expressed from the 35S
promoter n transgenic plants showed similar localization patterns in the cytoplasm and

nucleus, as had been observed by transient expression.

Transgenic lines expressimgPK1 (Figure 3H) and SAHH1 (Figure 3R)nder the
control oftheir endogenous promotedisplayedthe similar localization patternas those
with the constitutive 35S promotefrhese results indicatéhat the use of the 35S
promoter did not affect théocalization of either EGFP fusionprotein. Overall, the
SAHH1 fusions were more strongly targetedthe nucleus thathe cytoplasm (Figure
3C-F) as compared to the ADK1 fusions (Figure 3A, B, and H). The other isoform of
SAHH, SAHH2, when expressed from its own promoter had a localization pattern
indistinguishable frm that of SAHH1 (Figure 3G)n adlition, tobaccdeaves transiently
expressing EGFP fusisrof ADK1, SAHH1, and SAHH2 also showed fluorescencén

the cytoplasm and nucleus of epidermal cells (Figuie) 31
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Figure 1. Subcellular localization of ADK1 and SAHH1 in Arabidopsis

protoplasts.

Protoplasts transformed with ADK#aa)EGFP (A), SAHH(4aa)EGFP (B),
EGFRADK1 (C), ADK1-(no linkerfEGFP (D), and ADKi(24aa)EGFP (E) were
imaged using confocal microscopy. In all cases the fusion proteins were expressed from
the CaMV 35S promote Green and red colours represent EGFP and chlorophyll
autofluorescent signals, respectively. Chl, chloroplast; Nuc, nu@eak bars represent

10 .em
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Figure 2. Immunoblot analysis of ADK:EGFP and SAHHI-EGFP.

Total protein extracts were gared from wildtype and transgenic Arabidopsis plants
expressing either 35S::ADKEGFP or 35S::SAHHEGFP. Tenug of each protein
extract were electrophoresed through 10% $IA&E gels and transferred onto
nitrocellulose membranes. The two identical meankbs were probed with either anti
ADK (A) or anti-SAHH (B) antibody. Molecular masses are indicated on the left in
kilodaltons (kDa). WT, protein extracts obtained from wilde Arabidopsis plants;

WtADK, endogenous ADK; wtSAHH, endogenous SAHH.
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Figure 3. Various EGFPfusion constructs of ADK and SAHH in Arabidopsis and

tobacco plants.

(A-H) Leaves of transgenic Arabidopsis plants esping 35SADK1-EGFP (A and
B), 35S::SAHH1EGFP C and D), SAHH1p::EGFPSAHHL1 (E), SAHH1p::SAHH1
EGFP (F), SAHH2p::8HH2-EGFP (G), and ADK1p::ADKEGFP (H) were imaged
using confocal microscopy. -l) Tobacco leaves transiently transformed with
35S::ADK1-EGFP (1), 35S::SAHHEGFP (J), 35S::SAHHEGFP (K), and 35S::EGFP
SAHH1 (L) were imaged. The green and red coloumesent GFP and chlorophyll

autofluorescent signals, respeely. Arrows indicate nucleiSc al e bar s represent
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3.2. Nuclear localization of ADK1 and SAHH1

Given that both ADK1 and SAHH1 were strongly localized in the nucleus but no
obvious muclear localization signal is detected in either protein by various bioinformatic
tools including ScanProsit@asteiger et al., 2002&and WoLF PSORTHorton et al.,

2007, the question arose as how they are targeted to the nucleus. The most obvious
solution to this is that both ADKEGFP (65 kDa) and SAHHEGFP (80 kDa) enter the
nucleus by simple diffusn, since both fusion proteins dvelow orclose to the exclusion

limit of the nuclear pore (70 kD&P'Angelo et al., 2009

To test this, both ADK1 and SAHH1 were fused to two concater@kdts to increase
the size of the fusion proteins to 92 kDa (ADR2GFP) and 107 kDa (SAHH2xGFP)
respectively These proteins should not be able to simply diffuse into the nucleus based
on current estimates of the nuclear pore exclusion limit. As @auiccalization control,
the NLS sequence of simian virus 40 (SV40) large T antigen (PKKKRKVEDP)
(Goldfarb et al., 1986fused toDiscosoma sped fluorescent proteifDsRed2)was
introduced into plantgFigure 4J). Both ADK1-2xGFP and SAHHRXGFP were co
infiltrated into tobacco leaves along with the SVA40NDSRed?2 control; the ADK1 and

SVA40NLS constructs were ¢oansformed into wildype Arabidopsis plants.

The GFP signals of the ADK2xGFP and SAHBMGFP fusion poteins clearly
overlapped the nucle@sRed2signals of SV40NLS (Figure 4C, F, and 1), indicating that
both fusion proteins are also targeted to the nucleus. These results suggested that the two
enzymes are imported into the nucleus by active transparhingy, rather than by

simple diffusion.
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Figure 4. Nuclear localization of double GFP fusions of ADK1 and SAHHL1.

(A-F) Transient expression of ADKAXGFP (A) and SAHHRXGFP (D) were
examined in tobacco plants by-odiltration with SVA0NLSDsRed2(B and E). (Gl)
Transgenic Arabidopsis leaves expressing both ARKGFP (G) and SV40NLS
DsRed2 (H) were imaged using confocal microscopy. (J) Nucleotide and amino acid
sequences of SVA40NLS used for the nuclear localization cohodé the CaMV 35S
promoter directs expression of all these construtlte green and red colours represent
GFP andRFPsignals, respectively. The overlap of the GFP BR# signals is shown in
yellow (C, F, and I), and the autofluorescent signal of chlorophyll is depicted i{G)e

Arrows indicate nucleiSc al e bars represent 10 em
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3.3. Deletion analyses of ADK1 and SAHH1

In order to search for subcellular localization signals or important regions for nuclear
targeting, a series of deletions was constructed for both ADKI1SAHH1 (Figure 5).
First, six distinct ADK1 deletions were created by P#8ed mutagenesis as illustrated
in Figure 5A. All these deletions were fused to EGFP and transiently expressed in
tobacco leaves usinpe infiltration method(Voinnet et al., 2008 All deletion fusions
with EGFP showed similar fluorescent signals in the nucleus and cytoplasm 2806h,

499 projectdata not shown). Since these fusiantpins were below the diffusion limit
of the nuclear pore, they may have simply diffused into the organelle, &lsesond set

of fusions toGUS (70 kDa) were generated. Surprisingly all the GUS fusions were
excluded from the nucleus. Moreover the nuclkeavelopes of plants expressing either
ADKI1gB#8GUS or A-BAKGUS4fBsion protein were stained blue by the
histochemical GUS assaljefferson et al., 198({Shah, 2006; 499 project,data not

shown).

Seven different deletion constructs for SAHH1 were created to evaluate the
importance of the NMerminus, Cterminus, and internal sequences in nuclear targeting
(Figure 5B).Surprisingly, @ | et i on of an i nt er n-290)lackedgi on
any nuclear localization signal (Figure 6Byhile dl other deletions fused to EGFP
showed similar patterns of fluorescent signals in the nucleus and cytoplasm of transiently

expressed tobaccoaees (Figure 6A.).

The localization of the IR deletion fusion protein was further examined in transgenic

Arabidopsisplants. Consistent with th result of transient expression in tobacco, the
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transgenic Arabidopsi s -HGERafromdle 35X promoters i ng S/
showed no fluorescent signals in the nucleus (Figure 6N). However, strong nuclear
signals were detected in plant6s2 emlpRF epsdsl Ing
485EGFP 61.2 kDa;Figure 6P). This may have been due to the diffusion effilkion

protein into the nucl ews2 qHIRASERAEGEE X88r essi ng
kDa) also displayed nuclear signals, but the level of fluorescence in the nucleus was
typically weaker than that of fulength SAHHXEGFP fusion in terms of the comp=on

of nuclear versus cytoplasmic fluorescent signals (Figure 6R). Taken together, these

results suggested that the IR of SAHHL1 is important for its nuclear localization.
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Figure 5. Deletion analyses of ADK1 and SAHH1.

(A) A schematic diagram showirdgletionconstrucs of ADK1. All ADK1 deletions
were fused to EGFP and GUS and transiently expressed in tobacco plants for examination.
The wtADK1 indicates fullength ADK1 protein (344 amino acids). The coloured boxes
represent the region that is pretsienthe ADK1 fusion proteins, while the horizontal lines
represent deleted regions. The numbmmsespondto amino acid residues of ADK1.
These constructs were created by Malay Sisgart ofhis 499 projec{Shah, 2008 (B)
A schematic diagram showing deletioanstrucs of SAHH1. The wtSAHHL1 in the left
of amino acid sequences indicates wikl-type SAHH1 sequence, while periods below
the original SAHH1 sequenceepresentdeleted sequences. The extra amino acid
sequences generated by PCR primers are underlined. A part of the EGFP sequence linked
to one of the SAHH1 deletions is shown in italics. The wtSAHH 1he left of the boxes
indicates fulllength SAHHL1 protein (485 amino acids). The coloured boxes represent the
region that is present in the SAHH1 fusion proteins, while the horizontal lines represent

deleted region. The numbers represent amino aduessof SAHH1.
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Figure 6. Nuclear localization of SAHHL1 deletions.

All deletion constructs were examined by transient expressions in tobacco ledves (A
and some of them were further examined in transgenic Arabidopsis plafi3. ((A)
EGFP cotrol, (B) Ful-length SAHHIE GF P, ( C) -28EAGHHPL,p1( D) - SAHH1 p1
62EGFP, (E) -BAHM,1ql R -B855BEGFP,(3)EAFSSAHHL @411
485, (H) -2BAH4B3EQAF P, (1) -63&HBBEGRP, (J)
SAHHLGPLpl REBEEGF P, ( K) -6RAM4BIXPIGFP, (L) SAHH1®
6 2 pl R4862XGFP, (M) Fulllength SAHHXE GF P, ( N) -B&&PHQ) m! R
SAHH 6P p4485E GF P, ( P)}6 29 HRHIBEEIGF P, ( Q) - SAHH1 op1l
6 2 448522 x GF P, ( R)-6 2SoAlHRH4BBRXGFP. Note the 35S promoter
directs expression dll these constructs. The green and red colours represent GFP and
autofluorescent signal of chlorophyll, respectively. Arrows indicate nuBteile bars

represent 10 e&m
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3.4. The IR affects nuclear localization of SAHH1

Based on an analysis of mplé alignments of SAHH sequences, the 41 amino acids
of the IR (GIy*%Lys™) are present imanySAHHSs including those from photosynthetic
bacteriain prokaryotesbut it is present only ia few eukaryoic organisms, including
plants andparasitic protaoans(Figure 7). Althoughall SAHHSs found in plant contain
this specific amino acid IR segment, its biological and physiological significace

unknown.

Thus, to verify whether the IRegmentis essential for the nuclear localization of
SAHH, further eperiments were performed using-tBated constructs (Figure 8). First,
fusion of GFPs with an Heleted SAHHL1 failed to localize the protein to the nucleus as
its GFP signals did not overlap with RFP signals of the NLS control (Figur€)8A
These resudt suggest that the IR may be essential for the nuclear localization of SAHH1
in plants. Next, the 41 amino acid IR segment was fused to double GFP (MW: 58.9 kDa)
and examined in both tobacco and Arabidopsis plants to test whether itacbalsl a
NLS. The GFP signals clearly overlapped with the NLS control signals in the nucleus,
and also strongly localized in the cytoplasm of both tobacco and Arabidopsis plants
(Figure 8DF), suggesting that IR does not act independently as a nuclear localization
signal.Next, the localization of the yeaSAHH (P39954)proteinthat shares 63% amino
acid sequence identity with Arabidopsis SAHH1 but does not have IR sequence was
investigated. The yeast SAHH was fused to eitheroN C-terminus of EGFP and
expressed transidp in tobacco and constitutively ilrabidopsisplants to examine
whether another eukaryote SAHH laal the IR could localize to the nucleus in plants
(Figure 83M). Although both tobacco and Arabidopsis plants expressing the yeast
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SAHH-EGFP fusion prote (C-terminal fusion) showed strong fluorescent signals in the
nucleus and cytoplasm (Figure 8J and L), only weak or even nodteresignals of the
EGFRyeast SAHH fusion protein (Nerminal fusion) were detected in the nucleus
(Figure 8K and M).The® results suggested that the lack of the IR affected nuclear

targeting ofyeastSAHH in plant cells.

Further deletion analyses were performed to search for residues within the IR that are
important for SAHH nuclear targeting. Three parts of the IR, botls @amd the middle,
wer e examined.-17+EGFB fusion whitlelacks IthR firdi 28 amino acids
of t he |1 R aIRGEGEPhfesiongwhiBhllaclds the 13 amino acids terminal
residues of the IR (Figure 9A) were examined by transient expresstobacco plants;
their localization in stable transformants of Arabidopsis was also evaliatgdfusions
expressed in tobacco plants showed GleBrescentsignals in both the nucleus and
cytoplasm (Figure 9B and C), while the Arabidogs#sgenic @nts expressing either
fusion protein displayed limitefluorescentsignals in the nucleus (Figure 9D and E).
When comparing the two, howevehe fluorescent signals @pl R 1190EGFP were
weaklydet ect ed in the nucl e dl3:ZEGFR hwereabmdt t hos e
undetectableAlthough further study is needdd assesgheir expression levelin the
nucleus,these resultsuggestedhat both parts of the IR may conttite to the nuclear
localization of SAHHbut theresiduesl 78190 areless important thathe residues 150

177within the IR of SAHH.

Next, two small regionsPDP***%® and TST°"'% from this essential region were
substituted with threelanine residuegFigure 9A).These regions were chosen based on

sequence analysis using the bioinformatic tools provided by the ELM server
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(http://elm.eu.ord/ and the NetPhos servehttfp://www.cbs.dtu.dk/services/NetPhps/

The TST residues are predicted to be phosphorylation sites and PDP is an important motif
for mediating proteifprotein interactions in other proteins. Both tobaccoArabidopsis

plants expressing either GF&sion protein showed cytoplasmic and nuclear localization
signals (Figure 9#). However, an unusual punctafieorescentpattern was detected

from the tobacco plants expressing tRDP®****mutated EGFP fusion prote
(PDP164AAAEGFP; Figure 9Farrowheads). The punctate signals of PDP164AAA
EGFP were also detected in transiently transformeatoplasts (Figure 9J and K;
arrowheads), and similar punctate signals were observed in the protoplasts expressing the
| -RGFP fusion protein (Figure 9M). Takewgether, these results suggest that the 41
amino acids of fullength IR may be required for nuclear localization of SAHH, and the

PDP***%residues in the IR may be particularly important for this targeting.
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Figure 7. Comparison of the deduced amino @d sequences of SAHHdrom

various organisms.

The alignment was performed using AlignX (Vector NTI, Invitrogen) and edited in
Microsoft Word. Conserved residues are blabkded, and similar residues are in gray.
Numbers represent amino acid sequencarabidopsisSAHH1 (ARATH1). The amino
acid sequences used in the alignment are as followAR&TH1 (023255.1), ARATH2
(Q9LK36.1), LUPLU (Q9SP37.1), CATRO (P35007.1), PETCR (Q01781.2), TOBAC
(P68173.1), SOLLC (Q9SWF5.1), MEDSA (P50246.1), PHASS (P50249H3$CR (P93253.1),
WHEAT (P32112.1), PLAF7 (P50250.2), PLACH (Q4XZZ5.1), PLAYO (Q7RKK8.1), TRIVA
(P51540.1), DICDI (P10819.2), DROME (P50245.2), ANOGA (076757.2), SCHPO (013639.1),
YEAST (P39954.1), CANAL (P83783.2), PNECA (Q12663.1), XENLAL (P51893.1), ¥EN
(093477.1), RAT(P10760.3), MOUSE1(P50247.3), MOUSE2 (Q68FL4.1), HUMAN1
(P23526.4), HUMAN2 (Q96HN2.1), MACFA (Q4R596.3), PONAB (Q5R889.1), BOVIN
(Q3MHL4.3), PIG (Q710C4.3), HALHL (A1WXM7.1), GRABC (QOBW40.1), COXBU
(Q83A77.2), PSEAB (Q02TYO0.1), ACIAD (6FA43.1), RHOBA (Q7TTZ5.1), LEPBJ
(QO4NN6.1), BACTN (Q8A407.1), SOLUE (Q01VU1.1), SYNSC (Q3ANF4.1), PROMA
(Q7V9P3.1), PROVI (A4SF77.1), PELPB (B4SD43.1), CHLCH (Q3AQC2.1), METCA
(Q60CG8.1), CHRVO (Q7NZF7.1), POLNS (B1XSHS8.1), AZOSE (Q5P6B7.1), CUPTR
(B2AGG2.1), RALEJ (Q476T8.1), BORPA (Q7W1Z7.1), GEOSL (P61617.1), CAUCR
(Q9ABHO0.1), SINMW (ABUEJ1.1), AGRRK (B9JG53.1), PELCD (Q3A392.1), DESDG
(Q30WL8.1), HYPNA (Q0C427.1), RHOPA (Q6N2N5.1), BRAJA (Q89HP6.1), STRAA
(Q936D6.1), CORDI (P61456.1), COREF (Q8FRJA.MNYCSS (Q1BCD6.1), NOCFA

(Q5YQS7.1), MYCBO (Q7TWW7.3).

98



EUKARYOTES

PROKARYOTES

Plants

Parasitic
protozoans

Amoeba

Insects

Fungi

Amphibians

Mammals

Proteobacteria

Other bacteria

Photosynthetic
bacteria

Proteobacteria

Actinobacteria

ARATH1
ARATH2

LUPLU
CATRO
PETCR
TOBAC
SOLLC
MEDSA
PHASS
MESCR
WHEAT
PLAF7
PLACH
PLAYO
TRIVA
DICDI
DROME
ANOGA
SCHPO

YEAST

CANAL
PNECA
XENLAL1
XENLA2
RAT
MOUSE1
MOUSE2
HUMAN1
HUMAN2
MACFA
PONAB
BOVIN
PIG
HALHL
GRABC
COXBU
PSEAB
ACIAD
RHOBA
LEPBJ
BACTN
SOLUE
SYNSC
PROMA
PROVI
PELPB
CHLCH
METCA
CHRVO
POLNS
AZOSE
CUPTR
RALEJ
BORPA
GEOSL
CAUCR
SINMW
AGRRK
PELCD
DESDG
HYPNA
RHOPA
BRAJA
STRAA
CORDI
COREF
MYCSS
NOCFA
MYCBO

UMILDDGfDITNL H-—
T

IIL[

INMILDDGC

M T DDGGD?

QLVV|

NMILDDGG

HLTEE

NMILDD
ILDD!
ILDD!

MIT

INMT LDD!

EIL(' AR LEI‘ IBOSVIAN-
) ' T
e ARSI GEDVIESDIgHS

ERJBR-AYARTEKVPE
=N - - --N-PALLE
BrSrEcKETS
NGO TMELBOLN

NGDTAELDK

~-KV

My

LAY

T TN g« (e

gTVI 5
M8V REMOY

99

=IEHRVILELLNRTITDGSQ—KWTQLASEIEG”TEETTTG”
"FSDFYEAFTGMLRKT ;

’WTAIA.S




Figure 8. The affection of thelR for nuclear localization of SAHHL.

(A-C) Arabidopsis leaves expressing bothd&eted SAHH1 fused with double GFP
(A) and NLSRFP control (B) fusion proteinsere examined using confocal microscopy,
and the GFP and RFP images were merged (C)) The 40 amino acids of IR fragment
fused with double GFP (D and G) wasexpressed with the N-RFP control (E and H)
in both tobacco (EF) and Arabidopsis plants ¢, and the GFP and RFP images were
merged (F and I). The green and red colours represent GFP and RFP signals, respectively.
The overlap of the GFP and RFP signals is shown in yellow in the right paid). (J
Yeast SAHH (P39954) gene was cloned from y€aatcharomyces cerevisjagenomic
DNA and used to create GFP constructs: (J and L) yeastSAGIFP, (K and M) EGFP
yeastSAHH. Both constructs were examined in tobacco (J and K) and Arabidopsis plants
(L and M). Note the CaMV 35S promoter directs expressib all these construct¥he
GFP signal isshownin green and the autofluorescent signal of chlorophyll is reéd)(J

Arrows indicate nucleiSc al e bars represent 10 em
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Figure 9. Mutation within the IR of SAHH 1.

(A) A schematic diagram shomg the sequence of deleted or substituted regions

prepared for this study of SAHH1. The wtSAHHL1 represents native Arabidopsis SAHH1

sequence. The periods indicate the deleted amino acid residues. The substituted regions

(PDP to AAA or TST to AAA) are undiened. The numbersorrespondto the amino

acid residues oWtS AHH 1 . ( B and -1ID}EGHPhfiesiongn tébacso0and
Arabi dopsis plants, r e s-POeEGHFR fusen iy tobaocaCanda n d
Arabidopsis plants, respectively. (F and H) The PDP164AZ3FP fusion in tobacco

and Arabidopsis plants, respeely. (G and I) The TST167AAAGFP fusion in

tobacco and Arabidopsis plants, respectivelyKYJPDP164AAAEGFP fusion in

protoplasts. (L) TST1I67TAAAGFP fusion i n pEGFR fugonanst s .

protoplasts. The 35S promoter was used to direct xpeession of all constructs. The

green and red colours represent GFP and autofluorescent signal of chlorophyll,

respectively. Arrows and arrowheads indicate nuclei and punctate signals, respectively.

Arrows indicate nucleiScale bars represeB® € m
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A

140 150 190 200
WtSAHH1 GGDATLLIHEGVKAEEIFEKTGDPTS DNPEFQIVLSIIKEGLQVDPKKYHKMKERLV
@l R1-BHD GGDATLLIHE..........ccociiiiiiee LSIIKEGLQVDPKKYHKMKERLV
R178-190 GGDATLLIHEGVKAEEIFEKTGQVPDPTSTDNPEFQIV............. KYHKMKERLV
PDP164AAA GGDATLLIHEGVKAEEIFEKTG@AATSTDNPEFQIVLSIIKEGLQVDPKKYHKMKERLV
TST167AAA  GGDATLLIHEGVKAEEIFEKTGQVPBRADNPEFQIVLSIIKEGLQVDPKKYHKMKERLV

Tobacco . Tobacco Arabidopsis Arabidopsis

S
PDP164AAA

‘, TST167AAA

L ———
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3.5. Chloroplast localization of ADK1 and SAHH1

Although all previous resultssing EGFP fusions with fulength SAHH or ADK
showed the consistent localization of bgitoteinsin the nucleus and cytoplasm, their
fluorescentsignals were often detect inor on the surfacéhe chloroplast, as wellhe
green fluorescence in transiently expressed protoplasts with ABKd SAHH1IEGFP
fusion proteins often closely overlapped with the red chlorophyll autofluorescence of a
few chloroplasts (Fige 10A andB; arrowheads). Occamally GFP fluoresence was
observed in the nucledike structure(nucleoid of chloroplasts (Figure 10A and B;
arrows). In addition Arabidopsistransgenic plants expressing either ADK1 or SAHH1
fusion proteins also displayed grefluorescentignals within a fewchloroplastgFigure
10E and F), whereas this was never observed in-tyid and transgenic plants

expressing an EGFP control protein (Figure 10C and D).

To investigate the possible chloroplast localization of ADK and BAArabidopsis
transgenic plants eexpressing a @erminal DsRed2 fusion of small subunit of rubisco
complex (RbcS) along with ADKor SAHH-EGFP fusion were created. For this, full
lengthRbcS(At1g67090) was cloned from a cDNA prepared from wlde Arabidopsis
plants and examined in tobacco and Arabidopsis plants after fusion with EGFP and
DsRed2 (Figure 114). Both fluorescent signals oRbcSEGFP and Rbc®sRed2
fusion proteins were successfully detected in tobacco (Figure 11A and B) and
Arabidopsistransgenic plants (Figure 11C). In addition, irregulsghaced punctatigke
signals of RbcS fusion protein were obseruedobacco epidermal cells. These bodies
appear to be completely overlapg with the autofluorescence of chiophyll (Figure
11D-F; arrows).
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Arabidopsis plants cexpressing Rbc®sRed2 and either ADK2xXGFP or SAHH1
2XGFP displayed some green fluorescgighals in chloroplasts, although these signals
did not completely overlap with RFP signals of RdcSion protein (Figure 114G,;
arrowheads). These results suggested that both ADK and SAHH may also be transiently
associated with chloroplasts, and localization is limited to the surface of the organelle in

Mmost cases.

The PDP®*% and TST°"*%° mutated SAHHGFP fusions were furthexamined by
transient expression in protoplasts to examine whether these IR mutations affect
chloroplast localization of SAHH as they did for the nuclear localization of SAHH. The
protoplasts expressing the T€T* mutated SAHHGFP fusion hadluorescentsignal
patterns indistinguishable from those of wijgpe SAHHGFP fusion (i.e. in the
cytoplasm and surrounding the nuclei of chloroplasts) (Figure 12A and C). However, the
PDP**'% mutated SAHHGFP expressing protoplasts displayed only a puntitae
GFP pattern as shown in Figure 9, with almost no signal detected in the cytoplasm and
chloroplasts (Figure 12B). Interestingly, these punctate signals often appeared to be
detected near the nucleus of chloroplast in nobghe protoplastsviewed but they did
not completely overlapPerhaps these punctate GFP signals indicate the presence of
cellular protein aggregates generated by the mislocalization of SAHH that is supposed to
localize in the chloroplasts, or they may represent localization to othemedlgs such as

mitochondria or peroxisomes based on their size and patterns.

Together these results show that both ADK and SAHH localize not only to the nucleus

and cytoplasm, but may also be targeted to the chloroplast, although their localization
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signak in the chloroplast are not as consistent. Moreover, the three amino aci¥§ PDP

% in the IR maycontribute tachloroplast localization of SAHH.
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Figure 10. ADK1 and SAHH1 GFP fusions showing chloroplast localization.

(A and B) Expression of ADKEGFP and SAHHIEGFP fusion proteins in
protoplasts. (&) EGFP expression in witype (C) and transgenié@rabidopsisplants
harboring EGFP alone (D), ADKEGFP (E), and SAHHEGFP (F) fusions. The CaMV
35S promoter directed the expression of each fusioteipr. Merged images of the GFP
and chlorophyll autofluorescence are shown on the right. GFP and chlorophyll
autofluorescence are represented by green and red, respectively. Arrowheads and arrows
indicate chloroplast localization and the nuclei of chlaasfs respectively Scale bars

represeni0 & m
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Figure 11. Subcellular localization of the small subunit of Rubisco complex,

ADK1 and SAHHL1.

(A-C) Chloroplast localization of RbcS fused to EGFP (A and B; in tobacco plants)
and DsRed2 (C; irArabidopsi3. (D-F) The plastidic localizatiorof RbcSEGFP in
tobacco epidermal cells. ¢ Transient expression of ADK2xGFP and SAHH1
2XGFP along with Rbe®sRed2 in tobacco plantsote the CaMV 35S promoter directs
expression of all these construd®=P and chlorophyll autofluorescent signais B, E,
and F) are represented by green and red, respectively; DsRed2 is shown in red (C, G, and
J); Merged images of the GFP and chlorophyll autofluorescence (A, B, and F) and of the
GFP and DsRed2 (I and L) are shown yellow. Arrows indicate plastitiZzattan of GFP
and chlorophyll in the tmacco epidermal cellsgrrowheads indicate colocalization of

EGFP fusions with Rbc&cale bars represet® & m
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Figure 12. Chloroplast localization of SAHH1 inArabidopsis protoplasts.

(A) Transient expression of the fulength of SAHHXIEGFP fusion protein in
protoplasts. (B) Expression of the PBP® mutated SAHHIEGFP fusion protein
showing the punctate pattern of GFP signals. (C) Expression of th€t8utated
SAHH1-EGFP fusion proteinNote the CaMV 35S promoter directs expression of all
these construct$GFP and chlorophyll autofluorescent signals are represented by green
and red, respectively; Bright field images of protoplasts are shown on the left; Merged
images of the GFP and chigioyll autofluorescence are shown on the right. Arrows
indicate punctate GFP signalarrowheads indicate nuclei of chloroplas&ale bars

represenf0 & m
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3.6. Plants arose from the overexpression of GFP-fusion

constructs

Three differentines overexpressing ADKEGFP, SAHHIEGFP, or SAHHZEGFP
from the constitutive 35S promoter were created to study the subcellular localization of
ADK and SAHH. In each case aboul8% of the lines displayed abnormal phenotypes
as shown in Figure 13. AfQL-EGFP plants displayed developmentally abnormal
phenotypes includinghort internodelength, clustered inflorescences, wrinkled leaves,
and delayed senescen¢€igure 13A and B). These phenotypes are identical to those
previously observed insADK plants that overexpress the ADK1 cDNAFigure
13H)(Moffatt et al., 2002 Developmentally abnormal phenotypa&sre also observed in
SAHH1-EGFP plants (Figure 13C and.D'hese plantshoweddelayed senescenead
abnormal leaf development with a large number of rosette ledhey never induced
shoots andnflorescenceso thatthe plantsfailed to setseed.Lastly, one of SAHH2
EGFP TZlplant lines exhibited abnormatdf and shoot developme(figure 13EG).
This plant had no cauline leaves in the primary shoot until they w8rev&eks old,
whereas a number of rosette leaves were formed (Figure 13E). The cauline leaves formed
in the lateral shoots were rounded unltkese of wildtype plants (Figure 13F). In the
late plant growth stages, this plant displagdxishy phenotype with an increased number
of secondary branches (Figure 13@®)addition no GFP fluorescence was detected from
more than 6Masta resistantl-transgenic plants expressing 35S::SAHEEP examined
(data not shown)This result indicates that the abnormal phenotype might be caused by

silencing of SAHHZ2, buthis line needs further exploration
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Inverse PCR was performed to verify if the abnormalnphge of SAHHIEGFP
plants arose from a-DNA insertional mutation (data not shown). The inverse PCR result
revealed that the-DNA containing SAHH1EGFP had been inserted into the first exon
of the ATE1 gene (At5g05700), which encodes argiriR&A-protan transferase (EC.
2.3.2.8) thatatalyzes the postanslational conjugation of arginine to theté&tminus of
a proteinin yeast and mammal&won et al., 1999 atel mutant plants exhibithe
delayed senescence phenotype in leaves as observed in SAGIF plants, but
otherwise had a normal morphology and developn{¥oihida et al., 2002 These
results indicate that the abnormal phenotypes of SAHBEP plants could in part be
due to the IDNA insertion. However, the overexpression of SAHEGFP might also
affect the plant phenotypes since several other T1 plants also exhibited similar
phenotyes including abnormal leaf and floral development as well as the delayed

senescence.
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Figure 13.Plants generated by the expression afarious GFP-fusion constructs.

(A) Sevenweekold wild-type and Titransgenic Arabidopsis plants containing
35S::ADK1-EGFP. (B) Enlarged image &DK1-silenced plant shown in . AC) 7.5
weekold wild-type and Titransgenic Arabidopsis plant carrying 35S::SAHEGFP.

(D) Enlarged image of putativ@AHH1-silenced planshown in C. (E) Bveekold wild-
type and Titransgerit Arabidopsis plant carrying 35S::SAHHEGFP. (F) Aweekold
SAHH2-EGFP plant showing abnormal shape dafauline leaves. (G) 1&eekold
SAHH2-EGFP plant with a bushy phenotype. (H) sADK plant created by sense and

antisense expression of tABK1 cDNA (Moffatt et al., 2002
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4. Discussion

4.1. Determination of subcellular location using fluorescent

proteins

In this study, thesubcellular localization of ADK andAHH were examinedising
fluorescent fusion proteins such as EGFP and DsRed2. Fluorescent proteins have been
used forlocalizationstudies in a wide variety of systems since GFP was first cloned in
1992 (Prasher et al., 1992Fluorescent proteins are useful in labeling cells/proteins and
monitoring the localizationor dynamic movement of proteins without addition of
exogenous substraté€halfie et al., 1994 However,it also has to be considered that
incorrect or false localization results could be caused by many different factors, which
could lead to misinterpretations dfet data For instance, the addition of the 27 kDa GFP
to a protein of interest may affect protein stability or protein folding and thexkgt

their functionality and localizatio(Marcus et al., 20Q1Sedbrook, 2004

Taken together, the determination of the correct localization of a target fusion protein
with low falsepositive rates, requires the confiation of its transient overexpression by
stable expression methods in multiple independent plant lines, with the GFP placed at the
N- or Gterminus of its fusion partner. However, the limitation of this fluorescent tagging
approach can never be completelyercome, since the use of the additional protein tag
may alter the nature of the target protein in any case, and even the folding of fluorescent
protein may be also disrupted by its fusion partner resulting in the weak fluorescent signal

intensity(Marcus et al., 20Q1Sedbrook, 2004

117



To minimize these artifacts, various different constructs were creatéisaesearch
including fusion proteins with different linker sizes in between GFP and a protein of
interest, and those fusing GFP to either & C- terminus of the target sequence.
Furthermore, t he GFP fusi on pr ot aedtves wer e
promoteror fromthe constitutive 35S promotdn test whether the degree of expression
alteredthe subcellular localization of the GFP fussofinally, these different GFP fusion
vectors were examined in three different plant systems includibgcto plants and
Arabidopsis protoplasts using transient expression methods, and stable fransgen

Arabidopsis transformants.

The majority of results from these different experiments consistently indicated that
ADK and SAHH are targeted to the nucleugpgyasm, angbossiblyto the chloroplast as
well. However, different patterns of GFP signals were observed based on the difference
in plant systems or whether the GFP was placed either at-tloe Gtterminus of the

protein.

For instance, transiently exgssed IRdeleted SAHHIEGFP displayed nuclear
localization in tobacco plants (data not shown), whereas no plant showing fluorescent
signals in the nucleus was found from more tharsta@ly transformed T1 Arabidopsis
plants carrying the same construct (Fig 6N). This result indicasehat the localization
patterns of overexpressed GFP fusions with Arabidopsis proteins could be altered when
transiently expressed in tobacco plants. Moreover, fusion of GFP to-teemihus of
yeast SAHH showed weak or ncegn fluorescence in the nucleus, while fusion to its C
terminus showed strong fluorescent signals in the nucleus (Figuid).8This
discrepancy may result from protdimiding issues with the @rminal fusion The
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additional GFP tagn the Gterminal ofyeast SAHHmMay have affected the target protein
properties by interfering with its protein foldin@n the other handyoth fusions may

enter the nucleus by diffusion as the MW otédminal (76.8 kDa) and -@&rminal (77.4

kDa) fusions is close to the diion limit (70 kDa) for the nuclear pofB'Angelo et al.,

2009. However, this case can be eliminated since SAHHs are active only when they are
in the tetrameric mature forms (~212 kDa withadditional tags), which would
eliminate diffusion. Thus, the nuclearchdization of Gterminal fusionof yeast SAHH

could possibly have occurrdy diffusionif it doesnot properlyform tetrameic structure.
However, this needs futher testing withdoude GFP fusions to confirm the diffusion

issue.

4.2. Methyl recycling enzymes localize to multiple compartments

The results using various GFP fusions showed strong fluorescent signals of both ADK
and SAHH in the nucleus and cytoplasm in Arabidopsis (Figuned13 These results
are consistent with those obtained using hiimunogold labeling and GUS fusiofsr
ADK and SAHH (Pereira, 2004Schoor, 200). In addition, the nuclear localization of
ADK and SAHH are consistent with those of previous studies for human (@DKet al.,

2009 andXenopusSAHH (Radomski et al., 1999

Nuclear localization of ADK and SAHH was examined using fusions to two GFPs to
verify if they entered the nucleus by simple diffusion that occurs when a protein is below
the 70 kDa exclusion limit of the nuclear pof@'Angelo et al., 2000 The green

fluorescent signals of both ADK2XGFP (92 kDa) and the SAHFAXGFP (107 kDa for
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monomer) were clearly elocalized with RFP signals of NLS control, indicatitizat
both SAHH and ADK are targeted to the nucleusibgctivelocalization proces@-igure

4),

The ADK and SAHH double GFP fusion proteins a#gmpeared to beccasionally
associated with the chloroplast, although the fluorescent signals in chloraptastsot
as strong as those observed in the nucleus and cytoplasm (Figure 10 and 11). The signals
were often detected near/on the surface of chloroplasts or near tharfikelstructure
of chloroplass (nucleoid) (Figure 1412). These chloroplast lo¢zdtion results are
consistent with those obtained usingmunogold labeling and GUS fusioas well asn

vitro import assay$¢Schoor, 200y,

In addition, the earlier work from the Moffatt laboratory usimgmunogold labeling
demonstrated that SAH hydrolasey alsobe capable of localizing to the mitochondrion,
although the goldoarticles indicating the localization were not very abundant in the
organele (Schoor, 200y However, no evidence for mitochondrial localization was found

in the current study using fluorescently tagged SAHH.

Taken together wiit the results of this study, | conclude that both methyl recycling
enzymes reside in the cytoplasm and nucleus, and have a transient association with

plastids
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4.3. How are methyl-recycling enzymes localizing to multiple

compartments?

The next question addseed was how both enzymes are localizing to multiple
compartments. While most plant proteins reside in a single subcellular compartment, a
number of proteins are | ocated in more than
function (Mackenzie, 200b For example, while 2,063 of the 2,446 Arabidopsis proteins
are found m a single location based on mass spectrontrived location datasets,
many reside in multiple compartments: more than 300 in two locations, more than 50 in
three locations, 17 in four locations, and 1 in five different locations are claimed

(Heazlewood et al., 2005

The most common scenario for the multiple localization of proteins is dual targeting to
either the nucleus and chloroplagéchwacke et al., 2007 the peroxisome and
chloroplast(Reumann et al., 200,7the endoplasmic reticutu and chloropladi_evitan et
al., 2005, or the mitochondrion and chloropla&arrie et al., 2009 However, it is
unclear whether these dual targeted proteins have the same function in both organelles or
a distinct function in each locatidiMackenzie, 200pb In addition,the dual localization
of isoproteingor isoenzymedpor proteins with the same activity but different amawd
sequencegs derived from two translation products is often missed by the protein
localization analyses due to a highly uneven distribution of isoproteins between
subcellular compartmentRegevRudzki and Pines, 20D7For example, one of the
isoproteins that exists relatively abundantly in one location may conceal the discovery of
the other isoprotein existing in the other location with its relatil@ly amount. In this

manner the subcellular localization and functions of one isoprotein may be eclipsed by
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those of the otherThis phenomenon ignown as anbec | i psed (Regest ri butii

Rudzki and Pines, 207

Almost 50 proteins from seven different plant species have been experimentally
demonstrated to be dutrgeted to both plastids and mitochond@arrie et al., 2000
Although the mechanism of dual targeting to the mitochondrion and chloroplast of plant
proteins is not clearly understogebt, it is thought to occur by two different routes
referred to as dual targeting signals (ambiguous presequences) and alternative
transcription initiation or splicing (twin presequencéédgev and Pines, 20).0Based
on the similarity in the mitochondrion and chloroplast, the dual targeting signals are
recognized by both organelles through the specific interaction véttitferent receptors,
Tim/Tom complexes of mitochondria and the Tic/Toc complexes of chloroplasts, which
are located at the inner or outer membrane of each org&@alige et al., 2009 On the
other hand, distinct protein products may arise from one gene, initiating from different
transcription or translation initiation sites, or produced by alternative exon splicing
(Millar et al., 2009. For instance, oam e | Ftayrpeo Ar abi dopsi s DNA
shows two distinct subcellular localization patterns upontwhe translation start sites
(Christensen et al.,, 20p50ne which uses the standard ATG for its translatias
targeted to chloroplasts, whereas a second form that initiates 21 nucleotitesanp is
duattargeted to mitochondria and chloroplasts. In the latter caseatigation initiates
at a CTG codon (coding for leucine) instead of at traditional ATG start codoimgdod

methionine)(Christensen et al., 2005

ProteinL-isoaspartate methyltransferase (PIMT) is an example of such a protein. This

enzyme which catalyzes the conversio wncoded_-isoaspartyl residues to-aspartate,
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iIs the product of both alternative transcriptional initiation and alternative splicing
(Dinkins et al.,, 2008 The different PIMTs are detected in distinct subcellular
compartments including the cytoplasm, emdembrane system, chloroplast, and

mitochondrion(Dinkins et al.,2008.

Neither of these mechanisms fully explains multiple localizations of both ADK and
SAHH, since neither enzyme contains targeting signal peptides, and alternative
transcriptional/translational initiation or alternative splicing has been foundn the
corresponding gene models. Both genes have multiple gene models: two for ADK1 and
four for SAHHL1, based on EST collectiofBAIR, 2010 (Figure 14) However, the effect
of these different gene models cannot be the explanation for the differential targeting
because each enzyme is dual targeted when expressed as a cDNA under the control of a
heterologous promoter. Instead, it is likely that the localization patterns of &K
SAHH rely on alternate pathways such as prepeatein interactions or trafficking
mediated by other proteins. These processes may act in response to the varying methyl

demands of plant cells
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Figure 14. Predicted gene models &DK1 and SAHH1 based on EST collections.

EST clusters for each gene are shown in green. The predicted gene models derived
from each EST cluster is shown at the top with the boxes representing the exons. UTR
regions are shown in grasxDK1 gene models have eleven or tweekxonsSAHH1lgene
models have two or three exons. AT3G09820.1 and AT4G13940.1 sequences are used in

this study for ADK1 and SAHH1, respectively. Image is modified from TAIR

(http://www.arabidopsis.oj)g
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4.4. Insertion region of SAHH1 may control its subcellular

targeting

The lack of known targeting signafs SAHH led to a search for residues important for
its subcellular localization. The results of the deletion analysis demonstrated that 41
amino acids(Gly**%Lys*®® are crucial for SAHH nuclear targeting, since no green
fluorescent signal was detectad the nucleus of both tobacco and Arabidopsis plants
expr essi ng-EGERA tdibh ¢Figire 6 and 8yWhen the IR was fused to a
heterologous protein (2xGFRhe greerfluorescence was seen almost everywhere in the
cell includingthe nucleus and the cytlasm(Figure 6E) This resultndicaesthat the IR
IS not an autonomous nuclear localization sigoalthat the strong 35S promoter

overwhelmed the system

The alignment of known SAHH sequences revealed that the IR is only present in plant
and parasiticprotozoan SAHHs of eukaryotes, as well as those o$tmrokaryotes
including cyanobacteria and proteobactefidgure 7). This suggests that the IR may
contain information to link SAHH localizatiorgavity with the photosynthetienergetic
capacity ofplastids and mitochondrjassinceboth prokaryotic origin organelles entered
the eukaryotic lineage through endosymbidq€§isuld et al., 2008ReyesPrieto et al.,
2007). A SAHH from S. cerevisia which lacks the IR was introduced into Arabidopsis
and tobacco plants with a-Nr Cterminal EGFP tag to test this hypothesis. The N
terminal fusions consistently resided only in the cytosol whereas -teentihal fusion
localized to both the nucleusdnytoplasm (Figure 8W). The nuclear localization of-C
terminal fusion of yeast SAHHnight be generated by the mislocalizatidne toits

protein foldingor diffusion issue as discussedrlier Neverthelessassuming the N
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terminally tagged yeast SAHR hormally folded, its cytosolic localization is consistent

with a requirement for an IR sequence for nuclear targeting.

Mutational analysis of residues within the IR also supported the hypothesis that this
small region has a key role for the nuclear lizeéion of SAHH (Figure 9 and 12). For
this, three parts (both ends and the middle) of IR were deleted or substituted. Deletion of
the first 28 res-l7de@BEP)fort htehd Rt € rghiRL&I0 1 3
190-EGFP) eliminated or greatlsedued the nuclear targeting of SAHH, respectively.
Substitution of three residues from the middle of IR (PDI® and TST°"**° to three
alanines) did not affect targeting to nuclei in Arabidopsis plants (Figure 9). Taken
together these results indicatettbath ends of the IR contribute to nuclear targeting of
SAHH, with the Nterminal part being the more essential of the two; neither set of point

mutations make a detectable differencéhe dual targeting of SAHH.

Interestingly, both tobacco plants andaBidopsis protoplasts transiently expressing
the PDP164AAAEGFP displayed punctate patterns of fluorescence. These signals were
regularly arranged surrounding epidermal cell layer of tobacco leaves (Figure 9F) and
randomly arranged around protoplasts (fFeg 9K). Furthermore GFP signals in the
cytoplasm and chloroplast were barely detectable in protoplasts (Figure TR2&).
punctate signals were also (but not always) detected in several protoplasts expressing

S A HH1dGHR (Figure 9M) andST167AAA-EGFP (data not shown).

While understanding the basis of these bodies will require more study, the punctate
signals may represt different localizations of SAHH in other organelles such as

mitochondria, Golgi or peroxisomes. This suggestion is based on the similarity of the
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patterns to those observed from previous studies for a SAM transporter (SGHMR)LN
mitochondria (Palmieri et al., 2006 a dynamidike protein (ADL6GFP) and a
manganese (AtMTPIEYFP) in Golgi(Jin et al., 2001 Peiter et al., 2007 and a
iIsopentenyl diphosphate isomerase (IPI1:st#P) in peroxisomegSapirMir et al.,

2009.

Alternatively, the punctate pattern of these GFP fusion proteins msg fom
aggregates of PDP164AABGFP that fail to localize normally. A similar pattern was
observed in a study of the ankyrin repeat protein (AKR2wiated import of
chloroplast outer envelope membrane (OEM) proteins in Arabidfpaks et al., 2008
The authors demonstrated that AKR2A, which localizes to chloroplasts, interacts with the
chloroplast OEM protein OEP7, and this interaction facilitates the targeting of @EP7 t
chloroplasts. However, without this interaction OEP7 was not targeted to chloroplasts but
aggregated around chloroplasts, resulting in a punctate staining [{Bteret al., 2008

Lee et al., 2001

4.5. Protein interactions via its IR may direct SAHH to the

destination

All the results described in this thesis demonstrate that tHeojrof SAHH has an
essential rolei n SAHHOG s subcel l ul ar | ocalSAHHat i on
structural studies show that the IR appears to be locatdte surface of the substrate
binding domain of each monomerith no contact with other subunifReddy et al., 2008

Tanaka et al., 2004So,the IR is separated from the main body of the tetramer and could
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be accessible as a bindingitepe. Thus, although the IR does not act as a nuclear
localization signal (NLS) itself, it may serve as an interaction domain for proteins that
have a NLS. The most likely candidate for this would be a methyltransferase specifically
targeted to the nuclsusuch as the mRNA cap methyltransferase (CMT), which mediated
the translocation oKenopusSAHH from the cytoplasm to the nucleus by a protein
protein interaction between the twBadomski et al., 2002 Furthermore, the specific
residues in the middle of IR (PBEF' and TST°"'®® may also contribute to

interactions directing SAHH subcelluar targeting, particularly to chloroplasts.

Small residues withirhe IRloop are predicted to be functionally significant by online

bioinformatic tools such as the ELM servbttp://elm.eu.ord/and the DILIMOT server

(http://dilimot.embl.de). In particularly, several regions are predicted as linear motifs

based on the sequence similarities and patterns. Linear motifs are the short sequence
patterns that play an important role in controlling highly dynamic prgietein
interactions or multiplgrotein complex formation@iella et al., 2008 The short linear
motifs (3-8 residues) that are usually exposed to potential binding partners allow proteins
to interact with a similarly short region oretbther proteingDiella et al., 2008Fuxreiter

et al.,, 200}. They include various functional domains limting posttranslational
modifications, targeting signals, cleavage sites and protein interaction m{digks et

al.,, 2008 Neduva et al.,, 2005 Based on the results for IR sequence, the segment
VKAE ¥ is predicted as a potential sumoylation site that is recognized by small
ubiquitin-like modifier 1 (SUMQL1) for posttranslational modification. The suylation,
whichis similar to ubiquitination, plays a crucial role in several cellular processes such as

transcriptional regulation, intracellular trafficking, and nuclear organization. All these
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processes depend upon the action of sumoylation: alterotgimpractivities, changing
subcellular localizations, or providing a platform for protpiotein interactiongGeiss
Friedlander and Melchior, 20p7n addition, the segment EKTGQVPDPTSTHR ™ is
predicted to be phosphopeptide binding domains. Within this segment, bothaber

Thr'®® residues are potential phosphorylation sitdstp(//www.cbs.dtu.dk/services/

NetPhos), and the thee residues, PtS-Asp™®>Prd®® arepredicted as PxP motif that is
important for protein channel gating and protein interacflaabro et al., 2008 This
double proline residue is recognized by proteins that contain Src homology 3 (SH3)
domain, WW domain, or 138-3 domain for proteiprotein interactions in a
phosphorylatiordependent manngDiella et al., 2008Neduva et al., 2005/erdecia et

a., 2000. These results lead to the hypothesis that SAHH localizes to the nucleus and
possibly plastids by a specific protein interaction via itdd&o region Moreover, this
interaction may be affected by the serine/threonine phosphorylation altmngx# motif

and as well as by the sumoylation.
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CHAPTER 2: LOCATION OF METHYL RECYCLING ENZYMES IS

MEDIATED BY SPECIFIC PROTEIN INTERACTIONS

1. Introduction

Methylation is a key process in plant development and metabolism. A number of
compounds, includingegondary metabolites, cell wall components, and plant hormones,
function upon the addition of a methyl group in response to various environrsiamial
(Weretilnyk et al., 2000 The major methyl donor for these reaction$S@denosyL -
methionine (SAM) and these SANEependent transmethylatioeactions occur in all
cellular compartments of plant cells to maintain plant growth and develogRwuiton,
1981). As a byproduct of these methyltraferase (MT; EC 2.1.1) activitieS;adenosy
L-homocysteine (SAH) is generated after each transfer of the methyl group from SAM to
an acceptor molecul@aulton, 198). However, SAH acts as a competitive inhibitor of
MTs due to its similar structure to SA&hd itshigher binding affinityfor MTs than for
SAM. Thus, SAH must be actively removed to prevent its continuous accumulation in the

cell (Poulton and Butt, 1935

In eukaryotes, only one enzym®&adenosyl -homocysteinéhydrolase (SAHH, EC
3.3.1.1), is capablef removing the byproduct SAH by hydrolyzing it to homocysteine
(Hcy) and adenosine (Ado)De La Haba and Cantoni, 195%However, since the
hydrolysis reaction is reversible and the equilibrium lies far in the direction of SAH
synthesisboth Hcy and Ado must also be metabolized to direct the reaction toward SAH

degradatior{De La Haba and Cantoni, 199%oulton, 198). Ado can be metabolized by
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three different enzymes: adenosine nucleosiqgse 3.2.2.9; into adenine), adenosine
deaminase (EC 3.5.4.4; into inosine) and adenosine kinase (ADK; EC 2.7.1.20; into
AMP). Among these, ADK activity has been characterized as the major route for Ado
salvage in plants, while the other t@nzymesare mnor or not found in plants, based on
their transcript abundance and kinetic activiti&ngel, 2009 Moffatt et al., 2002
Moffatt and Weretilnyk, 2001 Thus, the two enzymes SAHH and ADK are both

essential to sustain SAlependent methylatiaactivities in plants.

Both enzymes have been widely studied inagydéitic organisms such as mammalian
and plant cells. Their critical roles in mammal development are evidenced by the
embryonic lethality in micesither bylacking SAHH activity(Miller et al., 1994 or by
ADK deficiency(Boison et al., 2002 In plants, several mutants created by the deficiency
of either SAHH or ADK havéeen characterized from various species. Tobacco plants
expressing alsAHH antisense transgene exhibit abnormal development of floral organs
with stunting of growth and delayed senescgfi@naka et al., 1997Point mutations in
the ArabidopsiSAHH1(HOGJ1) gene have developmental abmalities including slow
growth, low fertility and poor germination, while a complete knockoutiOiG1 results
in zygotic lethality(Rocha et al., 2(). AntisenseSAHH gene expression in petunia
causes delayed flowering, increased leaf size and higher seedGuelde et al., 2008
ArabidopsisSAHH mutantplants created by a-DNA insertion in SAHH1genehave
defects in roehair development along with the other phenotypes observeagibplants
(Wu et al., 200 The only reported ADKdeficient plants (SADK) were created by
transgene silencing and display developmentally abnormal phenotypes in leaf, shoot, and

floral organs of Arabidopsi@vioffatt et al., 2002
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Proteinprotein interactions are essential in regulating most cellular processes. A large
number of proteins are known to interact with other proteins to accommodate and
regulate the diversity of biological functis(Morsy et al., 2008 For example, the yeast
protein interactome is estimated to comprise 1628000 different interaction pairs
from 6,300 different yeast proteii&rigoriev, 2003. Plant proteomes are estimatto
have 75,000L50,000 interaction pairs from approximately 30;4@0000 plant proteins
(Morsy et al., 2008 In Arabidopsis, a total of 19,979 predicted interactions among 3,617
proteins were recently document@@eislerLee et al., 200/ Subsequentlytwo other
studies predicted 28,06@Cui et al.,, 2008 and 224,206(Lin et al., 2009 protein
interaction pairs among Arabidopsisotgins. More recently, three protginotein
interaction  databases, IntAct  (http://www.ebi.ac.uk/intacy/f TAIR  (http://
www.Arabidopsis.org/ and BioGRID fttp://www.thebiogrid.org/ compile all the
experimentally validated Arabidopsis protein interactions reported in the literature. This
data set reveals that a total of 4,660 interactions among 2,303 proteins have been
experimentally verified in Arabmpsis to date(He et al.,, 2010 Studying these
interactions can provide valuable insights into various mechanisms underlying protein

functions and useful infanation of functional linkage between interacting proteins.

The subcellular localization data describe€hmapter lof this thesislemonstrates that
both ADK and SAHH are localized in the cytoplasm and the nucleus of Arabidopsis leaf
cells, and possibly thchloroplast as well, even though no known targeting signals are
detected in either protein. Thus, | hypothesized that the multiple localizations of these
enzymes may be mediated by a specific protein interaction with other proteins. This

interactionmedated translocation is suggested dny earlier study oXenopusSAHH
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(XxSAHH), which showed that xXSAHH moves from the cytoplasm to the nucleus through
an interaction with mRNA (guaning) methyltransferase (xCMT{Radomski et al.,
2002. Further immunohistological localization studies demonstrated that-teenthal

55 amino acids of xXSAHH are sufficient for binding to xClYRadomski et al., 2002
However, the deletion analysis of Arabidopsis SAHH documentedChapter 1
demonstrates that the insertion region (IR;®H.ys'), located in the middle of the
protein,is required for nuclear localization of Arabidopsis SAHH. Moreover, the study
using a green fluorescent protein (GE&jged IR polypeptide shows that the IR does not
act as a nuclear localization signal (NLS) itself. These findings led to the hypdtasis
SAHH is targeted to specific locations by a profeintein interaction via its IRQhapter

1).

Although SAHH is ahighly conserved enzyme in all organisi®&epkowski et al.,
2005, the presence of the IR is a clear distinction between mammalian and plant SAHHSs.
Due to the additional 485 residues of IR iplant SAHHs (4iresidues in Arabidopsis
SAHH) their molecular weights ar&3-57 kDa, as compared to the ~48 kDa in
mammalian SAHHs. The IR present in plants anghrasitic protozoa of eukaryotes, and
many prokaryotes including photosynthetic bact¢8tepkowski et al., 2005 Crystal
structurs of SAHHs show hat the IRdoes not affect the formation of the SAHH
tetramer since it is lies on the outside of the monomer polypefRieliedy et al., 2008
Tanaka et al., 2004Therefore, the surfaeexposed IR could be accessible as a binding

epitope, and thus may potentially provide interactions with other proteins.

The second part of the research outlined in this thesisé&s orthe mechanism of the

dynamic translocation of ADK and SAHH ioaintain the MT activities within plant cells
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This involved examining if the movement of these metkyglycling enzymes is mediated

by a specifiqrotein interaction.

2. Materials and Methods

2.1. Source of chemicals

Chemicals used in the research wedgtaired from SigmaAldrich, Bioshop, or
BioBasic, unless otherwise noted. Taq polymerases were either generated from Moffatt
lab (for colony PCR or IDNA screening purpose) or purchased fromamNEngland
Bi ol abs (Finnzymeods Phusi on DNA Pol ymer ase
enzymes and T4 DNA ligase were obtained from New England Biolabs or Fermentas. All

primers were synthesized by Sigiklrich.

2.2. Plant growth

Arabidopsis thaliangacces®n Columbia) seeds were plantetheron soil or agar
media Seeds were sterilized in a 1.5 mL microfuge tube containing approximately 0.1 ml
of seeds for growth on media. The tube was placed in a glass desiccator jar beside a 400
mL beaker containing TOmL of Javex (%% (v/v) sodium hypochlorite) and 3 mL of
concentrated HCI. The seeds were sterilized by chlorine gas for 1 hour. Sterilized seeds
were then sown onto a Petri plate containing 25 mL of half strength MS salt media
(Murashige and Skoog, 1962upplemented with B5 vitamins (2.5 mM MES, 30 g/L

sucrose, 8g/L agar, pH 55/8). The plates were then incubated fo¥724hours in the
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dark and transferred to a TC7 tissue culture chamber (Conviron2dvitlours light (150

+ 20 pmol rif s* PAR) at 20C.

A 50:50 soil mi xture of ASunshine LC1 Mixo
(SunGro) filled in two different sizes of po85 or 530cm? was used for growth on soil.
After applying seeds, these pgitaced in flats 1600cm?j were covered with plastic
domes and incubated in the dark at 4C for 72 hours, and transferred to a growth chamber
under long day conditions withé hours light (150 + 20 pmol frs* photcsynthetically
active radiation) at 22CPlants were watered and fertilized with 20:20:20 fertilizer
(PlantProd) until they reached full maturity. Watering was then stopped and allowed to

dry out and seeds were collected.

2.3. Stable transformation of Arabidopsis

Arabidopsis transformation was fenmed by the floral dip metho@lough and Bent,
1998. About 4weekold healthy Arabidopsis plants containing immature floral buds
were used for this methodAgrobacteriumtumefaciensGV3101 strain carrying the
transgenef interestwasinoculated angyrown overnight in 3 mL oLuria-Bertani (B)
media containing appropriate antibiotics at 28°C. This culture was then diluteftb|2i00
in 100 or 200 mL fresh LBnediasupplemented with the same antibiotexl incubated
for another 16 hoursThe culture was centrifuged at 5,500 rpm for 10 minutes,
resuspended in % sucrose and 0.0% Silwet L-77 (Lehle Seeds, Cat. No. VA&L) at an
ODgoo 0f 0.8, andplaced in &in foil baking dish (height 17 x, width 17, depth 5 cm). For

dipping, the floral part of plants were submerged in the prepared solution and gently
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agitated for 510 secondsAfter floral dipping, the plants wersovered with plastic dome

to maintain highhumidity and kept at room temperature away from direct sunlight for 24
hours. The plants were then transferred back to the growth chambers until sddd set.
seeds ofransformants carrying Bar resistance geneere sown and selected sail by
spraying40 mg/mL of theherbicideglufosinate ammonium (BASTAjWipeoud from
Wilson Lah) once a dayor 1-2 weekswhen the plants are about-ti&y-old with fully
expanded first leave3he successful T1 plants were transplanted into individual pots for

further esearch.

2.4. Transient expressions in tobacco plants and Arabidopsis

protoplasts

Transient expression tobacco Nicotiana benthamianaplantswas performed using
the agrainfiltration method (Voinnet et al., 2008 For this, A. tumefaciensstrains
carrying the transgene of interest were inoculated in 3 mL of LB media containing
appropriate antibiotics overnight at 28°C. This culture was dilutedfdldOn 6 mL fre$
LB media supplemented with 1M MES (pH5.6), 20uM acetosyringone, and
appropriate antibiotics, and incubated for another 16 hd\ftsr centrifugation, the
pellets were resuspended at anggDf 1.0 in10 mM Mgd,, 10 mM MES, 15QuM
acetosyringoneand mixed with equal volumes of a culture of P19 str&iDéyo of 1.0).
The mixtures wer&ept at room temperature for aBhours and then infiltrated onto the
underside of 6 weeks oldobaccoleaves with a gentle pressure. The infiltraptaints

werecovered with plastic and kept at room temperature for 24 hours, and then transferred
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back to the growth chamber&luorescent signals were monitored5d8ays after

infiltration under aconfocal laser scanning microscopy

Transient expression irabidopsis protoplasts was carried out using the PEG
mediated transfection methd®heen, 1996 Protoplasts were isolated from43weeks
old Arabidopsis leaves grown onhalf strength MS salt medigontaining plate Leaf
samples were collected usingaaor bladein a 50 ml tube containing% (w/v) cellulase
R-10 (Yakult Honsha, Japan), 0.25% (wfaacerozyme RLO (Calbiochem, Germany),
20 mM MES, 0.1% (w/v) BSA, 400 mivhannitol, 10 mM CaClJ, 20 mM KCI, and KOH
(pH 5.6). After 3 hours indaation at 22°C in darkness, the sample was filtered through a
100 em nylon mesh and transferred to a new
centrifugation at 98 x g for 10 minutes kemove the nonviable protoplasts and cellular
debris,intactprotodastsfloating on the upper layavere carefullywashed twice with W5
solution 54 mM NacCl, 125 mM Cagl5 mM KCI, 5 mMglucose, 1.5 mM MES, KOH,
pH 5.6). The pellets wemesuspended iA00 mMmannitol, 15 mM MgCJ, 5 mM MES,
KOH (pH 5.6)at a final cowentration of 4x 10° protoplasts/mLFor ransfection, 100
uL of protoplasts (2 x 19 were gently mixed witi0 pL of plasmid DNA (20ug) and
incubated with 11QuL of PEG solution (40% w/v PEG, 400 miWannitol, 100 mM
CaClb) at room temperature for 30 mites. The sample was washed twice with W5
solution, resuspended in 1 mL of W5 solution, and incubated in the dark or light
condition for 24 hoursFluorescent signals were then monitored undeor#ocal laser

scanning microscopy.
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2.5. Subcellular localization of CMT and ASDH

The coding sequence GMT genewasisolated fromwild-type ArabidopsiscDNA.
For this, the full-length coding sequence for CMT (At3g20650) was amplified using a
primer set (CMTF Ncoand CMT-R Bam Table ). The PCR product wsthencloned
into the Ncd and BanHlI sites ofthe pPSAT6G-EGFRNL1 vector(Tzfira et al., 2005 to
generate the 35S:CMEGFP fusionvector To construcpSAT6EGFRCMT, the CMT1
gene was amplified using a primer s&MT-F Hin and CMT-R Bam Table ) and
clond into theHindlll andBanHI sites ofthe pSAT6G-EGFRC1 vector(Appendix | for

the pSAT vector system)

To investigatethe nuclearlocalizationsignal (NLS) sequencaf CMT, several EGFP
or DsRed2 fusion constructs were generated by R@Rlificatiors using specific
primers for different regions of CMTlo create a construct pSATGMTNLS-DsRed2,
the predicted NLS sequencRKRGESDGARRSGRIRwasPCR amplified using &ng
forward primer (CMTNLS-F; Table J) that contains nucleotide sequences responsible for
the NLS sequencand a reverse priméDsRed2RNco; Table 1) thatis specific for the
DsRed2.The amplified fragment ascloned into theéNcd site of the pSATEDsRed2N1

vedor.

For the construct pSATEMTHNLS-EGFR, the first 1,032 bp of CMT coding
sequence was PCR amplified using a primer GMT-F NcoandCMT342R; Table )
andcloned into theNcd andEcadRl sites of the pPSAT6EGFRN1 vector which resulted
in the vectorpSAT6CMT(1-344)EGFP. Using grimer set CMT345F and CMTFR

Bam Table ), thelast 84 bp ofCMT coding sequence was PCR amplified and cloned
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into theEcaR site ofthe pSAT6-CMT(1-344)EGFPR Since the two primer€MT342-R
andCMT345F (Table ) contaired nucleotide mutations tsubstitutethe predicted NLS
sequencéRKRGESDGARRSGRIRwith analternatesequencéSNSGEFYVPPTTVPR

these twestepcloning allowed the creation tie pSAT6-:CMTgINLS-EGFPvector.

For both construcs pSAT6NCMT-EGFP and pSAT6cCMT-EGFP, the vector
pSAT6-CMT-EGFPwas digested witleither Ncd/Pst or Pst/BanHl, which produces
N-terminal CMT (177 aa) or @erminal CMT (202 aa) fragment, respectively. Each
DNA fragment was then ligated witthe pSAT6EGFRN1 vector cut withNcd/Pst or

Pst/BanHl.

The coding sequence for ASDH (Atlg14810) was amplified using a primer set
(ASDH-F Xho.Nco and ASDFR Xma. The PCR product s then cloned intothe
Ncd/Xmd sites of pPSAT6EGFRN1 vectorto generate th85:ASDHEGFPvector To
test the ASDH native promoterthe 1.2kb upstream region of thASDH gene was
amplified from wildtype Arabidopsis genomic DNA using a primer set (ASEFHAge
and ASDHpR Ncg Table ). The PCR prodtt was thercloned intothe Agd/Ncd sites
of the pSAT6ASDH-EGFPvectorto substitute th&5S promotexvith the ASDHnative

promoter which resulted in thpSAT6- ASDHp:ASDH-EGFP.

For control vectors forthe nucleaand plastid localizatignDsRed2 fusias with the
NLS sequence ddimian virus 40 (SV40) large T antigepAT4-SV40NLSDsRed2 or
with the Arabidopsissmall subunit ofRubisco complex (RbGSAT4-RbcSDsRed?

were used, respectively (Chapter 1).
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The expression cassetteadf pPSAT6and pSAR vectorswastransferred into RPPsg
or I-Sce unique recognition site of the pPZRRCS2 binary vector for plant
transformationTo identify their subcellular localization, EGF? DsRedZusions were
transiently expressed in Arabidopsis protoplaststabdcco plantspr stably transformed
into Arabidopsis plantsExpression of the fusion proteins was visualizedcbgfocal
laser scanning microscopy (Carl Zeiss LSM 510; Jena, Germaihyglifferent filer sets:
GFP (excitation 488 nm, emission 505/530)nMRFP (excitation543 nm, emission

560/615 nm)chlorophyll autofluorescence (excitatid&8 nm, emission 650 nm)

2.6. Bimolecular fluorescence complementation (BiFC)

The pSATFBIFC vector systenfCitovsky et al. 200§ was used to visualize protein
protein interactions in living cells. To do this, the target interacting proteins were cloned
into either Nterminal (YN, amino acidsill74) or Gterminal (YC, amino acids 17338)
fragments of the enhanced yellowdtescent protein (EYFP). F&DK1-YN, a coding
sequence for ADKWwas transferred fropSAT6-ADK1-EGFP (Chapter 1) to pSAT4
YN-N1 vector usingNcd and Xmd sites. For SAHH1-YC, the 1.4Kb Agd/Not
fragment ofthe pSAT1-YC-N1 was replaced witthe 1.9-Kb Agd/Not fragment ofthe
PSATG-EGFRNL1 vector to creatéhe pSAT6YC-N1. The coding sequence for SAHH1
was transferred frorthe pSAT6-SAHH1-EGFP(Chapter 1) to the pSAT8C-N1 vector
using Ncd and Xmd sites. For YC-SAHHL1, the 1.4 Kb Agd/Notl fragment & the
pSAT1-YC-C1 was replaced witthe 1.9 Kb Agd/Notl fragment ofthe pSAT6G-EGFR

N1 vector to creatthe pSAT6-YC-C1. The coding sequence for SAHHA&as transferred
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from pSAT6EGFRSAHH1 (Chapter 1) to the pSAT8C-C1 vector using &pnl site.
For SAHH1-YN, the coding sequence for SAHHWas transferred fronthe pSAT6
SAHHI1-EGFP (Chapter 1) to pSATAN-N1 vector usingNcd and BanH| sites. For
SAHH1( g 1-B0)YC, theSAHHL( o 1-B0) DNA fragment cut witiNcd/Xma from
the pSAT6S A HH ( g19@GEGFP (Chapter 1) was clonedto the pSATEYC-N1
vector.For atCMT fusion constructsthe coding sequence fatCMT was digested with
Ncd and BanHI from the aCMT-EGFP vector, and inserted intbe pSAT4YN-N1
vector andthe pSAT6-YC-N1 vector to creat¢he pSAT4atCMT-YN and the pSAT6
atCMT-YC, respectively. For plant transformation, the expression cassettariolis
combinations of YN/YC fusion constructs swelonedinto the pPZRRCS2 binary vector
using PiPsd and FScé unique recognition sites for YN fusions and YC fusions,
respectively. Their y@ressions were monitored lmpnfocallaser scanning microscopy

with a filer set (excitation 514 nm, emissior0O&&00 nm).

2.7. Strep tag purification

To identify protein complexes, Strepll affinity purifications were performed using a
pXCSHAStrep vector carrying the eigamino acid Strepll epitope (WSHPQFEK) in
plant cells(Witte et al., 2001 ForconstructpXCS-ADK1-Strep,the coding sequence for
ADK1 was amplified fromthe pSAT6ADK1-EGFP (Chapter 1) using a primer set
(ADK1-F Xhoand ADK1cRSma Table 1), andcloned intothe Xhd and Xmd sites of
the pXCS-HAStrepvector For pXCSSAHH1-Strep, thel.4Kb SAHH1gene fragment

cut with Pst/Xmd from the pSAT6-YC-SAHH1 was cloned intdhe pXCSHAStrep
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vector For pXCSS A HH 1 ( -49D)5tep, theSAHHL( o 1-B0) DNA fragment cut
with Ncd/Xmd from the pSAT6S A HH ( gl9®-YC was clonedinto the pXCS
SAHH1-Strep vector. For ASDHStrep, the coding sequence for ASDH was amplified
from wild-type Arabidopsis cDNA using a primer setASDH-F Xho.Ncoand ASDH-R
Xma;, Table 1), andclonal into the Xhd and Xmd sites of thepXCS-HAStrep vector.
These Strep fusion vectors were then introduced infa tumefaciens strain
GV3101::pMP90RK for stable transformation of Arabidopsis plants. At least, twenty of
T1 transgenic plants per each linerevscreenetly sprayingBASTA, and the expression
of Strep fusion proteins in each T1 lines were confirmed by immunoblotting. For
purification, 700 mg of leave tissues frorw@ek old T2 plants were homogenized in 1
mL of extraction buffef(100 mM Tris pH8.0, 5 mM EDTA pH 8.0, 200 mM NaCl, 10
mM DTT, 0.5% (v/v) Triton X100, 10% (v/v)glycerol, 1mM phenylmethylsulfonyl
fluoride (PMSF),protease inhibitor cocktail (RocHe)and centrifuged at 20,000gxfor

15 minutes at 4°C. The supernatant was then feearesl to a new microfuge tube, and
incubated with 40 puL StrepTactin Macroprep (50% suspension; Novagen) in-amesnd
end rotation wheel for 15 minutas 4°C to allow the binding dbtrep fusion proteins and
StrepTactin beads. After centrifugation aD#0g for 30 seconds at 4°C, the beads were
washed five times with 0.8 maf wash buffer (100 mM Tris pi8.0, 0.5 mM EDTA pH
8.0, 200 mM NaCl, 2 mM DTT, 0.5% (v/v) Triton-X00, 10% (v/v)glycerol, 1mM
PMSF, protease inhibitor cocktail). Washed beads wben resuspended in one volume
of 2 x SDS sample buff§60 mM TrisHCI, pH 6.8, 25% (v/v) lycerol, 2% (w/v) SDS,

0.1% (w/v) bromophenol blue, 5% (v/fymercaptoethanpland boiled for 6 minutet
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release bound proteins. The liquid phase containing the detached proteins was used for

SDSPAGE gel.

2.8. Protein identification by Mass spectrometry

Protein bands obtained fronstrepll affinity purificationswere excised fromSDS
PAGE gelsstained overnight witlColloidal Coomassie brilliant blue -@50. The gel
pieces were washedith water anddestainedwvith 50 mM NHHCO3/50% acetonitrile
(ACN). Proteins were reduced by incubation with 10 @WIT in 200 mM NHHCO; at
50°C for 30 minutes alkylated by incubation with 55 mM iodoacetamide in 100 mM
NH4HCO; for 30 mirutes, anddehydrated with 1009ACN. After beingair-dried the
proteins wergehydratedanddigested at 37°@vernightwith a trypsin solutiofPromega
and50e L of 5 QHCOsipH BLB} The peptides were extracted by vortexing and
then concentrated t o 1IIbBe trgptic péptidesaveres deaned t Spe
using the E18 ZipTip system (Milliporgand eluted with 5L of 50%ACN. The protein
sample were either sent to thBroteomics and Mass Spectrometry Celialhousie
University) for Liquid ChromatograpmMass Spectrometry (LC/MS/MSanalysis or
analyzed using a Waters Micromass QTOF Ultima global mass spectrometer (Department
of Chemistry, Uniersity of Waterloo)with nanospray injectioms the sample delivery
method.Proteins were identified using PEAKS software 3.1 (Bioinformatics Solutions

Inc., Waterloo, ON]Ma et al., 200Bagainst sequences in the Swiist database.
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2.9. Yeast two-hybrid assay

Yeast twehybrid analysis was performed by using the DY1 yeast strain harboring the
lacZ reporter plasmid pSH184, the bait plasmid pE@02, and the prey plasmid pJ®&4
as described previouslgvarrin et al., 200h To construct bait and prey vecs for
SAHH1, the coding sequence for SAHH1 was amplified frdme pSAT6-SAHH1-EGFP
using a primer set (SAHIHF Bam and SAHHI1sR Table ) or a primer set
(SAHH1cDNcF andSAHH1sR Table ). The BanrHI/Ncd PCR fragment was cloned
into the pEG-202 vector, andthe Ncd PCR fragment was cloned intioe pJG46 vector.
For ADK1 prey constructthe coding sequence for ADK1 was amplifidcom the
pPSAT6-ADK1-EGFPusing a primer setAK1cDNcF and ADK-R Xho; Table ), and
clonedinto Ncd and Xhd sites ofthe pJG46 vector.For anADK1 bait constructthe
ADK1 coding sequence was amplififidom the pJGADK1 using a primer set (ADK
EcoandADK-R Xhg; Table 1), and ligated witithe pJGADK1 using anEcadRl site For
prey and bait constructs for CMihe coding sequencir CMT was amplifiedrom the
pPSAT6-CMT-EGFPusing a primer selQMT-F Ncoand CMTR Ecqg Table ) or using
a primer set (CMJF Eco andCMT-R Ecqg Table J), respectively. Each PCR products
were then cloned into thidcd and EcoRI sites ofthe pJG46 or the EcdRI site ofthe
pPEG-202 vector. For ASDH prey constructthe coding sequence for ASDH was
amplified from the pSAT6-ASDH-EGFP using a primer setASDH-F Xho.Nco and

ASDH-R Xhg; Table ), then clonednto Ncd andXhd sites ofthe pJG46 vector.

Along with positive interacting partner Dbf4 and Rad®arrin et al., 200§ various
combinations obait and prey vectors were transformed into the yeast straith, B¥ich
already contains the reporter vector pSEH48 usingthe DMSQenhanced LiAemethod
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(Hill et al., 199). For liquid culture assaysingle colonies of each transformants were
grown overnightin synthetic complete (SC) mediuf@mberg et al., 2005lacking
tryptophan, ureil, and histidine. The appropriate amount of cultures was then further
incubated at 30°C to reach 1X1€ells/mL.After centrifugation at 2,000 g for 5 minutes,

the pellet was washed once with sterile water and resuspengédnh of 2% galactose

1% rdfinose medium (BD Bioscience) lacking tryptophan, uracil, and histidine. The
resuspended cells were then incubated at 30°C for 6 hours for induction. Thén 5x10
cells was transferred to a microfuge tube, washed once with Z buffer (60 nPRa

40 mM N&H,PQ,, 10 mM KCI, 1mM MgSQ,, pH7.0), and resuspended in 0.5 mL Z
buffer contarmeirrciap2 ®.e& hmMo bg a lTahoet oaSaljdiavsiet y( bo
was assayed using-rétrophenyib-d-galactopyranoside (ONPG) as a substrate. The
reaction was stopped @adding 0.25 mL of 1 M N&£LGO; after development of a yellow

color, and reaction tubes were centrifuged at 14,000 rpm for 10 minutes. The optical
density (OD) of each supernatant was measured using a spectrophotometer at 420 nm.

T h eGabactivity was calcalted as below:

' AAAOE GO pitc v &
f SR A AGENAE 10A OT & 0BT AD §

) ‘m‘

2.10. Generation of antibodies

Both rabbit anHADK and anttSAHH antibodieswere previously generated from
Moffatt lab. Rabbit antCMT antibody was raised amst Histagged atCMT

recombinant protein expressed from pET30a+ (Novagen) in BL21 (codon+). Rabbit anti
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ASDH antibody was raised against ASDH recombinant protein expressed from pPAL7

(BioRad) in BL21 (DE3) pLysS. Each crude serum was obtained fafterbooster

injectionsgi ven to a white New Zeal and rabbit. Fi
mi xed with an equal vol ume of compl ete Fre
Il njection, foll owed by repeated three boos
withaneqgal vol ume of incomplete Freundds adjuva

was bled 3 weeks after the last injection. After centrifugation for 15 min at 1500 x g, each
crude serum was collected and used for immunoblotting at a 1:30{dii)i or 1:5,0®

(anttASDH) dilution.

2.11. Immunoprecipitation and other pull-down assays

For immunoprecipitation, 300 mg of leave tissues frowek old T2Arabidopsis
plants carrying GHPagged overexpression constructs were homogenized in 1.5 mL
extraction buffer (50 mMrris pH 7.5, 100 mM NaCl, 1 mM DTT, 0.2% (v/v) Triton-X
100, 1mM PMSF, protease inhibitor cocktail), and centrifuged at 20,009 for 10
minutes at 4°C. The supernatant was then transferred to a new microfuge tube, and
incubated with 25 pL protein-8epharose (50% suspension; Sigilrich) in an end
overend rotation wheel for 15 minutes at 4°C. After centrifugation at 7@dfor 30
seconds at 4°C, the prdeared supernatant was incubated with the appropriate antibody
for 3 hours at 4°C and furtherdnbated with 50 pL protein-8epharose for 2 hours at

4°C. The immunoprecipitates were washed five times with extraction buffer and
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resuspended in 25 pL of 2 x SDS sample buffer and boiled for 6 mioutelease bound

proteins. The liquid phase was usedSDSPAGE gel.

To create GST fusion constructthe coding sequence foimp or t {ImpU U
At3g06720) was PCR amplified from a cDNA prepared from ayjaoe Arabidopsis
plants using a primer set (ImypaEco and Impdr Xho, Table ). ThePCR producgwere
then cloned intothe EcoRI/Xhd site of the pGEX4T-1 (Amersham Pharmaciap
generate the GSImpU. For GSTCMT vector, CMT was amplified using a primer set
(CMT-F Bam CMTR Bam Table ) and insertedhto the BanH| site of the pGEX4T-1.

Both GST-ImpU and GST-CMT, along with a GST alone control, were expresseH.in

coli BL21 and purified with glutathion8epharose 4B beads (Amersham Pharmacia). To
do this,E. colistrains were grown at 37°C to an @pof 0.5 0.7. The expression of GST
fusion proteins wasduced by adding 0.2 mM isopropylio-b-galactoside (IPTG) for 6
hours at 30°C. After centrifugation at 3,50@%or 15 minutes at 4°C, the cell pellet was
resuspended in ieeold PBS buffer containing 1% (v/v) Triton-¥X00 and protease
inhibitor cocktail, and disrupted by four cycles of s@tion with 10 seconds bursts and
30 seconds resting on ice. The GST fusion proteins were purified using a glutathione

Sepharosaffinity column by gravity flow

For the GST pull-down assay, leave tissues fronwBek old wildtype Arabidopsis
plants werehomogenized in erhction buffer (50 mM Tris pH.0, 150 mM NacCl, 0.5%
(v/v) Triton X-100, 0.2% (v/v)glycerol, 1 mM PMSF,protease inhibitor cocktail), and
centrifuged at 10,000 g for 10 minutes at 4°C. The supernatant was incubated with 20
OL GST AMaesg beads (50% suspension; Novagen) in aroesrknd rotation

wheel for 15 minutes at 4°C to podear the supernatant. Three pg of purified GST fusion
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proteins were incubated with 1 mg of the-pleared total crude plant protein extracts for
2hoursat 4AC, and then further incubated for
The beads were recovered by placing the tube in a magnetic stand (Dyanl Biotech) for 30
seconds and washed five times with wash buffer (50 mM Tri8.pH150 mM NacCl, 0.5%

(v/v) Triton X-100, 1 mM PMSF, protease inhibitor cocktail). The beads were
resuspended in 15 pL of 2 x SDS sample buffer and boiled for 6 mioutelease bound

proteins, and the liquid phase was used for FBSE.

His-tag pultdown assay were performedusing His-tagged recombinant protain
prepared fromE. coli BL21 cells and plant crude extradtem wild-type Arabidopsis
plant leavesThe proteins bound tHis-tagged recombinant protasiwere precipitated by
HisA M aagiarosebeads(50% suspensigrNovagen) The same buffers and conditions

wereused as in th&ST pull-down assay

2.12. SDS-PAGE and Western blotting

Protein samples were preparedhmmogenizingplant leave tissueis three volumes
of extraction buffer to the tissue (50 mM Tris pH 7.5, 1 mM BD8 mM MgChk, 1%
(v/v) b-mercaptoethanpll mM PMSF;unless otherwise statedsing an icechilled glass
homogenizer. After centrifugation at 10,00@or 10 minutes at 4°C, the supernatant
containing a total crude plant protein extracts was transferradnew microfuge tube
and protein concentrations were quantified by Bradford a&aylford, 197%. Prepaed
protein samples were boiled in SDS sample buffer for 5 minutes and then subjected to

SDSPAGE analyses. An SBDBAGE gel (1 mm or 1.5 mm (T) x 8 cm (W) x 7.3 cm (H))
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was prepared with a 10% or 12.5% separating gelaab8o stacking gel according to
stardard methodgLaemmli, 1970 using the miniprotein 3 system (Bi®ad). Protein
samples were applied to each lane of the gel along with a prestained or an unstain protein
marker (Fermentas, Canada), and the gels were runiad@0/ in a running buffer

containing 0.1% (w/v) SDS, 25 mWis base, pH 8.3, and 192 ng#ccine.

For Western blotting, fer electrophoresis thgel was presquilibrated twice for 15
minutes in aransfer buffer containing 48 mM Tris, 0.0375% (w/v) SDS, 20% (v/v)
methanol, and 38 mM glycine, antthe separated proteins were transferred onto
nitrocellulose membranes at 20 V for 45 minutes in a SEynielectroblotting device
(Bio-Rad).The membrane vgathen stained with Ponceau S (0.2 % (w/v) Ponceau S, 3 %
(w/v) trichloroacetic acid (TCA)) to confirm equal protein loading and subsequently
washed with PBS (1% (w/v) nonfatdry milk powder, 0.3% (v/v) Tween 20 in PBS).
The membrane was then blockedhwit1% (w/v) polyvinyl alcohol (PVA) in PBS for 30
seconds andhcubated with therimary antibody diluted in PBS for overnight at 2C.

After three times ofwash with PBST, the membrane was incubated with an alkaline
phosphataseonjugated secondary #@mdy (anttmouse IgG or ardiabbit 1gG; Sigma
Aldrich) for 1 hour at room temperature. Aftdmwee times ofwvashing with PBST, the
chemifluorescent detection was performed using enhancedifti@escence (ECF)
substrate and the image acquired using Tlyphoon 9400 laser scanning system

(Amersham Bioscience).

For yeast proteins, cell peléetvere collected by centrifugation at 2,000 g«for 5
minutes, and disrupted by using a bead beater with 0.5 mm glass bigatl2Q seconds

bursts and 30 secondsstieag on ice;BioSpec Products) in a lysis buffer containing 10
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mM Tris (pH 8.0), 1 mM EDTA, 1% (v/v) Triton 200, 140 mM NaCl, angrotease
inhibitor cocktail. After centrifugation &at0,000 xg for 30 seconds, the supernatant was
used forWestern blottng. The expression of bait and prey proteins were detected using a
rabbit polyclonal antLexA antibody (Invitrogen) and a mouse monoclonal -&i#i

antibody (SigmaAldrich).

2.13. Screening T-DNA insertion lines

To identify homozygous -DNA tagged lines, genomiDNA extracted from young
leaves of T2 progeny were screened by PCR using primers specific to sequences flanking
the insertion site (LP and RP primers) or in the left border (LB3 prifredsle ) of the
T-DNA insertion sequence as indicated in the figoiréhe result sectiol?CR reaction
was performed with an initial 5 minute denaturation at 95 °C, followed by 35 cycles (each
cycle: 95 °C, 30 seconds; 55 °C, 30 seconds; and 72 °C, 1 minute), then a final 10
minutes at 72 °C. The primer sets used for Chh€ are (CS846178P and CS846178
RP) and (LB3 and CS8461-RP), and the one for ASDH are (CS813%% and

CS813591RP) and (LB3 and CS8135%P) (primers are listed in Table 1).
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Table 1. Primer susedfor cloning and T-DNA screening

Name Sequencg56to 39* RE Tm
CMT-F Nco CTTccatggTTATGAAACGAGGATTCTCCG Ncad 65
CMT-R Bam CTAggatccAGCTATCGATATACAAAACATC BanHl 58
CMT-F Hin CTTaagcttGTATGAAACGAGGATTCTCCG Hindlll 62
ATccatggACAGAAAGAGGGGAGAATCAGATGGAGC
CMTNLS-F TCOAAGGAGCOGECCEAGOATGECCTCCTCOGAG Nod 92
DsRED2RNco AGCccatggTCTTCTTCTGCATC Ncd 58
CMT342-R CAGgaattd CCGCTGTTACTCAAGACAAAAGAG EcoRl 66
GAgaattd ATGTACCTCCAACGACCGTGCCGTGGAA
CMT345F . AiT oA EcRl 78
ASDH-F Xho.Nco CAActcgagccatggCGACGTTCACTCATC )l\(lﬁg/ 71
ASDH-R Xma CAACccgggGAGAAGCATCTCAGCGATC Xmd 71
ASDHp-F Age ACTTaccggtTAGTTGGTTGTGAG Agd 53
ASDHp-R Nco GTCGccatggTCGCCGCCGTGAG Ncd 72
ADK1-F Xho CTTctcgagATGGCCTTCCTCTGATTTCG Xhd 66
ADK1cR-Sma ATcccgggGTTGAAGTCTGGTTTCTC Xmd 64
SAHH-F Bam AAggatccGTATGGCGTTGCTCGTCGAG BamHI 69
SAHH1sR TTTccatggCTCAGTACCTGTAGTGAGGAGG Ncd 65
SAHH1cDNcF TCAAccatggCGTTGCTCGTC Ncad 57
AK1cDNcF CATccatggCTTCCTCTGATTTC Ncad 56
ADK-R Xho AActcgagTTAGTTGAAGTCTGGTTTCTC Xhd 57
ADK-F Eco TTgaattcATGGCTLCTCTGATTTCG EcRI 62
CMT-R Eco CACgaattcAGOATCGATATAC EcoRl 48
CMT-F Eco ATgaattcATGAAACGAGGATTCTCCG EcoRl 61
ASDH-R Xho GAActcgagCGGGTTCAAATTCAGAGAAG Xhd 64
ImpaF Eco AAgaattcATGTCACTGAGACCCAACGC EcoRl 63
ImpaR Xho AActcgagTCAGCTGAAGTTGAATCCTC Xhd 60
CMT-F Bam CTTggatccATGAAACGAGGATTCTC BanHl 60
LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC N/A 62
CS846178.P TGTCTTTATCGGAACAATGCC N/A 51
CS846178RP TCATTTTCCCATTCTTCCTCC N/A 52
CS813591LP GCTAAAAACCAGAATCACGAGC N/A 52
CS813591RP TGCCCGAAGATGTTACAAGTC N/A 51

*Lowercased sequences repredbe restriction enzyme (RE) sites as indicated.
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2.14. Artificial microRNA constructs for ADK and SAHH

Artificial microRNA (amiRNA) constructs were designed using online amiRNA
designing tool (WMD2 Web MicroRNA Designenttp://wmd2.weigelworld.org as

described in the web sit&chwab et al., 2005

To design specific amiRNAs targeting bcdilbK1 and ADK2 transcripts (amiADK),
both ADK1 andADK2 genes were used as input target genes in the MicroRNA Designer.
amiSAHH was desiged in the same manner using bo®AHH1 and SAHH2 genes.
Among amiRNA candidates provided kiirie MicroRNA Designerfwo amiRNAS in a
different region of ADK (amiADK#1 and amiADK#2) andSAHH (amiSAHH#1 and
amiSAHH#2) genes were selected for each. 3meADK#1 sequence (TAT GGG CAA
ATG TAT GTC CI1GBE GACAAACAT STGEGC ATG3 6 AbKiand
5 -@GAA GAC AAA CAT TTG CCC ATG3 6 ADKZ, amiADK#2 sequence (TTA ACT
GGT TGC CCC AGG @ATCCT GCak GRAtACC AGT TAES 6 i n
ADK1 a n d -AT9 6CCT GGG GCA ACC AGT TAC3 6 ADK2 respectively.
ami SAHH#1 sequence (TAC CTT GTAAGIGGC ACG GAC
CGT GAA TAC AAG GTG3 6 i nSAHHA and SAHH2 amiSAHH#2 sequence
( TAC ACC ATC TGA CTA GAGCTGAAS TCA BATGEHST s 50
GTT-36 SAHHla n d-GEECTG AAG TCA GAT GGT GTIB3 6 SAHH2
respectively.These amiRNAs were generated by PCR using four overlapping primers
(Table 2) and a pRS3dfased vector as a templgtechwab et al., 2005The PCR
amplified amiRNA fragments (~400 bp) were cloned iBmoRI/BanH! (for amiADK)
or Hindlll/BanHI (for amiSAHH) of the modified pSAT4 orthe pSAT6 vector (EGFP
between the CaMV 35S promoter and 35S terminator was removed from both vectors).
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These constructerere transferred into the #Pisd site (for pSAT6) or 4Scd site (for
pSAT4) of pPZPRCS2 binary vector for plant transformatiGdppendix | for the pSAT

vector system)
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Table 2. Primer susedto construct amiRNAS

Target Name Sequencg56to 39

PRS300 m?R319A CTGCAAGGCGATTAAGTTGGGTAAC
miR319B GCGGATAACAATTTCACACAGGAAACAG
mMiAK1-I GATATGGGCAAATGTATGTCCTCTCTCTCTTTTGTATTCC

AMIADKAL mMiAK1-II GAGAGGACATACATTTGCCCATATCAAAGAGAATCAATGA
MIAK1-lllL  GAGAAGACATACATTAGCCCATTTCACAGGTCGTGATATG
MiAK1-IV  GAAATGGGCTAATGTATGTCTTCTCTACATATATATTCCT
MIAK2-I GATTAACTGGTTGCCCCAGGGACTCTCTCTTTTGTATTCC

AMIADKAD m?AKZ-II GAGTCCCTGEGGCAACCAGTTAATCAAAGAGAATCAATGA
MIAK2-1ll  GAGTACCTGGGGCAAGCAGTTATTCACAGGTCGTGATATG
MiAK2-IV  GAATAACTGCTTGCCCCAGGTACTCTACATATATATTCCT
amiSHZI GATACCTTGTATTCACGGACACTTCTCTCTTTTGTATCC

AMISAHHAL amiSHXII GAAGTGTCCGTGAATACAAGGTATCAAAGAGAATCAATGA
amiSHZEIII GAAGCGTCCGTGAATTCAAGGTTTCACAGGTCGTGATATG
amiSHEIV GAAACCTTGAATTCACGGACGCTTCTACATATATATTCCT
amiSH2I GATACACCATCTGACTACAGCACTCTCTCTTTTGTATTCC

AMISAHH#2 amiSH2Il GAGTGCTGTAGTCAGATGETGTATCAAAGAGAATCAATGA
amiSH2Ill GAGTACTGTAGTCAGTTGGTGTTTCACAGGTCGTGATATG
amiSH2IV GAAACACCAACTGACTACAGTACTCTACATATATATTCCT
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3. Results

3.1. Interaction between ADK1 and SAHH1

Given that ADKL and SAHH. provide related activities to SAM recyclirapd toth
enzymes areften detected in samsebcellularcompartmentgChapter ], | investigated
a possible proteHprotein interaction between the two enzymes using several different
approachedn support of such amteraction,molecular docking (ZDOCK)asd onthe
crystal structures of Plasmodium SAHH monomelagmodium falciparumPDB 1D,
1V8B:A chain) and human ADK (PDB ID, 1BX4hatare highly homologous to those of
Arabidopsis predictedthe bestinteraction between ADKand SAHHL would occurvia
the IR. This is the same region that was essential for the nuclear localization of SAHH
(Chapter )1 (Andrew Doxey personal communication; AppendiX).| The molecular
docking analysis was done without the knowledge of the results presented in Chapter 1.

As much as this modeling prediction was interesting, it required experimental testing.

To examine an ADK-SAHHL1 interaction, a putidown assay was performed using
wild-type Arabidopsis plant extracts and Higjged ADK1 recombinant protein
(henceforth refeed to as HisADK1) that was produced i. coli and purified. His
ADK1 protein incubated with the plant crude extracts \wascipitated by Hi8 Ma g
agarose beadsand the precipitates (pellet) and supernatant were analyzed by
immunoblotting with antiSAHH antibody (Figure 1A). The result showed that His
ADK1 can pultdown SAHHL from the wildtype plant extracts (Figure 1Assterisk),
suggesting that the two proteins may directly intesgith each other or be part of a

protein complex. To verify this obseti@n, caimmunoprecipitation was further carried
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out using wildtype Arabidopsis plant extracts and aé®fHH antibody. To do this, wikd
type ADK1 or HissADK proteins were immunoprecipitated with a®hAHH antibody
and the precipitates were analyzed by umablotting with antADK antibody (Figure
1B and C). These results revealed thath wildtype ADK1 (Figure 1B,asterisk and
Figure 1C, lane 3) and Hisgged recombinant ADK1 (Figure 1C, lane 4) were
successfully pulledlown by antiSAHH. Control reactins carried out without adding
ant-rSAHH antibody failed to pullown ADK1 proteins (Figure 1B, lane 2 and Figure

1C, lane 4).

The interaction was also confirmed by a gldwn assay using extracts of plants
overexpressing ADK1 fused to a Strep epitopgyFfé 2A and B). Thestrep tag was
fused tothe C-terminus ofa full-length ADK1 cDNA expressed under the control of
CaMV 35S promoterThis construct was stably transformed into Arabidopsis plants.
More than twenty T1 lines were screened by BASTA treatmedtsuccessful transgenic
lines were verified by immunoblotting using monoclonal -&A (Influenza
Hemagglutinin) antibody (AppendixIA). The T2 progeny of selected transgenic lines
were used to purify the Strep tag protein and hopefully other inbesadtor this, the
purification conditions were optimized using different buffer compositions to determine
the optimal stringency that allowed for removal of ssmecific binding of proteins
(Appendix [IB). This optimized condition was applied to the da#up experiments
described in this thesis. The protein extracts prepared from transgenic lines were purified
by StrepTactiAiMacroprep resin and the precipitates were analyzed byFAISE and
visualized with silver stain (Figure 2A). Several polypeptidesewisualized on the

stained SDSPAGE along with the overexpressed AD&trep proteins, but it was hard
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to confirm that SAHH was present based on the staining. Thus, the same precipitates
were analyzed by immunoblotting with ai®%AHH antibody (Figure 2B The analyses

indicated that ADK1Strep can pulown wild-type SAHHL (Figure2B).

Immunoprecipitation using various Arabidopsis transgenic plants expressing GFP
fusions was performed in an attempt to locate regions of SAH&t are essential for its
interaction with ADKL (Figure 2C). The plant extracts were immunoprecipitated with
antrADK serum using protein A Sepharose beads and analyzed by immunoblotting with
antrGFP antibody. The results showed that SAHBRP was successfully pullabwn
by anttADK (Figure 2C, lane 2), whereas the GERHH1 was hardly detected (Figure
2C, asterisk), and arfADK failed to pultkd o wn S A HGFP gsl well as GLUBFP
( f,3glucanase J)aish et al., 2006that was used as a negative control (Figure 2C).
These results suggested that ADKay interact with SAHH through its Nterminal

region orthelR.
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Figure 1. Protein interaction between ADKL and SAHHL1.

(A) His-tag pultdown assay using ADK1 recombinant protéom E. coliBL21 cells
and plant crude extracts preparedm wild-type Arabidopsis plant leaveblis-ADK1
proteins were precipitated ByisA M aagarosebeads(Novagen) Both supernatant and
pellet fractions wereubjected to 10% SD8AGE and immunoblotted with ariAHH
antibody (1:5,000). Asterisks indicate polypeptides indicative of an interaction between
ADK1 and SAHH.. S, supernatant; Belletof beads. (B) Cammunoprecipitation (IP)
using extracts prepared rofn wild-type Arabidopsis plants. Extracts were
immunoprecipitated with anbAHH antibody. The immunoprecipitates were resolgd
10% SDSPAGE and immunoblotted with apmDK antibody (1:3,000). Asterisks
indicate the polypeptides consistent with anrextéon between ADK and SAHHL. (C)
Co-immunoprecipitation using extracts prepared from yijoe Arabidopsis plants
with/without HisADK1 proteins. Extracts were immunoprecipitated with -&AHH
antibody. The immunoprecipitates were resologd 0% SDSPAGE and immunoblotted
with anttADK antibody (pperpanel) and artBAHH antibody (ower panel). Asterisks
indicate the polypeptides indicative of an interaction between A& SAHHL (Lane 3)
or HisADK1 and SAHHL (Lane4). Molecular masses are indicated the left in

kilodaltons (kDa).
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Figure 2. ADK1-Strep purification and immunoprecipitation to examine ADK1-

SAHH1 interaction.

(A) Strep purification using extracts prepared from 700 mg of Arabidopsis plant leaves
expressing an ADKGtreplifusion protein. Extracts were precipitated by incubation with
StrepTactin beads. The precipitates were resolved by 10%-PAQE and the
polypeptides visualized by silver stain. (B) The precipitates were also analyzed by
Ponceau Sstain (pper panel) and imunobldting with anttSAHH antibody (ower
panel). (C) Immunoprecipitation using extracts prepared from various Arabidopsis
transgenic plants expressing GFP fusion proteins as indicated above the panel. Extracts
were immunoprecipitated with amdiDK antibody. The immunoprecipitates were
resolved by 10% SD8AGE and immundbtted with antiGFP antibody fpper panel).

Each extract was also analyzed by immunoblotting with-@R# antibody, inthe
absence of an IP reactioloWer panel). Asterisks indicatewaeak protein band of GFP
SAHH1. Mol ecul ar masses are indica#8d on
glucanase 3; M, size marker; Wiwenty-five micrograms of protein extract obtained

from wild-type Arabidopsisplants.
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3.2. Bimolecular fluorescence complementation for ADK1-SAHH1

interaction

Interactiondbetween ADK1 and SAHHtvere further investigated using a bimolecular
fluorescence complementation (BIFC) assay in tobaddoofiana benthamiaraand
Arabidopsis plants. To do this, AlD0Kand SAHH. coding sequences were subcloned
upstream or downstream of-tdrminal (YN; amino acids 11174) and Germinal
fragments of YFP (YC; amino acids IZ38). The fusion proteins were located between
the CaMV 35S promoter and 35S transcriptioteiminator(Citovsky et al., 2008 The
entire expression cassettes for both YN and YC were then selcioto a plant binary
vector, and transiently eexpressed in or stably transformed into plants to examine the

recansitution of YFP fluorescence.

Co-transfection of the ADKAYN along with the SAHHAYC resulted in strong YFP
signals in the nucleus and cytoplasm of tobacco epidermal cells (Figure 3A), while YFP
fluorescence was generally weaker when APKN was caeinfiltrated with the YG
SAHH1 (Figure 3B). No or only very faint fluorescence was detected when AINK1
wascet ransfected with the SAHH1®plI R (Figure 3C

those from the previous immunoprecipitation study (Figure 2C).

Native SAHHL exists as a tetraméPoulton, 198), and it was thus of interest to
determine whether the SAHKusion proteins had formed functional complexes. To test
this, two SAHH1 proteins were fused to either YN or YC. Strong fluorescence detected
from the interaction between SAHHIN and SAHH1YC/YC-SAHH1 indicative of

tetramer formation (Figure 3D and E). Interestingly, similar fluorescent signals were
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obtained fom the ADKL-ADK1 interaction (Figure 3F), even though most ADKs are
known to act as monomers with one exceptioMgtobacterium tuberculosiBDK that

exists as a dimdtong et al., 2008

As a control for the BiFC assay, ADKYN and free YC, SAHH-YC and free YN, or
free YN and YC were cexpressed in tobacco plants to testetherYC or YN fusion
proteins could produce functional YFP fluorophores with the respective YC and YN
protein fragments alone. The plants expressing these control constructs showed a faint
YFP fluorescence, although the fluorescent signals were stibyaweaker than those
obtained from the interactions between ADEnd SAHH. or two SAHHILs that gave
strong and clear YFP signals (Figure-BGIn addition, all these constructs were also
transiently expressed in tobacco plants under the control ofadtie promoter by
replacing the CaMV 35S double enhanced promoter. Overall, these plants sioved
patterns of YFP fluorescence as those with 35S promoter, although the signals were

slightly weaker (data not shown).

Some ofthe constructs for the BIE were also examined in Arabidopsis stable
transformants. Consistent with the result of transient expression in tobacco, the transgenic
Arabidopsis leaves eexpressing ADKAYN and SAHH1YC or ADK1-YN and YG
SAHH1 showed strong YFP signals, while the sligitdained from ADK1YN and YG
SAHH1 combination was slightly weaker than the other, especially in the nuclei (Figure
3J and K). Interestingly, eexpression of SAHHYN and YGSAHH1 for the SAHH
dimerization test in Arabidopsis plants resulted in stnomgctatelike fluorescent signals
surrounding epidermal cell walls and faint fluorescent signals in chloroplasts (Figure 3L),

whereas the Arabidopsis leavese@ressing of SAHHYN and SAHH1YC showed a
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similar fluorescence pattern to those obtained fi@nsient expression in tobacco plants
(data not shown). Moreover, the puncthite YFP signals clearly overlapped with the
autofluorescere of chlorophyll (Figure 3MD; arrows). This result supports the previous
data that suggested a possible localmatof SAHHL in plastids Chapter 1. Taken
together, these observations demonstrate that JARBKd SAHHL interact and this
interaction may depend on the presence of the IR in SAHHaddition, the Nerminal

region of SAHH. may be also involved in the sriaction with ADK.

To test if only ADKL and SAHHL were involved in the interaction, | performed yeast
two-hybrid assays using each protein as prey/bait or bait/prey. Surprisingly, the
interaction between ADK and SAHHL could not be observed by this assefereas
very strong interaction signals were detected when two SisHiere used for prey and
bait (Appendix V). These results suggested that additional gpetific factors/proteins
may be required for the ADKand SAHH interaction, since their intetdon was
detected only when plant extracts were added for thedputh assay or the interaction

was detected in living tissue by BiFC.
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Figure 3. BIFC assay for ADKESAHHL1 interaction.

The two fusion proteinsas indicated in the figurewere trangntly expressed in
tobacco Kicotiana benthamianaleaves (Al) and stably transformed in Arabidopsis
plants (3O). Both tobacco and Arabidopsis leaves were imaged using confocal
microscopy. Yellow colour represents fluorescent signals of reconstitutedoffiflexes.

The autofluorescent signal of chlorophyll is depicted in red (N). Arrows indicating the
overlap of the YFP and chlorophyll autofluorescence are shown in green (O).
Arrowheads indicate nuclei. Note the CaMV 35S promoter directs expressioritasall
constructs. YN, Nerminal fragment of YFP; YC, @®rminal fragment of YFPScale

bars represeri0 & m
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