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INTRODUCTION

The 14-3-3 proteins constitute a family of highbneerved proteins with a
molecular mass of about 30 kDa. The first 14-3<&gins were discovered in
1967 as part of an examination of brain tissuegimst(Moore and Perez 1967).
The 14-3-3s were given their name based on thastibm number on DEAE-
cellulose chromatography and migration positiorstamch gel electrophoresis.
For a long time 14-3-3s were thought to be braieHjt proteins but in 1992
14-3-3s were found in several plants (Braeidal 1992, Hirschet al 1992, Luet
al 1992) as well as in the ye&accharomyces cerevisi@gan Heusdemt al
1992). 14-3-3s have now been found in all organisrasnined except for
members of the prokaryotic kingdom. In unicelludaganisms as yeast there are
only few 14-3-3 isoforms whereas in multicellulaganisms, such as
Arabidopsis, there may be as many as 15 isoforans Kleusdeet al 1995,
Rosenquiset al 2000, Rosenquigt al2001).

The first functional properties of 14-3-3s desdiilweere their ability to bind to
and activate tyrosine and tryptophane hydroxyladmiine brain in the
presence of Cdcalmodulin-dependent protein kinase type Il (Ichieet al
1988). Over the following years more functions weisecovered, such as
inhibition of protein kinase C in sheep brain, zation of Raf inXenopus
ooccytes and binding to cruciform DNA in humansk@icet al 1990, Aitkenat
al 1995, Toddet al 1998). The first 14-3-3 protein identified in planvas found
to be involved in gene regulation (lettal 1992). Now, 14-3-3 proteins are



recognized as key regulators of primary metabo#isithmembrane transport in
plants (Bachmanat al 1996, Moorheaét al 1996, Toroseet al 1998, Hubeget
al 2002). For eukaryotes in general, 14-3-3s have bmend to be involved in
numerous processes in the cell (Fineieal 1999, Ferkt al2002, Roberts 2003)
and over 700 binding partners have been identé#ietithe total number of
potential plant 14-3-3 targets is more than 300qiKatosh 2004, Oeckingt al
2009).

The aim of my work has been to understand why owlltilar organisms need
so many 14-3-3 isoforms. One possibility is tharénis specificity in the 14-3-
3/target protein interaction, which we have invgatied in the model plant
Arabidopsis thalianaising the plasma membrané-ATPase/14-3-3 interaction
as a model system. Another possibility is thatehsra specific expression of
isoforms (Daughertgt al1996) which we also have investigated in
Arabidopsis. This was done using promoter:GUS fusiavhich has yielded
information on the cell-, tissue- and organ-spedistribution of most of the
fifteen 14-3-3 isoforms, as well as on developmenggulation of 14-3-3
expression.
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STRUCTURE AND FUNCTION

The 14-3-3 proteins are small acidic proteins, Whice highly conserved even
between kingdoms (Paet al2009) (Figure 1).

The 14-3-3 proteins assemble as stable homo- erduimers (Roberts 2000,
Joneset al 1995) and, for example, 14-3-3 omega is showrin@idze with at
least 10 of the other 14-3-3 isoforms in Arabideg€ihanget al2009). All 14-
3-3 proteins appear to share a similar tertianycstire, first defined for the
human isoforms tau (Xiaet al1995) and zeta (Liat al 1995) (Figure 2A).
Each polypeptide is organized into nine anti-patalihelices, each separated
by a short loop. The four N-terminal helices lieiplanar array and create an
extensive dimerization surface. Parts of helicasd 2 from one monomer and
parts of helices 3 and 4 from the other monomenfitre dimerization domain
(Liu et al 1995, Xiaoet al 1995, Aitken 2002). The amino acids in the
dimerization domains are not completely conservhitlivmight indicate
differences in dimer formation between isoforms.

The crystal structure has been solved for seveaahmalian and plant 14-3-3s
(Liu et al 1995, Xiaoet al 1995, Wirteleet al 2003) and the extreme
conservation of the central core region of the 4353nake it very likely that
this structure is a common feature of all 14-3fBall eukaryotes. However, all
of the known crystal structures fail to resolve thand C termini, which (along
with several small regions within the molecule) kighly divergent among
isoforms. Thus it is possible to consider the madegjienerally applicable to all
plant 14-3-3s while recognizing that divergent areaght well contribute to
specific structures and regulatory functions (Rduall 2008).



D1

I
ol o2 o3
Scl4-3-3bmhl MSTSREDSVYLAKLAEQAERYEEMVENMKTVASS--GQELSVEERNLLSVAYKNVIGARR 58
AtGFl4omega MASGREEEVYMAKLAEQAERYEEMVEFMEKVSAAVDGDELTVEERNLLSVAYKNVIGARR 60
Hsl4-3-3zeta ~~MDKNELVQKAKLAEQAERYDDMAACMKSVTEQ——GAELSNEERNLLSVAYKNVVGARR 56
* ********** J:. Jc: * ** Fhx kI hkxkh kkxk o ****
o3 o4 (1-5
Scl4-3-3bmhl ASWRIVSSIEQKEESKEKSEHQVELICSYRSKIETELTKISDDILSYVLDSHLIPSATTGE 118
AtGFl4omega ASWRIISSIEQKEESRGNDDH-VTAIREYRSKIETELSGICDGILKLLDSRLIPAAASGD 119
Hsld-3-3zeta SSWRVVSSIEQKTEGAEKKQQ——-MARE!REKIETELRDICNDVLSLLEKFLIPNASQAE 113
‘k‘k‘k ‘k‘k*‘k‘k* * H B **_‘k‘k‘k*‘k‘k *_:_:*_:*:_ * % %* ‘k :
(1_5 b o7
Sc14-3-3bmh1l SKVFYYKMKGDYHRYLAEFSSGDAREKATNASLEAYKTASEIATTELPPTHPIRLGLALN 178
AtGFl4omega SKVFYLKMKGDYHRYLAEFKTGQERKDAAEHTLAAYKSAQDIANAELAPTHPIRLGLALN 179
Hsl4-3-3zeta SKVFYLKMKGDYYRYLAEVAAGDDKKGIVDQSQQAYQEAFEISKKEMQPTHPIRLGLALN 173
Jox ok kK ***k** ‘k***k :* . . . *: kK ok ok k ok ok Kk ok ok ok
NES
ol o8 o9
— N N
Scl4-3-3bmhl FSVFYYEIQONSPDKACHLAKQAFDDATAELDTLSEESYKDSTLIMOLLRDNLTLWTSDMS 238
AtGFl4omega FSVFYYEILNSPDRACNLAKCAFDEATAELDTLGEESYKDSTLIMOLLRDNLTLWTSDMO 239
Hsl4-3-3zeta FSVFYYEILNSPEKACSLAKTAFDEAIAELDTLSEESYKDSTLIMQLLRDNLTLWTSDTQ 233

Scl4-3-3bmhl
AtGFl4omega
Hsl4-3-3zeta

FoHK KKKk Kkdm pkok Kokok Kokk s kA KKK KKK KK KH KK IR KK I AKX A KK Kk KX KKk

ESGQAEDQOQQQQHQQQQPPAAAEGEAPK 267
DDAADEIKERAAPKPTEEQQ----==—== 259
GD-EAEAGEGGEN———=—=——————————

*

Figure 1 Amino acid sequence alignment (Clustal W 1.83)ot&aromyces
cerevisiae 14-3-3 bmh1l, Arabidopsis thaliana GFifega and human 14-3-3
zeta. Black bars indicateshelices, blue bars indicate dimerization domains,
yellow bar indicates the nuclear export signal () E8nino acids in red are
directly interacting with the phosphogroup (pS/pT}he target protein and
amino acids in green are also involved in interant with the target protein
(compare Figure 2). Completely conserved residuesralicated with * and
bold letters, substitutions with similar chemisang indicated with : and less

conserved residues are indicated wimodified fram Alsterfjord 2006



Figure 2 A Structure of the human 14-3-3 zeta dimer. The nwribdicate
helix numbers. Blue and yellow parts on helicescatg dimerization domains
and the nuclear export signal (NES), respectivetyr(pare Figure 1) (modified
from Liu et al 1995)B A dimeric 14-3-3 protein binding two peptides (in
yellow), mimicking the C-terminal end of the plagmambrane HATPase
from tobacco (Wirtele et al 2003)

14-3-3s typically bind to phosphorylated motifgleir target proteins. Thus,
thea-helices forms the walls of an amphipathic grodarge enough for a
phosphopeptide chain of a target protein to f{fHigure 2B). The amino acid
residues exposed in the binding groove are highihgserved and each subunit
of the dimer is able to bind one target proteirejpendently of the target in the
other subunit (Litet al 1995, Obsikt al2001, Rittingeret al 1999). The C-
terminal region of a 14-3-3 was shown to changsomformation when
phosphorylated (Obsilovet al 2004). This relatively unconserved region of the
14-3-3 has been hypothesized to play an autoimniprble in ligand binding
(Obsilovaet al 2004, Truonget al2002) through its high content of negatively
charged amino acid residues, possibly in an isofgpatific manner (Figures 1
and 3).



The C-terminal end is the part of the 14-3-3s thifiers most, both in sequence
and length, and the length of Arabidopsis C termary from 8 to 31 amino
acids, counting from the last conserved residuguiéi 3). Also, the amino
acids facing the outside of the 14-3-3 moleculeralaively less conserved
(Liu et al 1995, Xiaoet al 1995).

Pi SCGDZICHKTDG

Epsilon SDLNEECDEPTHZADE PODEN

Qmicron SDLEEGEH

lota SDLPED CCEDN IK TEE SKCEQLK PADATEN
bAoA SDIZEE GGDDAHE THGSAFPGAFCDDAE
Kappa SDMQEQMDEX

Lambda SDHMOUEQMDEX

Omega SDMUDD AADELKE ALAPKPTEEQQ

Chi #DMIDDVADDIFE LAPLLAKP ADEQDE

Phi SDMODE SPEEIFE LAAPEPAEEQEETL

Psi SDMTDEAGDEIKE ASK PDCAE

Mu SDIHNDEAGCDE IKEASFHEPEECEPAET GO
Upsilon SDLMDE AGDDIFEAPEEV(EVIEQAQFP RS

Figure 3 The C-terminal amino acid sequences from the lasserved residue
of all 14-3-3s in Arabidopsis except the putativedpcts of grfl4 (xi) and grf
15. grf is short for G-box regulating factor (sesxgon 3). grfl4 is truncated N-
terminally of this domain. Acidic amino acid reseduare indicated in bold
(modified from Alsterfjord 2006

The amino acid sequence motifs that 14-3-3s biradeaisually phosphorylated
but also non-phosphorylated motifs have been ifledtiThese non-
phosphorylated motifs contain negatively chargetharacids which replace
and mimic the negatively charged phosphogroup.phtesphorylated motifs
have been divided into three modes (Gangtilgl 2005, Coblitzt al 2006), as
shown in Figure 4.
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Figure 4 The phosphorylated motifs that 14-3-3 bind to Hasen divided into
three modes (mode 1, 2 and 3). pS may be replacpd b

The proline in mode 1 and 2 is needed to bend ¢pége to exit the binding
groove (Rittingeet al 1999) (Figure 5). The mode 3 motifs are also dalle
terminal binding motifs, since they constitute @¢ermini of the target proteins
(Gangulyet al 2005). The motifs in mode 3 do not need a prdiinkeend the
peptide since the target protein ends in the bondnoove (Figure 5).

The C-terminal motif was first found in the plasmambrane proton (b
ATPase of plants, Y/H-pT-V/L/I-COOH, which consti&s the last three amino
acids in Arabidopsis plant plasma membrariedAPase isoforms 1 to 11
(Olssonet al 1998, Fuglsangt al 1999, Svenneliét al1999). In 2003, a
crystallized structure of 14-3-3 from tobacco, thge with the fungal toxin
fusicoccin and a phospopeptide mimicking the moteding motif of a
tobacco H-ATPase, showed that the same residues in therigjmatoove of the
14-3-3 protein are involved in binding the phospinebnine in mode 3 as in
mode 1 and 2 binding to phosphoserine (Wirt¢lal 2003, Gangulyt al
2005, Coblitzet al 2006). Fusicoccin occupies the hydrophobic enthef
binding groove, which is not occupied in mode y(iFe 5) and enhances
binding strength 100-fold (Wrtekt al 2003).



Mode 1 and 2 Mode 3

pS/pT

14-3-3 binding groove

p

Figure 5 The different modes of 14-3-3 binding (ModifiedrfrGoblitz et al
2006 and Alsterfjord 2006). FC=Fusicoccin

All 14-3-3 proteins contain a nuclear export SigiNES) (Figure 2). This
domain can bind to the chromosome maintenancendg{@€rm2l), which
interacts with the nuclear pore and in this wayNI&S-containing proteins will
be exported from the nucleus (Forneamcl 1997, Fukudaet al 1997, Ossareh-
Nazariet al 1997, Stadet al 1997). The NES domain in 14-3-3 proteins
includes amino acids that are also involved ingabinding and thereby the
target will compete with the Crm1 (Rittinger etl®99). Even if one NES
domain is occupied by a target protein, the 14g@edeins assemble as dimers
and there will thus be one free NES domain. 14-8&8sbe found in the
nucleus and this indicates that the NES signabeanidden (Cutleet al2000,
van Zeijlet al2000). When the NES signal is exposed, the 146&in will

be exported from the nucleus together with itsdarghis is a way of removing
proteins, such as transcription factors, from theleus, as a response to other
regulatory mechanisms (Forneretdal 1997, Fukudat al 1997, Ossareh-
Nazariet al1997, Stadet al 1997).

The number of identified physiological functionsatving 14-3-3 proteins has
increased rapidly since the discovery of 14-3-35967 (Moore and Perez
1967). Some of the physiological functions invotyit4-3-3 proteins are
regulation of signaling pathways, apoptosis, cgtle entry, intracellular
trafficking and metabolism (Darlingt al 2005) (Figure 6).
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Figure 6 Some of the numerous physiological functions thailves 14-3-3
proteins (modified from Darling et al 2005 and Jebn et al 201D

Figure 7 shows the various proposed mechanismstiohaor 14-3-3 proteins
(Darling et al 2005).(1) 14-3-3 proteins have a rigid structure which letads
deformation of the target protein with little or nlbange in the structure of the
14-3-3 dimer (Yaffe 2002, Obgit al2001). The deformation of the target
protein will lead to a change in activity, an inase or a decrease. Plant ATP
synthases in chloroplasts and mitochondria are phemof proteins that are
negatively regulated by this mechanism (Buneegl 2001, Moorheadt al
1999) whereas the plant plasma membrah&HPase is upregulated upon 14-
3-3 binding ( Jahet al 1997, Oeckinget al1997, Olssoret al 1998, Fuglsang
et al 1999, Svenneliét al1999).(1I) 14-3-3s can mask a region of a protein
and in that way e.qg. hinder protein/protein intéoac (111) A 14-3-3 can hold
two phosphoproteins close together, stabilizing tingeraction.(IV) 14-3-3s
can bind to phosphorylated targets and preventreitbphosphorylation or
proteolysis. One example of prevention of proteislis 14-3-3 binding to
phosphorylated plant nitrate reductase (Weinerkaiger 1999, Cotellet al
2000).(V) Binding to 14-3-3 can increase the nuclear expodecrease
nuclear import for the target protein (Muslin anichg<2000).
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. .
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<« " i
Nucleus Cytoplasm : I -

Figure 7 The various proposed mechanisms of action that-34:8n take on its
targets (Darling et al 2005

Thus, the functional diversity of 14-3-3 proteissvery high, and may even
have facilitated evolutionary changes in targetgirofamilies (Johnsoat al
2010).
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3

14-3-3 IN PLANTS

14-3-3s were first discovered in plants (spina&a, barley and Arabidopsis) in
1992 (Brandet al 1992, de Vettert al 1992, Hirschet al 1992, Luet al 1992).

Numerous data for 14-3-3 functions and 14-3-3 adtmts in plants have come
from the study ofArabidopsis thalianaa well-characterized model organism
first described by Laibach in 1943. Arabidopsis fies chromosomes and
approximately 26,000 genes and was fully sequeimc2d00 ( Arabidopsis
Genome Initiative). The life cycle éfrabidopsisfrom germination to mature
seed is approximately 6 weeks, facilitating it=gtut is also susceptible to
genetic manipulation with mutagensAgrobacterium tumefaciemsfection to
create transgenic Arabidopsis plants. Arabidopas1b genes for 14-3-3s
(Rosenquiset al 2001) which may be divided into two groups depehda

their exon patterns, the non-epsilon group aneéfis#on group (Figure 8).
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Figure 8 Gene maps of all Arabidopsis 14-3-3 genes. Exoasnalicated as
black boxes and introns as white boxes. Exon amonirsizes are indicated with
the number of bases within each box. The genebeaivided into two groups
based on the exon patterns: grfs 1 to 8 (the nail@pgroup) and grfs 9 to 14
(the epsilon group). grf 15 is aligned N-terminadlith its closest neighbors,
grfs 3 and 5 (modified from Rosenquist et al 20@tjs stands for G-box
regulating factors

The G-box is a common regulatory element found amyrplant gene
promoters, and historically 14-3-3s have been na@ieti proteins in
Arabidopsis, because the protein was first ideattitio be a “G-box factor 14-3-
3 homologue” (de Vetteet al 1992). The 14-3-3 genes in Arabidopsis are
namedgrfs which stands for G-box regulating factors. Expenitseshowed that
a plant 14-3-3 was able to function as a mammdliaB-3 (Luet al 1994)
providing evidence of the conserved nature of B63n 1994, 14-3-3 was
identified as the binding protein for the fungalitofusicoccin (Korthout and
de Boer 1994, Marrat al 1994, Oeckingt al1994). The binding protein was
later shown to be a complex of the plasma membrp&T Pase and 14-3-3
(Jahnet al 1997, Oeckingt al1997), and binding of 14-3-3 was shown to
activate the plasma membranéAT Pase.
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Since 1992, 14-3-3s have been discovered to belvied in numerous
processes in plants, such as metabolism, theymé,apoptosis, signal
transduction and intracellular trafficking.

Thus, 14-3-3 proteins were found to interact whid mitochondrial and
chloroplastic ATP synthase, negatively regulatimgATP synthesis in both
organelles (Bunnegt al2001).

In anti-sense experiments, down-regulation of djpeté-3-3 isoforms resulted
in increase in leaf starch accumulation. The stayeithase 11l family was
identified as a possible 14-3-3 target as all membgthe family contain a 14-
3-3 binding motif. The interaction between the ctasynthase Il member, DU1
and 14-3-3 was demonstrated, confirming a rold#38-3 proteins in
regulation of starch synthesis (Sehikeal2001).

Regulation of key enzymes such as sucrose phosgyatease, starch synthase
(Toroseret al 1998), nitrate reductase (Bachmatal 1996, Moorheaet al
1996), the plasma membrané-ATPase as well as the mitochondrial and
chloroplast ATP synthases implies that 14-3-3 s&ea8al for regulating carbon
and nitrogen metabolism in plants (Kulmigal 2004, Harthillet al 2006, Huber
et al2002).

14-3-3s also play diverse roles during seed gertmmalwo major hormones,
abscisic acid (ABA) and gibberellins have oppogitections during
germination. Gibberellins generally promote gerrtiorg whereas ABA inhibits
germination and has a role in inducing and maimgidormancy. ABA seems
to mediate its effect by promotion of tRen(embryo) gene, and in the absence
of Emtranscripts, maize produces embryos that germimhiie still attached to
the parent plant. By use of a yeast two-hybridesystl4-3-3 dimers were
demonstrated to provide a structural link betwdements of the
transcriptional protein complex and tBen promoter to inhibit germination
(Schultzet al 1998). RSG is a tobacco plant bZIP transcriptiatdiathat
regulates shoot growth by altering transcriptiog@hes required for gibberellin
synthesis. A yeast two-hybrid screen demonstrdi@dRSG interacts with
several isoforms of tobacco 14-3-3 in a phosphtipfadependent manner
(Igarashiet al2001, Ishidaet al2004). If a point mutation is done in the
phosphorylated motif, the transcriptional activifyRSG is increased due to
transcription factor accumulation within the nudeln wild-type cells, RSG is
distributed throughout the cell. 14-3-3 therefoegatively regulates gibberellin
signaling by localizing RSG outside the nucleus.

13



A recent studie has demonstrated 14-3-3s to besangal part of
brassinosteroid (BR) signaling (Gampataal 2007,Ryu et al2007). Many
components in this signaling pathway are alreadykmewn in Arabidopsis,
including the cell surface receptor kinase BRASSENEGROID-
INSENSITIVE 1 (BRI1) and its coreceptor BRIL-ASS@TED RECEPTOR
KINASE 1 (BAK1) as well as the transcription facBRASSINAZOLE-
RESISTANT 1 (BZR1), which directly regulates BRpeasive gene
expression (Gendragt al2007). The recent studies showed 14-3-3 to biad th
BZR1 transcription factor upon phosphorylation byiratracellular kinase
which is active in the absence of BR (Gammlal2007,Ryu et al2007).
Comparable to RSG, 14-3-3 association mediatesytioplasmic retention
and/or nuclear export of BZR1, thus efficientlyititing its function.

14



A

ISOFORM SPECIFICITY IN TARGET PROTEIN
INTERACTIONS

In multicellular organisms there is a relativedyge number of 14-3-3 isoforms
and the question arises as to the reason for@imis.possibility is that there is
specificity in the 14-3-3/target protein interactiovhich we have investigated
in the model plan@rabidopsis thalianaising the plasma membranéH
ATPase/14-3-3 interaction as a model system. Amqibssibility is that there is
a developmental, cell-, tissue- or organ-speckKjaression of isoforms
(Daughertyet al1996) which we also have investigated in Arabidopsis (see
section 5).

14-3-3 isoform specificity has been shown for sdangets. Thus, both plasma
membrane HATPase (see section 4.1, Rosengeisil 2000, Emiet al 2001)
and nitrate reductase (Bachmaetral 1996) show binding specificity to14-3-3
isoforms in Arabidopsis. In barley, 14-3-3B andr€ efficient inhibitors of
nitrate reductase whereas 14-3-3A is not (Sinetgad 2005). Also the
phototropin receptor kinase 1 (photl) shows spaifin Arabidopsis. 14-3-3
binding to photl is limited to non-epsilon 14-3s@forms (Sullivaret al 2009).

The C terminus of 14-3-3s may act as an autoirgripidomain that interferes
with ligand binding (Truon@t al 2002, Shert al 2003, Kubalaet al 2004,
Silhanet al2004). All 14-3-3 C termini contain acidic aminads (Figure 3)
which may mimic phosphorylated target motifs angstbompete with proper
target binding. The parts of 14-3-3 that bind target protein are very
conserved but the C terminus is the part of th8-Bdthat differs most. This
feature may be one factor leading to isoform spzif



Posttranslational modification (proteolytic cleagay phosphorylation) could
be another way to increase specificity of 14-3Rdlér et al 2006). Proteolytic
cleavage was shown in barley (van Zetjlal2000) and also the 43 kD band in
Figure 10 is probably a proteolytic cleavage proadi@ 14-3-3 dimer (Bernfur
and Alsterfjord, personal comunication). 14-3-3y/rabs0 be posttranslationally
modified by phosphorylation. Phosphorylation sitethe dimerization domain
of human 14-3-3s have been identified (Aitken 2002)

4.1 The H™-ATPase/14-3-3-interaction

The plasma membrane#ATPase couples ATP hydrolysis to proton transport.
This creates the pH and potential difference adttsplasma membrane
required by secondary transporters whose actisitdirectly dependent upon
the proton motive force. In plants, the plasma mamb H-ATPase also
participates in other functions essential for ndrptant growth such as salt
tolerance, intracellular pH regulation and cellid&pansion (Morsomme and
Boutry 2000, Palmgren 2001). Given these multifigsplogical roles and the
high ATP consumption, the'HATPase has to be tightly regulated. The C
terminus of the HATPase acts as an autoinhibitory domain (Palmgtext
1991) and when it is phosphorylated 14-3-3 can,kimel autoinhibitory domain
is displaced and the activity of thé pump is increased (Jalehal 1997,
Oeckinget al1997, Olssoret al 1998, Fuglsangt al 1999, Svenneli@t al
1999).

Fusicoccin is a wilt-inducing toxin produced by faegusFusicoccum
amygdaleThe natural hosts ¢f amygdaleare almond and peatfees. The
toxin is commonly used in plasma membrariedfiPase experiments as it
causes an “irreversible” 14-3-3 binding and thuegia stable HATPase/14-3-
3 complex (Jahet al 1997, Oeckinget al 1997, Fullonest al 1998, Wiirteleet
al 2003).

Similar to the Arabidopsis 14-3-3 proteins the Adalpsis plasma membrane
H*-ATPase belongs to a large gene family, with 12ljoted isoforms of which

11 are expressed (Arangbal 2003). The plasma membrané&ATPase is the
main 14-3-3 target in the plasma membrane and glaonditions requiring full
activation of H pumping several percent of total cellular 14-3-3/1ha

involved in activation of the HATPase (Paper I). Considering the large number
of 14-3-3 and H-ATPase isoforms in Arabidopsis, specificity in diiimy may

exist between isoforms. This assumption is supdditethe large differences in
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amino acids in the C-terminal binding motif of tH&-ATPase isoforms, which
may affect binding (Figure 9). There is also anothetif in the C terminus of
the H-ATPase (DIE/DID/DLE)) that has been suggested as a
nonphosphorylated binding motif for 14-3-3 (Visaagttal 2003) and this motif
is not found in H-ATPase isoform 10 (AHA10) which may indicate a
difference in binding properties (Figure 9).

AHALl LEKGL TAGH-HYTWV
AHAZ LEKGL TES—--HYTY
AHAS LEGL AG-—HYTV
AHA4 LEGY TIQO-AYTYV
AHAS LEGL TIQO-HYTY
AHAGB LKGL MLNQ-HYTV
AHAB LEKGL TIQQ-HYTY
AHA1l LKEGL TIQQ-AYTYV
AHAT LEGY DPMNSNINYTI
AHAY QKGL ATQO-HYTL
AHALOD LEKOQOI MIRA-AHTY

Figure 9 Amino acid sequences of the C termini of the 1tesgpd Arabidopsis
H*-ATPase (AHA) isoforms harbouring the 14-3-3 bigdinmotifs. The most
conserved part of the mode 3 motif is indicateckdh the more variable
beginning of the motif is in green and a proposedphosphorylated binding
motif (Visconti et al 2003) is in yellow (modifigdm Alsterfjord 200%

Using 12 of the Arabidopsis 14-3-3 isoforms, weld@how that they all bind
to the H-ATPase present in isolated Arabidopsis plasma manes (Paper ).
This was however not the casevivo. Using 14-3-3 isoform-specific
antibodies, all isoforms tested (all but omicrataj psi and pi for which we do
not have access to isoform-specific antibodiesgpxkappa and phi were
identified in the supernatant (Figure 10).
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Supernatant

Plasma membrane Plasma membrane

Figure 1014-3-3 isoforms in plasma membrane and supernditactions
visualized by isoform-specific antibodies. Singlews indicate the position of
14-3-3 monomers and double arrows the positioriraeds (modified from
Paper | and Alsterfjord 2006). The 43 kD band isljably a proteolytic
cleavage product of the 14-3-3 dimer (Bernfur atstekfjord, personal
communicatioh

However, the plasma membrane fraction lacked nigtlappa and phi but also
chi and upsilon in the absence of fusicoccin (FegL®, control). Thus, we could
detect differences in distribution of the 14-3-8tvieen isolated plasma
membranes from Arabidopsis leaves and a superrfasatipn, representing all
soluble proteins. In the presence of fusicoccinciihincreases the'H
ATPase/14-3-3 interaction 100-fold (Wirteleal 2004) also phi and upsilon
were attached to the plasma membrane, but noTbhs, phi and upsilon are
accessible to the plasma membrane but have eitber affinity for the plasma
membrane HATPase isoforms present or are, in the absenfigsiwioccin,
occupied by other targets for which they have higtfnity. Chi may be
localized in another compartment than the cytordlraay therefore not be
available to the plasma membrane. Altogether tinggiasts that there is some
isoform specificity in the 14-3-3/HATPase interaction in vivo (Paper ).

18



S

SPECIFICITY IN EXPRESSION

A developmental, cell-, tissue- or organ-speafipression is suggested by the
large number of 14-3-3 isoforms in multicellulaganisms compared to the
very few in unicellular organisms (Rosenqustl 2000, Alsterfjordet al

2004). An organ-specific expression was shown fabfdopsis 14-3-3 iota,
which was only expressed in the flower whereas Wligisis omicron was
expressed in leaf, root and flower (Rosenceiist| 2001). Arabidopsis 14-3-3
mu was shown to be expressed in all tissues arela@mwental stages
(Kuromori and Yamamoto 2000) and transcripts foofthe Arabidopsis 14-3-
3 isoforms except pi, iota and psi are preserganés (Paper I). Also in
mammalians some 14-3-3 isoforms are widely expeadereas others show a
more specific expression. Human 14-3-3 zeta isgmtaa high levels in the
brain grey matter, 14-3-3 gamma is specific fordeetral nervous system, 14-
3-3 epsilon is found in the pineal gland and thmag and 14-3-3 tau is only
present in glial cells (Watanakeal 1993, Takahashi 2003).

There are also differences in subcellular localrabetween isoforms.
Arabidopsis 14-3-3 epsilon, mu, nu and upsilonpaessent in both the
chloroplast and cytoplasm (Sehrédeal 2000) and three isoforms in barley
were detected in mitochondria (Bunretyal 2001), and it has been suggested
that some 14-3-3 subcellular localization is dribgrboth isoform specificity
and target interactions (Paetl al2005).



5.1 Promoter analyses of 14-3-3 isoforms

Agrobacterium tumefaciensfection was used to create transgenic Arabidopsis
plants to see if there is specificity in developtagéexpression and localization
of the different 14-3-3 isoform#é\. tumefacienkas the ability to insert its

natural so called T-DNA into the nuclear genomAmabidopsis. The specific
T-DNA is chosen by two short sequences, left boatet right border. The DNA
fragment that is to be inserted into the genomb@plant is cloned between

the left and the right border together with a madwd thus an artificial T-DNA

is created and th&. tumefaciensan introduce it into the genome of the plant.

The methods to g&. tumefacienso insert the T-DNA into the plant have
rapidly changed and today it is relatively simmlayet transgenic plants. The
Arabidopsis flower is simply dipped into a solutiohA. tumefaciens
approximately five days before the flowers open,gh called floral-dip method
(Desfeuxet al 2000).

TheEscherichia coli uidAgene encodinf-glucuronidase (GUS) is one of the
most effective reporter gene systems used for atiafyitransient and stable
transformation in plants. Since its descriptionJejfersoret al (1987), the GUS
gene fusion system has found extensive applicatipfant gene expression
studies because of the enzyme stability and higkithéty and suitability of the
assay to detection by fluorometric, spectrophotoimet histochemical
techniques. The GUS protein is a 68kD homo-tetrahwrcatalyzes the
hydrolysis off-glucuronides. In most eukaryotic organisms, tleseformed to
detoxify and excrete xenobiotic and endogenousenastducts (Fioet al
2009).

To see if there is specificity in expression anzhlization 1,5kb upstream of the
start codon of thirteen of the fifteen 14-3-3 isofis have been fused to reporter
genes coding for GUS and enhanced green fluorepcetatin (EGFP) (the
EGFP was not used in this work) (Figure 11). Th&kb region represents the
14-3-3 promoter. This construct is transformed Axtabidopsis withA.
tumefaciensWhen the transgenic plants are incubated witlstibstrate 5-
bromo-4-chloro-3-indolyp-p-glucuronide cyclohexylammonium salt (X-gluc)
a blue precipitation is created where the 14-38isn normally is expressed.
This precipitation can easily be seen by the eya armicroscope. To see if
there is any difference in expression of the premathen the plant matures,
samples were taken at four different developmesitajes, seedlings (one week
old), adult leaves (three weeks old), flowers (ftmufive weeks old) and

siliques (six weeks old).
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‘ 1.5 kb 14-3-3promoter EGFP GUS
5- -3’

Figure 11 Schematic view of the promoter-reporter genes fusged in
expression analyses of Arabidopsis 14-3-3 promdgesterfjord 2006.

5.2 Results from the promoter:GUS analysis

The data presented below demonstrate a specifedamwental cell-, tissue and
organ distribution of the Arabidopsis 14-3-3 isaofist Arabidopsis transformed
with the 14-3-3 promoter-EGFP-GUS construct makesstudy of both tissue
distribution and developmental regulation possiblee results support the idea
that the various 14-3-3 isoforms have separatedatichctive tissue

distribution, suggesting that plant 14-3-3 isoformesy indeed have specific
roles within individual tissues (Paper ).

A B

o flower

silique

cauline leaf
seedling

— cotyledon
hypocotyl
f( root

long

stigma /stamen

sepal

internode
stamen

Figure 12 A schemati@rabidopsis thaliana flowg€A) (modified from
geochembio.comgnd plant(B) (modified from Winter et al 2007) with different
tissues indicated.
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Figure 13 GUS-staining detecting promoter activity of the Bidopsis 14-3-3
isoforms in the epsilon group.The promoter of miveh activity in hydathodes,
xi shows promoter activity in the hypocotyls ofdéiegs, the omicron promoter
is active in the petioles of leaves and the promaitepsilon shows expression
especially in vascular tissue. The promoter of istaxpressed in early stamens
exclusively and the mu promoter shows expressigreien tissue, especially in
vascular tissueCompare figure 12.

5.2.1 The epsilon group

The promoters of the epsilon group show a moreiipexpression than the
promoters of the non-epsilon group (Figures 13 Hs)d

The Arabidopsis 14-3-Bi shows promoter activity in hydathodes, pollen and
seeds only.

The isoformxi has never been shown to be expressed, howevprdimeter
shows activity in the hypocotyls of seedlings,ants, in pollen and in seeds.

Theomicron promoter shows an expression pattern which isreiffiefrom all
the other Arabidopsis 14-3-3 promoters. Activityaand in internodes of
vascular tissue, in leaves and in the petiolesaids. The promoter of omicron
also showes expression in pollen and seeds.

The promoter oépsilonshows activity in young tissue, especially in vdacu
tissue, in roots (it is the only isoform that slsosxpression in the root buds)
and in stipules.

The promoter ofota is exclusively active in early stamens but notvamgre
else in the plant.

The promoter ofu shows expression in the green tissues of the plant,
especially in the vascular tissues, but also insrand sepals.
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Figure 14 GUS-staining detecting promoter activity of the Bidopsis 14-3-3
isoforms in the non-epsilon group. The kappa premsihiows much activity in
the flower and in cauline leaf hydathodes, the larpobmoter is active
primarily in vascular tissue. The phi promoter slscactivity in young tissues,
the psi promoter is mainly active in the vasculssie and the nu promoter
shows activity in young tissues and decreasesagi¢h The promoter of upsilon
is active throughout the whole plant especiallyhia vascular tissue and the
promoter of omega is active in the flower and tbevity in carpels is
decreasing but is still present in the siliquese Pinomoter of omega is also
active in the roots with the exception of the tq@tCompare figure 12.

5.2.2 The non-epsilon group

The promoters of the non-epsilon group are widetiva and shows more
random expression in leaves, roots and flowers tihempromoters of the
epsilon group (Figures 14 and 15).

Thekappa promoter is mainly active in young tissues antharistematic
tissues of seedlings. The roots also show actiegigecially the ends of the
roots. Kappa is also the only isoform whose promshews activity in the
cauline leaf hydathodes and it also shows muchigcin the flower.

The promoter oflambda shows activity primarily in vascular tissue, both
green tissue and in roots. Although the amino aegliences of kappa and
lambda are very much alike they do not show theesaxpression pattern.

Thephi promoter is active in the young tissue of seedlarys decreases with
age, the activity remains in the vascular tissuereds activities in other parts
disappear in older tissue. The roots as well afidher show some phi
promoter activity.

The promoter opsiis mainly active in vascular tissues and in roots.

Thenu promoter shows activity in young tissue which dases with ageing,
and then appears again in pollen and seeds.

The promoter ofipsilon is active throughout the whole plant especiallthie
vascular tissue.

In seedlings, the promoter ofmegais active in young tissues and especially in
meristem and vascular tissue. There is also highitgdn the roots, with the
exception of the root tip. The omega promoter $s dlighly active in flowers.

In early flowers the activity is limited to partéthe carpels. As the flower
matures the activity is changed to include the st@nespecially pollen. The
promoter activity in carpels is decreasing butiisgresent in siliques.
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5.2.3 Conclusions regarding specificity of expressi on

Studied at this level there is clearly cell-, tissand organ-specific expression
for all of the Arabidopsis 14-3-3 isoforms as wadlspecific developmental
expression. There is not a single case where tmagier of one isoform shows
an expression that is identical to the expressi@nother isoform (figure 12).
The overall finding is that the promoters of thepsilon group show more
random expression in leaves, roots and flowerdtamgromoters of the epsilon
group show more specific expression. For exam@etbmoter of iota shows
expression only in the early stamens and the prenadt pi shows expression
in hydathodes, pollen and seeds only.

The promoter of Arabidopsis 14-3-3 chi was eadigwn to be active in
several tissues of the plant detected by a pron@it$ fusion (Daugherty et al
1996). Promoter activity was shown in roots of $egd and mature plants, in
root hairs, in the whole bud of immature flowersthe anthers, stigma and
pollen of more mature flowers, in differential gydnd abscission zone of
immature siliques and in mature siliques throughbettissue. Promoter
activity could also be detected in imbibed seeds.

We used the promoter:GUS fusion to see where ibidogsis the different 14-
3-3 isoforms are expressed. It should be notedatigaiantitative measure of the
expression was not obtained due to the fact thbitors of GUS activity are
ubiquitous in organ tissues of Arabidopsis, tobaaao rice (Fioet al2009). In
order to achieve reliable quantitative resultsikitbr activity should be
routinley tested during quantitative GUS assay<tvivas not done here.
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Figure 14 Promoter expression of Arabidopsis 14-3-3s in ptangans at different
developmental stages (Paper Il). Compare Figure*Data from Daugherty et al 1996.
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Our results are largely supported by the microadiata reflecting mRNA
abundance, available at Genevestigator. Notdidge microarray data give a
resolution at organ level and developmental staghsre as GUS staining
gives a resolution at tissue and sometimes evduiaelevel.

epsilon group

kappa
lambda

— 10 changes

non-epsilon group

Figure 16 A phylogenetic tree with topology representativetlie Arabidopsis
14-3-3 protein family (modified from Rosenquisale2001 and Alsterfjord
20089.

As seen from Rosenquist al (2001) some of the 14-3-3 isoforms are more
closely related than others. For example, lambdikappa are situated alone
on one branch in the phylogenetic tree and alspoophiand omega are situated
on a common branch of the tree (Figure 16). Thenpters of phi, chi and
omega show similar expression, except that the prenof chi does not show
any expression in green tissues (Daughetty! 1996). Also upsilon, psi and nu
are close and they also show similar expressioamxbat the promoter of psi
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is not at all expressed in the reproductive tissHesvever, the situation is
different for kappa and lambda. Although thesedsok are situated close to
each other in the phylogenetic tree their promadersot always show a similar
expression.

From the present work it is clear that a phylogertete does not always reveal
similarities or differences in where different isohs are expressed, and this is
because a phylogenetic tree is based on the amidsequences of the
isoforms and not on promoter resemblence.

We have tried to compare the promoter regionstthas not been successful,
since it is not easy to determine which basekerpromoter region that are
important. A typical promoter contains a TATA-baxdsa CAAT-box. The
function of a TATA-box is mainly the precise inii@n of transcription. The
CAAT-box is frequently focused on controlling trangtion initiation. A typical
promoter also harbours some special DNA sequeniearting elements
inhibiting or activating gene transcription by cdnibhg with the transcription
factor (Gouet al2010). Grondaét al (1990) were unable to identify conserved
sequence element(s) by direct comparison of thegier region of RNA
polymerase | irCrithidia fasciculataand similar promoter regions in other
eukaryotes, including the promoter region of theshatosely related
kinetoplastid species. When deciding what to usbegromoter region, a
1,5kb fragment is often choosen (Engelmanal 2008). The fragment contains
all the necessary information for the specific @ggion and it is not too long to
work with. Barrercet al (2009) showed that a 850bp fragment upstreameof th
start codon of ZmMMRP-1 is sufficient to direct Gtéporter gene activity in
maize, but both Guet al (2010) and Engelmaret al (2008) reported that they
needed at least 1,5kb to capture the promotereofdlcium sensor gene CBL1
in Ammopiptanthus mongolicasid the glycine decarboxylasefilaveria
trinervia respectively .
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SUMMARY AND FUTURE WORK

The 14-3-3 proteins are involved in a large nundfgrocesses and over 700
target proteins have been identified. In plants313% are involved in regulation
of metabolism, membrane transport, and signal dhact®on. 14-3-3s have an
important role in the regulation of nitrogen andoca metabolism and in
regulating the plasma membranéAT Pase.

To investigate if there is specificity in 14-3-3@at protein interaction the
model system HATPase/14-3-3 was used and it indicated some fagigcbut
also a wide redundancy (Paper I). To further amatlye question of specificity
the promoter:GUS fusion was utilized. The resuksudy indicated
developmental, cell-, tissue- and organ-specHmression for all of the
Arabidopsis 14-3-3 isoforms. There is not a sirgglee where the promoter of
one isoform shows an expression that is identitie expression of another
isoform (Paper Il). The results suport the ided 14a3-3s may indeed have
specific roles within individual tissues.



It would be of interest to continue a sequenceyaimabf the different promoters
to see if there are any similarities in the DNAw&ce correlating to the
similarities in expression between the different3t3 isoforms.

Since promoter:GUS fusions of all isoforms of Adudpsis H-ATPase are also
available, it would be of interest to compare tkpression of these to the
expression of the 14-3-3s and see if there is amglation between expression
of 14-3-3s and expression of one of the 14-3-3gimstmajor targets, the'H
ATPase . For example, promoter activity of the Adapsis H-ATPase 3
(AHA3) has been shown in vascular tissues simidanany 14-3-3s (DeWitt
and Sussman, 1995) and the promoter of ArabidépsiTPase 10 has shown
activity in developing seeds (Harpstral 1994).
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POPULARVETENSKAPLIG SAMMANFATTNING
PA SVENSKA

Allt levande ar uppbyggt av celler, fran encellayganismer som t ex jast till
flercelliga organismer som t ex djur och vaxtetaAdeller regleras noggrant sa
att den inre miljén ar konstant oavsett vad sonmdeanden yttre miljon.
Cellerna har sensorer sa att de alltid vet vadisamder runt dem och kan svara
pa detta. Dessa reglerande system bestar tiltlstav stora molekyler som
kallas proteiner. En sadan grupp av reglerandeimetkallas 14-3-3.

14-3-3 proteiner utgor en familj av proteiner sanmgcket lika varandra. De
upptacktes redan 1967 i hjarna fran ko. Det koagt@gmnet har 14-3-3
proteinerna fatt fran sattet de renades fram @#n Bérjan trodde man att dessa
proteiner bara fanns i hjarna men sedan hittadeskk# i andra vavnader hos
djur. 1992 hittades 14-3-3 &ven i vaxter och i.jishcelliga organismer som
tex jast finns fa varianter (isoformer) av 14-3-8dan i djur och vaxter kan det
finnas manga. T ex sa finns det 15 stycken i muéeien Arabidopsis. 14-3-3
ar med stor sannolikhet det protein som ar invealiveflest processer i cellen
och har visat sig interagera med mer &n 700 armmiters proteiner.



Vaxten Arabidopsis heter backtrav pd svenska ovhrais mycket inom
vaxtforskningen. | vaxten har 14-3-3 visat sig viamlverade i manga viktiga
processer. Tidigare trodde man att de manga otikamterna av 14-3-3 hade
samma uppagifter i cellen men nya data visar ataltgskt kan ha specifika
uppgifter trots att de ar sa lika varandra. Dagiodet av intresse att t ex
kartlagga var i vaxten som de olika varianternadin

Med hjalp av ett modellsystem déar 14-3-3 regletaaenat protein som sitter i
cellmembranet och pumpar protoner fran insidanedter till utsidan har vi
kunnat visa att det finns skillnader i hur de olila3-3 varianterna binder till
protonpumpen.

Det har ocksa visat sig att olika isoformer aypetttein inte behdver finnas
(uttryckas) i alla celler i en hel organism octleifdll dar det finns manga
isoformer sa ar det av intresse att se om man ik@nvar de olika isoformerna
uttrycks. Vi har med hjalp av genmodifierade Araipsiis lyckats ta reda pa var
13 av de 15 isoformerna av 14-3-3 uttrycks ochtwasiade finns pa olika
stallen i vaxten och att de da har olika uppgifter.
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