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SUMMARY

The purpose of this study is to understand molecular mechanism of signal
transduction pathways that regulate plant development. We planned to identify
novel signaling components that modulate plant developmental porcesses, and
to probe the protein-protein interaction in order to understand the global
picture of developmental signal transduction network, In this research, we
identified plant signal transduction genes, analyzed various signal
transduction genes and proteins using molecular and biochemical tools,
analyzed expression of signal transduction genes, analyzed functions of plant
signal transduction genes, and carried out protein-protein inteaction mapping

to understand the cellular signaling network in plants. The results obtained

in this projects were summarized below,

Using yeast two hybrid system, we identified NtRpn3, a regulatory
subunit of 26S proteasome, as an interacting protein of NtCDPK1
calcium-dependent protein kinase in Nicotiana tabacum. Rpn3 in yeast is an
essential protein involved in protecolysis of cell cycle regulatory proteins,
and the carrot homologue of Rpn3 was previously isolated as a nuclear antigen
that is mainly expressed in the meristem. NtCDPK1 physically interacts with
NtRpn3 in vitro in a Ca2+-independent manner, and phosphorylates NtRpn3 in a
Ca2+-dependent manner with Mg2+ as a cofactor. NtCDPK1 and NtRpn3 are
colocalized in the nucleus, nuclear periphery and around plasma membrane in
vivo. Both NtCDPKI and AtRpn3, an NtRpn3 homolog of Arabidopsis, are mainly
expressed in the rapidly proliferating tissues including shoot and root
meristems, and developing floral buds. Virus-induced gene silencing of either
NtRpn3 or NtCDPKI resulted in the phenotypes of abnormal cell morphology and
premature cell death in newly emerged leaves, Finally, NtCDPKl interacts with
NtRpn3 in vivo as shown by co-immunoprecipitation, Based on these results, we
propose that NtCDPK1 and NtRpn3 are interacting in a common signal
transduction pathway possibly for regulation of cell division,

differentiation, and cel}l death in tobacco.

Proteasomes constitute the major machinery to degrade or process



proteins by ATP/ubiquitin-mediated proteolysis. Recent findings suggest a
pivotal role of the ubiquitin/proteasome pathway in the regulation of
apoptosis in animal cells. Here we show that virus-induced gene silencing of
two different subunits of the 26S proteasome, the a6 subunit of the 20S
proteasome and RPN9 subunit of 19S regulatory complex, both activated the
programmed cell death (PCD) program, accompanied by reduced proteasome
activity and accumulation of polyubiquitinated proteins, These results
demonstrate that disruption of proteasome function leads to PCD in plant
cells, The affected cells showed morphological markers of PCD including
nuclear condensation and DNA fragmentation, accompanied by the 10-fold higher
production of reactive oxygen species and increased ion leakage for
three-fold, Similar to apoptosis in animal system, mitochondrial membrane
potential was decreased, cytochrome c¢ released from mitochondria to cytosol,
and caspase 9- and caspase 3-like proteolytic activities detected in the
cells., Interestingly, this proteasome-mediated PCD stimulated the expression
of only a subset of transcripts that are highly induced during
pathogen-mediated HR cell death, indicating that the two PCD pathways are
differentially regulated. Taken together, these results provide the first
direct evidence that proteasomes play a role in the regulatory program of PCD
in plants. Controlled inhibition of proteasome activities may be involved in
developmentally- or environmentally-activated plant cell death programs.

The 26S proteasome involved in degradation of proteins covalently
modified with polyubiquitin consists of the 20S proteasome and 19S regulatory
complex. The MPPAF gene encoding the 6 subunit of the 20S proteasome was
identified from Nicotiana benthamiana. NbPAF exhibits high sequence homology
with the corresponding genes from Arabidopsis, human and yeast. The deduced
amino acid sequence of NbPAF reveals that this protein contains the
proteasome -type subunits signature and nuclear localization signal at the
N-terminus, The genomic Southern blot analysis suggests that the N
benthamiana genome contains one copy of NbPAF. The NbPAF mRNA was detected
abundantly in flowers and weakly in roots and stems, but it was almost
undetectable in mature leaves. In response to stresses, accumulation of the

NbPAF mRNA was stimulated by methyl jasmonate, NaCl and salicylic acid, but
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not by abscisic acid and cold treatment in leaves, The NbPAF-GFP fusion
protein was localized in the cytoplasm and nucleus,

NtEFHAL encodes a novel protein containing the FHA
(Forkhead-associated) domain and the acidic domain in Nicotiana tabacum,
NtFHA1l functions as a transactivator and targeted to the nucleus, The FHA
domain of NtFHAl is significantly homologous in sequences to that of Fhil
forkhead transcription factor of yeast, FHL] was previously identified as a
suppressor of RNA polymerase IIl mutations, and the fhll deletion mutant
exhibited severe growth defects and impaired rRNA processing, Ectopic
expression of the FHA domain of NtFHAl, but not its mutant form, resulted in
severe growth retardation in yeast, Similarly, expression of Fhil, its FHA
domain, or the chimeric Fhll containing the NtFHAI-FHA domain also inhibited
yeast growth. Yeast cells overexpressing the FHA domains of NtFHAl and Fhll
contained lower levels of mature rRNAs and exhibited rRNA processing defects
similarly to the fhll null mutant, The chimeric Fhll, but not the mutant form
with a small deletion in its FHA domain, fully complemented the growth and
rRNA processing defects of the fAl/lI null mutant, demonstrating that the FHA
domain of NtFHAl can functionally substitute for the FHA domain of Fhll,
These results demonstrate that the FHA domains of NtFHA1 and Fhll are
conserved in their structure and function, and that the FHA domain of Fhll is
critically involved in regulation of rBNA processing in yeast, NtFHAl

function in plants may be analogous with that of Fhil in yeast.
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Abstract

The forkhead-associated (FHA) domain identified in a wide variety of proteins is a small module that recognizes
phosphothreonine epitopes on proteins. AtFHAI and AtFHA2 of Arabidopsis are homologsof tobacco NtFHAI encoding a
FHA domain-containing transcription activator. Previously, we showed that the FHA domain of NtFHA1 functionally substitutes
for that of the Fhll forkhead transcription factor involved in rRNA processing in yeast; :despite significant differences in their
protein structures. In this study, we characterized AtFHAI and AtFHA2 of Arabza’opsts an analyzed their expression patterns.
AtFHAL1 and AtFHA?2 contain an N-terminal FHA domain and a C-terminal acidic. reglon but lack any known DNA-binding
motifs. Both proteins were targeted to the nucleus. GUS staining of transgenic Arabidopsis:plants containing the promoter-GUS
fusion gene demonstrated high expression of 4tFHA2 in whole tissues throughout plant development. In contrast, AtFHAI was
temporally expressed at low levels in roots and vascular tissues of stems. Interestingly, 4¢FHAI expression was significantly induced
in whole plants in response to external stimuli. The observed differential expression of AtFHAIl and A:FHA2 implies that these two
genes have distinct regulatory roles in Arabidopsis.
© 2003 Published by Elsevier Ireland Ltd.

Keywords: Forkhead-associated domain; Nuclear localization; Promoier-GUS'fusion; rRNA processing

1. Introduction ‘ o Rad53, a protein kinase involved in DNA damage
‘ response and cell cycle arrest in yeast, contains two
Forkhead-associated (FHA) domains are hlghly di- FHA domains separated by a central Ser/Thr kinase

verse protein-protein interaction modules charactenzed domain [3]. Other FHA-containing kinases, include
by a 55-75 residue motif [1]. Recent studies have shown DUNI and MEK1 of yeast, function in DNA replica-
that FHA is a modular phosphopeptide recognition tion and repair within the nucleus [4]. The kinesin family
domain, with specificity for phosphothreonine-contain- is the largest group of FHA-containing proteins in
ing epitopes [2]. FHA domams were initially identified eukaryotes. More than 20 different kinesin-like proteins
in a group of forkhead transcription factors [1] and have contain FHA domains {2]. The FHA domain is located
since been found in more than 200 different proteins, close to the active site of kinesin KIF1A. It is, therefore,
ranging from .prokar oté's’ to higher eukaryotes. The proposed that the transport process mediated by KIF1A
domain is associated with proteins involved in numerous is regulated by FHA-mediated phosphorylation-depen-
processes, including signal transduction, transcription, dent interactions [5]. Some ring finger proteins, such as

protein transport and DNA repair [2]. yeast dmal and human Chfr, also contain the FHA
o domain [6,7]. These two proteins possibly function in the

cell cycle checkpoint pathway [6,7]. The presence of the

* Corresponding author. Tel: +82-42-860-4195; fax: +82-42.860-  11ng finger (a catalytic motif in a variety of E3 ubiquitin
4608. ligases) in FHA-containing proteins is highly suggestive
E-mail address: hyunsook@kribb.re.kr (F.-S. Pai). of a role in protein ubiquitination and degradation {8].
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In plants, the FHA domain was identified in Arabidopsis
kinase-associated protein phosphatase (KAPP) through
interaction cloning using an Arabidopsis receptor-like
kinase as bait [9]. The FHA domain in KAPP is involved
in phophorylation-dependent protein—protein interac-
tions with various receptor-like kinases [10]. Unlike
many FHA-containing proteins localized in the nucleus,
KAPP is involved in plant receptor kinase signaling
pathways on the inner face of the plasma membrane.
In Saccharomyces cerevisiae, several forkhead tran-
scription factors, including Fhll, Fkhl and Fkh2,
contain the FHA domain in addition to the forkhead
DNA-binding domain [l11-14}]. Fkhl and Fkh2 are
master regulators of G2-specific transcription in yeast
[14,15]. These proteins are components of the Swi5
factor and regulate transcription of the CLB2 and SIC!
cluster [14]. Fhll is a multicopy suppressor of mutations
in RNA polymerase III and its transcription factor,
TFIIIC. Mutation of FHLI leads to aberrant rRNA
processing [12]. Thus Fhll plays a role in the control of
RNA polymerase TII transcription and rRNA matura-
tion, presumably by acting as a transcriptional regulator
of genes specifically involved in those processes.
Previously, we showed that the FHA domains of
NtFHAI, a novel transcriptional activator in tobacco,
and of yeast Fhll forkhead transcription factor have
conserved functions in the regulation of cell growth and
rRNA processing in yeast [16]. NtFHA1 is a small
protein of 209 amino acids which contains the FHA
domain and an acidic region, while yeast Fhil consists
of 936 amino acids, including two large acidic domains
at the N and C termini, FHA domain, and a DNA-
binding forkhead domain in the center. Despite the
significantly different overall structures of the two
proteins, the FHA domains of NtFHA1 and Fhil ‘are
functionally interchangeable. Ectopic expression of the

FHA domains of these two proteins induced rRNA

processing defects in yeast, leading to severe growth
retardation, similar to that observed with the fAll null
mutation. Chimeric Fhll containing the FHA domain of
NtFHA1 was fully functional in regulating rRNA
processing as well as yeast growth. Our data further
demonstrated that the FHA domain of Fhil is critically
involved in the regulation of rRNA processing in yeast
[16]. The results indicated that the function of NtFHALI
in plant cells is analogbus to:that of yeast Fhll in rRNA
processing and RNA. polymerase III transcription,
probably by associating with other transcription factors.

In this stiidy,=we identified and characterized two
homologs of “NtEHAI in Arabidopsis, designated
AtFHAI and AfFHA2. Expression patterns of the two
genes were investigated by analyzing Arabidopsis trans-
genic plants expressing the promoter-GUS fusion gene.
AtFHAI and AtFHA?2 displayed significantly different
patterns of expression. AtFHA2 expression was strong,
constitutive, and tissue-general, while AtFHAI expres-

Y:/Elsevier Science/Shannon/PSL/articles/Psl6300/PSL6300.3d[x]
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sion was temporal and induced in response to external
stimuli, indicating that these two genes may have
different regulatory roles. The AtFHA2 promoter may
be employed to drive transgene expression to high levels
in the plant system.

2. Materials and methods

2.1. Cloning of AtFHAI and AtFHA2 ¢cDNA

AtFHAI and AtFHA2 cDNA were cloned by PCR
using an Arabidopsis cDNA library as template. PCR

.amplification was performed with 1 U of Taq DNA

polymerase (Promega), 100 pM of each dNTP, and
100 pmol forward and reverse primers (for AtFHAI,
5-ATGGCTACAGCCGTTGGA-3 and 5-TCAGG-
GATAGCCCAGTCT-3; for AtFHA2, 5-ATGGC-
TACGGCTGTTGGT-3' and S5“TCATGAGAGTA-
GGGTAAC-3). PCR products were cloned into pBlue-
script vector, and confirmed by sequencing.

2.2. Nuclear localization ofAtFHAI- and AtFHA2-GFP
proteins v

AtFHAI and AtFHA2 cDNA fragments containing
the entire protein'coding regions were amplified by PCR
and cloned into the 326-GFP vector {17}, using BamHI
to generate a GFP in-frame fusion under control of the
cauliflower mosaic virus 35S promoter. AtFHA1-GFP
and AtFHA2-GFP plasmids were introduced into onion
epidermal cells by particle bombardment. Expression of
fusion constructs was monitored at 12 h after transfor-
mation using a Zeiss Axioplan fluorescence microscope
(Jena, Germany). XF116 filters (exciter, 474AF20;
dichroic, SOODRLP; emitter, 510AF23) were employed
to visualize the green fluorescent protein (GFP). To
mark nuclei, the same onion epidermal layers were
stained with DAPI (100 pg/ml) for 30 min, prior to
microscopic observation.

2.3. GUS histochemical assay

The AtFHALI (1.1 kb) and AtFHAZ2 (2.0 kb) promo-
ters were isolated by PCR wusing the Arabidopsis
genomic DNA as a template. Primers used for PCR
amplification include: 5-ATCAAGCTTACGAAAAG-
TACCGAGACG-3 and 5-ATCGGATCCGCCGT-
GAAATTT CTCCGA-3' for AtFHAI, and 5-
ATCGTCGACATTGGAGCATTTAAGTTA-3 and
5" ATCGGATCCGCCGTGAAATTCTCCGAT-3 for
AtFHA?2 . Promoters were cloned into the pBI101 vector
using Sall/BamHI sites to generate in-frame AtFHAI
promoter- or AtFHA2 promoter-GUS fusion genes.
Fixation, staining and clearing of transgenic Arabidopsis
plants (ecotype Columbia) with X-Gluc were performed,
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as described previously [18]. To determine the inducible
expression of AtFHA2, AtFHA2::GUS seedlings were
treated with 1 uM auxin (2,4-D and TAA), 1 uM
cytokinin (zeatin), 5 uM brassinosteroid, 10 pM ABA,
and 10 pM gibberellin (GA;) for 24 h before the GUS
assay was performed. For hypoxia, the AtFHA2::GUS
seedlings were submerged under water for 24 h prior to
the GUS assay.

2.4. RNA gel blot analysis

For RNA gel blot analysis, total RNA was prepared
by using TRIzolTM Reagent (GIBCO-BRL) following
manufacturer’s instructions. Approximately 20 pg of
total RNA was electrophoresed on an agarose gel
containing 5.1% (v/v) formaldehyde and blotted onto
Hybond-N Nylon membrane. The membrane was
hybridized with a 96 bp probe containing the C-terminal
end of the AtFHA2 coding region, which is absent in
AtFHAI . The probe was synthesized by PCR using two
primers (5-CTGGAGGAAAAAGATGTT-3 and 5'-
ACCGAATGAAGTTTTTCC-3"), and AtFHA2 cDNA
as a template. Prehybridization and hybridization was
carried out in 5 x SSC, 5 x Denhardts solution, and
0.5% SDS at 60 °C overnight. The membranes were
washed twice in 2x SSC and 1% SDS at room
temperature, then washed in 0.1 x SSC and 0.1% SDS
at 60 °C for 30 min.

3. Results

3.1. Arabidopsis AtFHAI and AtFHA2 are putative
homologs of tobacco NtFHAI

AtFHAI (GenBank AAF20220.1) and AtFHA2

(GenBank AAF20224.1) encode proteins of 251 and-

320 amino acids with estimated molecular weights of
27980 and 35994 Da, respectively. These proteins are
putative functional homologs of the Ni Lstranscrip-
tion activator of tobacco, whos¢ FHA domain is
functionally conserved with that .of. the: yeast forkhead
transcription factor Fhll [16}: AtFHAl AtFHA?2 and
NtFHA1 contain the FHA domain in the N-terminus
and an acidic region:as ‘a_putative transactivation
domain at the C-terminus, but lack any known DNA-
binding motifs (Fig. 1A). Yeast Fhil, comprised of 936
amino acids, containsitwo Tlarge acidic domains at the N
and C termini, the FHA domain and a DNA binding
forkhead. (FH) domain in the center (Fig. 1A). The
sequence homology between NtFHAI1, AtFHA1 and
AtFHA?2 is very high within the FHA domain (94-95%
identity), but lower in the other regions (Fig. 1B).
AtFHA1 and AtFHA?2 exhibit extremely high sequence
identity, except at the C-terminal end of the protein-
coding region (Fig. 1B). All the residues conserved in the

FHA domains of animal and yeast proteins are present
in these three proteins, except that the Asn residue is
replaced by Glu (marked in Fig. 1B). FHA domains of
NtFHA1, AtFHAl and AtFHA2 display significant
sequence similarity to that of yeast Fhll. An alignment
of the FHA domains of AtFHA1, AtFHA2 and Fhil is
shown in Fig. 1C. The FHA domain of NtFHAI1
displays 46% amino acid sequence identity to that of
Fhil [16], while AtFHA1 and AtFHA2 exhibit 43%
identity to Fhll in the FHA domain. Full-length
AtFHAI and AtFHA2 cDNA were isolated from an
Arabidopsis cDNA library using PCR.

AtFHA1 and AtFHA2 are among 15 FHA domain-

containing ORFs in the Arabidopsis genome database.

Among these, only the biological functions of KAPP
[9,10] and zeaxanthin epoxidase [19,20] have been
characterized. Alignment of the FHA domains of the
15 Arabidopsis ORFs reveals a number of conserved
amino acid residues (Fig. 2A). Seven conserved residues
(marked in Fig. 2A) within the FHA domain have been
identified in animal and yeast systems. Based on the
structures of the FHA domains of yeast Rad53 and
human Chk2, the FHA homology region encompasses
multiple $ strands 1nterspersed between the three loops
that bind to the phosphothreonine peptide [21,22]. Six of
the seven conserved residues (except the most C-
terminal Asn residue).are located close to the peptide-
binding site {21,22]. Thus the conserved residues of the
FHA domain are either associated with direct ligand
interactions or form the structural framework upon
which peptide binding loops are displayed. The three
residues {two Asn and one Gly) near B-sheets 7 and 8
conserved in the FHA domains of animal and yeast
proteins, were not strictly conserved in Arabidopsis
FHA domains, while other four residues were highly
conserved (Fig. 2A). Although the roles of the conserved
residues in the Arabidopsis FHA domains remain to be
determined, their positions in the vicinity of the
predicted B-sheets suggest that at least some are required
for the formation of the B-sheet structure of the FHA
domain (Fig. 2A). Phylogenetic analysis of the FHA
domains of 15 Arabidopsis proteins and NtFHAI
clearly reveals that NtFHAL1 is grouped with AtFHA1
and AtFHA?2 (Fig. 2B).

3.2. Nuclear localization of AtFHAI and AtFHA2

Cellular localization of AtFHA1 and AtFHA2 was
examined by constructing fusion proteins with GFP
expressed under the control of the CaMV 35S promoter
(Fig. 3). The fusion constructs, AtFHAI-GFP and
AtFHA2-GFP, were introduced into onion epidermal
cells by particle bombardment. After incubation for 12 h
at 25°C, expression of the introduced genes was
examined under a fluorescent microscope. As a positive
control for nuclear localization, the same epidermal
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layer was stained with DAPI, prior to microscopic ing that both AtFHA1 and AtFHA?2 were targeted to

observation. The green fluorescent signal completely the nucleus (Fig. 3). In contrast, the GFP control was
overlapped with DAPI staining in the nucleus, indicat- mainly localized in the cytosol.
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3.3. AtFHAZ2 is constitutively expressed in whole plant
tissues at a high level

The expression patterns of the two genes were
investigated by generating transgenic Arabidopsis plants
containing AtFHAI promoter-GUS and 4AtFHA2 pro-
moter-GUS fusion constructs. 4tFHAIL::GUS and AiF-
HA2::GUS fusion constructs were comprised of the 1.1
kb AtFHAI and 2.0 kb AtFHA2 promoters fused in-
frame to the GUS gene, respectively. Histochemical
GUS staining disclosed strong AtFHA2 expression in
whole tissues from the earliest stages of seedling devel-
opment to mature plants (Fig. 4A~K). In particular, the
shoot apex and vascular tissue were strongly stained
(Fig. 4B, F). GUS staining in the roots was also strong,
particularly in the root meristem and elongation zone
(Fig. 4C, E). In flowers, AtFHA2 was strongly expressed
throughout the reproductive meristem and all four
whorls of flower buds (Fig. 4J). In general, high levels
of AtFHA2 were observed in all the plant tissues
examined throughout the entire developmental stage.

We also examined the expression of 4tFHA2 mRNA
in different Arabidopsis tissues, using RNA gel blot
analysis. The probe employed was a 96 bp amplified
DNA fragment corresponding to the C-terminal end of
the AtFHA?2 coding region, which is absent in AtFHAI.
The 1.5 kb AtFHA?2 transcript was strongly detected in
all the tissues examined, with the lowest levels in mature
leaves (Fig. 5). This expression pattern is consistent with
GUS staining observed in AtFHA2::GUS transgenic
plants (Fig. 4).

3.4. AtFHAI expression is low, but stimulated by
external stimuli

Histochemical GUS staining of Arabidopsis plants

containing the AtFHAI::GUS fusion gene revealed low
expression of GUS activity in roots and vascular tigsues
near the shoot apex in young seedlings (Fig. 6A—C).
However, as plants developed, 4tFHATL expréssion was
no longer detected in any of the tissues, including roots,
flowers and leaves (Fig. 6D—F). Thus, AtFHAI expres-
sion appears to be developmentally regulated. This low
expression of AtFHAI prompted us to examine whether
the levels were elevated by external stimuli. Phytohor-
mones, including auxin, cytokinin, gibberellin, abscisic
acid and brassinostérgid, and abiotic stress factors, such
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as hypoxia, significantly enhanced GUS staining in the
shoot apex, roots and vascular tissues in leaves (Fig.
6G—K). In flowers, GUS staining was detected in the
anther, stamen, petal and receptacle, in response to the
stimuli. These results clearly demonstrate that AtFHAI
expression is induced by external stimuli, including
hormones and stress factors.

3.5. Discussion

Two Arabidopsis homologs of NtFHAI1 in tobacco,
AtFHAl and AtFHA2, have been identified and
characterized. These are small proteins comprised of

the FHA domain and an acidic region. The proteins

constitute the only group of FHA-containing nuclear
factors in plants. Recent findings have suggested that
FHA domain is significantly larger than the previously
described FHA homology region .[2,23]. The domain
spans approximately 80—100 amino-acid residues folded
into an ll-stranded P sandwich, which sometimes
includes small helical insertions between the loops
connecting the strands.. The 'EHA homology region
spans only eight B-strands (B3-$10) on one face of the
sandwich [21]. Theshomology between NtFHAI1 and
AtFHA proteins:is mostly limited to the N-terminal
region (including the FHA homology region; marked in
Fig. 1B). Between positions 8 and 123, only six residues
of AtFHA1 and seven residues of AtFHA2 are distinct
from the corresponding sequence of NtFHAI [16]. The
entire region spanning residues three to 123 in AtFHAL
and AtFHA?2 possibly constitutes the functional FHA
domain. Other parts of the amino acid sequences of
AtFHA1 and AtFHAZ2 are significantly different from
NtFHAL, except for a small area enriched with acidic
amino acid residues. The data indicate that the FHA
domain is functionally important in this group of
proteins. Indeed, the FHA domain of NtFHAI plays a
critical role in the regulation of growth and rRNA
processing in yeast by mimicking the function of the
FHA domain of the yeast Fhll forkhead transcription
factor [16]. The structural and functional conservation
of the FHA domains of Fhll and NtFHAI1 strongly
suggests that the plant factors play similar roles as yeast
Fhll. However, the mechanisms of action of the two
proteins are possibly different, since the plant factors
lack the forkhead DNA-binding domain identified in
Fhll. NtFHAI1, AtFHAI, and AtFHA2 proteins may

Fig. 1. Structure aﬁd amino acid sequence comparison of AtFHAI and AtFHA2. (A) Schematic representation of AtFHA1 and AtFHA? proteins
of Arabidopsisiin comparison with tobacco NtFHAT and yeast fhll. The FHA homology region (FHA) [23], forkhead domain (FH), acidic domain,
and residue numbers are indicated. (B) Deduced amino acid sequences and alignment of AtFHA1, AtFHA2 and NtFHA1. The numbers on the right
indicate amino acid residues. Gaps, which were introduced to maximize alignment, are indicated by dashes. Residues conserved in all three sequences
are boxed in black, and those conserved in two of the compared sequences are boxed in light gray. FHA homology and acidic regions are indicated by
brackets and overlining, respectively. Conserved residues in the FHA domain are marked with filled circles above the sequences. The conserved Asn
residue of the FHA domain replaced by Glu in the aligned sequences is indicated by asterisks. (C) Sequence alignment of the FHA homology region

of AtFHAI, AtFHA? and yeast Fhil.
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interact with other transcription factors to produce a functional transcription complex. Fkh2, a yeast fork-
A
at4gidq90 27 61
at3g02490 27 61
at5g192280 207 242
at2g21530 130 174
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at5g38840 119 153
at3g20550 218 265
at5g07400 39 77
at3g54350 637 678
at1g75530 459 500
at1g60700 416 457
AtFHAL 31 13
AtFHAZ2 31 13
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DAPI Light

Fig. 3. Nuclear localization of AtFHA1 and AtFHA?2. Fusion constructs of AtFHAI:GFP (green fluorescent protein) and.AtFHA2:GFP were
introduced into onion epidermal cells, using particle bombardment. Localization of GFP fluorescent signals was examined at 12 h after
transformation under a flyorescence microscope, and compared with DAPI staining of the nucleus. As a control, expression of GFP alone was

analyzed.

head transcription factor, forms a transcription complex
with the MADS-box protein, Mcml, to control cell
cycle periodicity of SWI5 and CLB2 gene expression
[14,24]. Proteins containing the forkhead DNA binding
domain are potential candidates for interacting partners
of the FHA-containing plant factors. However, no
proteins identified in the plant database to date contain
the forkhead domain. The identification of interacting
proteins is an important step in elucidating the function
of this group of plant transcription regulators.

The presence of the FHA domain in a wide variety of
proteins suggests involvement of this domain in different
processes, although the specific cellular targets of the
FHA-containing proteins are largely unknown. Arabi-
dopsis contains 15 FHA domain-containing ORFs, of
which only the biological functions of KAPP [9,10] and
zeaxanthin epoxidase [19,20] have been characterized.
The roles of the FHA domains in these ORFs are yet to
be defined, except that of Arabidopsis KAPP being
involved in phosphorylation-dependent binding to mul-
tiple plant receptor-like kinases {10]. Sequence analysis
of the FHA-containing ORFs of Arabidopsis indicates

that these proteins have diverse functions and subcel-
lular localizations. Some of the encoded proteins display
homology = with prokaryotic diacylglycerol kinase
(at1g34350), kanadaptin-like protein (at5g38840), serine
protease (at3g20550), and A+T-hook DNA binding
domain protein (at3g02400). It is predicted that these
proteins are targeted to various subcellular locations,
including the nucleus, plasma membrane, mitochondria,
and chloroplast. In view of these diverse characteristics
of these proteins, it is likely that the targets of their FHA
domains are also distinct. Functions of these plant FHA
domains remain to be determined.

Analysis of Arabidopsis transgenic plants expressing
the promoter-GUS fusion gene reveals strikingly differ-
ent expression patterns of A:tFHAI and AtFHA2.
AtFHA?2 is expressed ubiquitously at very high levels.
In contrast, AtFHAI is only temporally expressed, but
elevated levels are observed in response to external
stimuli. These differential expression patterns imply that
AtFHA1 and AtFHA2 have different regulatory roles.
Constitutive expression of AtFHA2 in whole plant
tissues suggests that this protein is the main regulator

Fig. 2. Sequence alignment and phylogenetic tree of the FHA homology regions from 15 FHA domain-containing proteins of Arabidopsis (A)
Sequence alignment. Conserved residues are boxed in black or light gray, based on the degree of conservation. The seven conserved residues identified
in the FHA domains of animal and yeast proteins {2] are marked with asterisks above the alignment. Black arrows above the alignment indicate the
predicted B-sheet, based on the Rad53 FHA domain structure [2]. At5g19280 and AtSg67030 encode KAPP and zeaxanthin epoxidase precursor,
respectively. The numbers on the left and right indicate the amino acid positions. (B} Phylogenetic tree based on the analysis of amino acid sequences
of the FHA homology regions. Sequence alignment was performed by use of the CLUSTALW program. The neighbor-joining method was applied to
generate the phylogenetic tree by using the TREEVIEW program. Numbers next to the nodes present bootstrap values from 1000 replicates (only

those with more than 70% bootstrap support are indicated).
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38::GUS

Fig. 4. Histochemical staining of transgenic Arabidopsis plants containing the AtFHA2 promoter-GUS fusion gene. (A-B) GUS staining in whole
seedlings at 2 days (A) and 7 days after sowing (B). (C) GUS staining in roots at 7 days after sowing (DAS). (D~-F) GUS staining in whole seedlings
(D), roots (E), and leaves (F) at 14 DAS. The root meristem, elongation zone, and vascular tissues in the leaves are strongly stained. (G-I) GUS
staining in roots (G), leaves (H), whole plants (I), flower buds (J), and shoot apex (K) at 28 DAS. (L-M) GUS staining in whole seedlings containing
the pBII21 (35S promoter:GUS) vector at 7 DAS (L) and 14 DAS (M) as controls.

of transcription activation. The expression pattern is
consistent with- its proposed role as a transactivating
factor for tfRNA processing and RNA polymerase III
transcription. AtFHA1 may be responsible for modulat-
ing the rate of rRNA processing and RNA polymerase
III transcription in response to environmental changes.
Synthesis and processing of ribosomal RNA are closely
monitored in cells responding to internal and external

information. When signals are perceived, newly synthe-
sized AtFHA1 may integrate into the transcription
complex replacing AtFHA2, resulting in the assembly
of a different transcription complex, and consequent
modification of target gene expression. However, de-
spite this intriguing possibility, the functions of
AtFHA1 and ATFHA?2 in plant cells remain to be
clarified. Finally, from an applied perspective, the
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AtFHA2 - 1.5 kb

rRNA

Fig. 5. RNA gel blot analysis of 4tFHA2 expression in Arabidopsis.
Each lane represents 20 pg total RNA from roots (R), flowers (F),
leaves (L), and stems (8). EtBr-stained rRNA was visualized to verily
the amount of RNA in each lane. The size of the mRNA is indicated.

strong constitutive AzFHA2 promoter might be utilized
to drive expression of transgenes to a high level in the
plant system.

Acknowledgements

The authors thank Yu-Kyung Kim (KRIBB) for
technical help. This research was supported by grants
from Plant Diversity Research Center of the 2l1st
Century Frontier Research Program and National
Research Laboratory Program funded by Ministry of
Science and Technology of Korean government.

References

[1] K. Hofmann, P. Bucher, The FHA domain: a pulative nuclear
signalling domain found in protein kinases and transcription
factors, Trends Biochem. Sci. 20 (1995) 347-349.

[2] D. Durocher, S.P. Jackson, The FHA domain, FEBS Lett. 513
(2002) 58-66.

{3] P. Zheng, D.S. Fay, J. Burton, H. Xiao, J.L. Pinkham, D.F.
Stern, SPK1 is an essential S-phase-specific gene of Succharo-
myces cerevisiae that encodes a nuclear serine/threonine/tyrosine
kinase, Mol. Cell. Biol. 13 (1993) 5829-5842.

4] D. Moras, Polymerases. Two sisters and their cousin, Nature 364
(1993) 572-573.

[5} M. Kikkawa, E.P. Sablin, Y. Okada, H. Yajima, R.J. Fletterick,
N. Hirokawa, Switch-based mechanism of kinesin'motors, Nature
411 (2001) 439-445.

{6] M. Murone, V. Simanis, The fission yeast dmal gene is a
component of the spindle assembly checkpoint, required to
prevent septum formation and premature exit from mitosis if
spindle function is compromised, EMBO J. 15 (1996) 6605-6616.

[7} D.M. Scolnick, T.D. Halazonetis, Chfr defines a mitotic stress
checkpoint that delays entry into metaphase, Nature 406 (2000)
430-435,

[8] M. Tyers, P. Jorgensen, Proteolysis and the cell cycle: with this
RING I do thee destroy, Curr. Opin. Genet. Dev. 10 (2000) 54—
64.

[9] J.M. Stone, M.A. Collinge, R.D. Smith, M.A. Horn, J.C. Walker,
Interaction of a protein phosphatase with an Arabidopsis serine~
threonine receptor kinase, Science 266 (1994) 793-796.

[10] J. Li, G.P. Smith, J.C. Walker, Kinase interaction domain of
kinase-associated protein phosphatase, a phosphoprotein-binding
domain, Proc. Natl. Acad. Sci. USA 96 (1999) 7821-7826.

[11] G. Zhu, E.G. Muller, S.L. Amacher, J.L. Northrop, T.N. Davis,
A dosage-dependent suppressor of a temperature-sensitive calmo-
dulin mutant encodes a protein related to the forkhead family of
DNA-binding proteins, Mol. Cell. Biol. 13 (1993) 1779-1787.

[12] S. Hermann-Le Denmat, M. Werner, A. Sentenac, P. Thuriaux,

Suppression of yeast RNA polymerase IIT mutations by FHLI, a

gene coding for a fork head protein involved in rRNA processing,

Mol. Cell. Biol. 14 (1994) 2905-2913.

P.C. Hollenhorst, M.E. Bose, M.R. Mielke, U. Muller, C.A. Fox,

Forkhead genes in transcriptional silencing, cell morphology and

cell cycle. Overlapping and distinct functions for FKHI and

FKH2 in Saccharomyces cerevisiae, Genetics 154 (2000) 1533—

1548.

[14] G. Zhu, P.T. Speliman, T. Volpe, P.O. Brown, D. Botstein, T.N.
Davis, B. Futcher, Two yeast forkhead genes regulate the cell
cycle and pseudohyphal growth, Nature 406 (2000) 950-94.

[15] M. Koranda, A. Schleiffer, L. Endler, G. Ammerer, Forkhead-
like transcription factors recruit Ndd1 to the chromatin of G2/M-
specific promoters, Nature 406 (2000) 94-98.

[16] M. Kim, J.-W. Ahn, K. Song, K.-H. Pack, H.-S. Pai, Forkhead-

associated domains of the tobacco NtFHAI transcription acti-

vator and the yeast Fhll forkhead transcription factor are

functionally conserved, J. Biol. Chem. 277 (2002) 38781 -38790.

[171 Y.J. Lee, D.H. Kim, Y.-W. Kim, I. Hwang, Identification of a
signal that distinguishes between the chioroplast outer envelope
membrane and the endomembrane system in vivo, Plant Cell 13
(2001) 2175-2190.

18] R.A. Jefferson, T.A. Kavanagh, M.W. Bevan, GUS [usions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in
higher plants, EMBO 1. 6 (1987) 3901-3907. ]

[19] C. Sun, J.L. Woolford, Jr, The yeast NOP4 gene product is an
essential nucleolar protein required for pre-TRNA processing and
accumulation of 60S ribosomal subunits, EMBO J. 13 (1994)
3127-3135.

[20] J. Venema, D. Tollervey, Processing of pre-ribosomal RNA in
Saccharomyces cerevisiae, Yeast 11 (1995) 1629-1650.

[21] D. Durocher, I.A. Taylor, D. Sarbassova, L.F. Haire, S.L.
Westcott, S.P. Jackson, S.J. Smerdon, M.B. Yalle, The molecular
basis of FHA domain: phosphopeptide binding specificity and
implications for phospho-dependent signaling mechanisms, Mol.
Cell 6 (2000) 1169-1182.

{22] L. Li, B.L. Williams, L.F. Haire, M. Goldberg, E. Wilker, D.
Durocher, M.B. Yaffe, S.P. Jackson, S.J. Smerdon, Structural
and functional versatility of the FHA domain in DNA-damage
signaling by the tumor suppressor kinase Chk2, Mol. Cell 9 (2002)
1045-1054.

[23] B.L. Pike, A. Hammet, J. Heierhorst, Role of the N-terminal

forkhead-associated domain in the cell cycle checkpoint function

of the Rad53 kinase, J. Biol. Chem. 276 (2001) 14019-14026.

A. Pic, F.-L. Lim, S.J. Ross, E.A. Veal, A.L. Johnson, M.R.A.

Sultan, A.G. Wes(, L.H. Johnston, A.D. Sharrocks, B.A.

Morgan, The forkhead protein Fkh2 is a component of the yeast

cell cycle transcription factor SFF, EMBO I. 19 (2000) 3750-

3761.

(13

“

[24

—41 -

462
463
464

465
466
467
468

469
470
471
472

473
474
475
476
477

478
479
430

481
482
483

484
485
436
487

488
489
490
491

492
493
494

495
496
497
498

499
500
501
502
503
504
505

506
507
508
509
510
511
512
513

514
515
516
517
518



Y:/Elsevier Science/Shannon/PSL/articles/Psl6300/PSL6300.3d[x] 23 July 2003 10315

10 J-W. Ahn et al | Plant Science xxx {2003) xxx—xxx

Promoterless GUS

Fig. 6. Histochemical staining of transgenic Arabidopsis plants containing the AtFHAI promoter-GUS fusion gene. (A—-C) GUS staining in
seedlings at 14 days after sowing (DAS). Roots and vascular tissues near the shoot apex are weakly stained. (D—F) GUS staining in flowers (D), roots
(E), and whole plants (F) at 28 DAS. No GUS staining was detected at this stage. (G—-K) GUS staining in the shoot apex (G), roots (H), flower buds
(D), leaves (J), and whole plants (K) at 28 DAS in response to brassinosteroid (5 uM). Plants were treated with the hormone for 24 h before the GUS
assay was performed. (L-N) GUS staining in whole seedlings (L), roots (M), and shoot apex (N) containing the pBI101 (promoterless GUS) vector
at 14 DAS as a control. No GUS staining was observed.
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Abstract

and temporal expression patterns that are very similar to those of
CHRK!1 and NtPUB4 are localized at the plasma membrane in vi

screening. NtPUB4 contains the U-box and five arm
to Brassica arm repeat containing I (ARC1) that interacts
ts of NtPUB4 arc important for the interaction with
ing the recombinant proteins. NtPUB4 exhibited spatial
, GFP and RFP fusion experiments demonstrated that both

CHRK1 receptor-like kinase, and is likely involved in modulating the plant developmental signaling pathway mediated by CHRKI.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Arm repeat; In vitro binding assay; In vivo loc

-box Yeast two-hybrid

1. Introduction

Armadillo (arm) motif is a
bic sequence originally identified in he Drosophila segment
polarity protein armadille andem arm repeats were
also found in the ]uncfonal plaque protein plakoglobin, p-
catenin, the tumor % % CSSOr ‘adenomatous polyposis coli
(APC), and nucejggr ansport factor a-importin [2]. The arm
repeat domams itiath cfe‘%%r()teins consist of 8-12 tandem
repeats of he Atmadillo motif [3]. In plants, arm repeat
C1) with five arm repeats and U-box
specifically interact with S-locus receptor-like kinase
(SRK) that is involved in self-incompatibility response in
Brassica [4]. The kinase domain of SRK binds to and
phosphorylates ARC1 in vitro, and the phosphorylation is
essential for the interaction between two proteins. Gene
silencing of ARC! results in loss of self-incompatibility,
indicating that ARCI is an essential downstream component

no-acid hydropho-

* EMBL accession number: AY219234.

* Corresponding author. Tel.: +82-42-860-4195; fax: +82-42-860-
4608.

E-mail address: hyunsook@kribb.re.kr (H.-S. Pai).

1570-9639/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/51570-9639(03)00234-6

of SRX signaling pathway [5}. Recently, it has been found
that ARC1 is an E3 ubiquitin ligase and promotes the
ubiquitination of proteins during self-incompatibility reac-
tion [6]. PHORI, a photoperiod-responsive protein contain-
ing seven arm repeats, is a component of gibberellin signaling
pathway [7]. Application of gibberellin induces rapid migra-
tion of PHOR1-GFP protein to the nucleus, resembling
controlled nuclear localization of the armadillo/3-catenin.
Arm repeats have been found to be involved in protein—
protein interaction. The arm repeats of B-catenin bind cad-
herins, APC, and EGF receptor kinase domain [8]. The plant
ARC! interacts with the SRK kinase domain through its arm
repeats {4]. The binding of a-importin by p-importin [9],
Ran®™" by transportin [10], and nuclear localization signal
peptides by a-importin [11] all involve the arm repeats.
Tobacco CHRK1 is a unique receptor-like kinase con-
taining an extracellular domain that is closely related to the
class V chitinase of tobacco and microbial chitinases {12].
In the plant and animal database including more than 600
receptor-like kinases in the Arabidopsis genome, no other
receptor-like kinase contains the chitinase-like sequence.
CHRKI has been shown to play an important role in growth
and development of tobacco plants (manuscript submitted).
Expression of the CHRKI promoter-GUS fusion gene was

BBAPAP-36924
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mainly detected in the apical domain of embryos, leaf
primordia, young leaves and floral organs. Furthermore,
transgenic tobacco plants in which the CHRK] expression
was suppressed exhibited pleiotrophic developmental ab-
normality, including formation of proliferating shooty calli
from seeds and severely altered seedling development. At
the cellular level, ectopic cell proliferation and aberrant
chloroplast development were observed. The transgenic
lines contain threefold higher level of cytokinin than the
wild-type tobacco, and the transgenic seedlings exhibited a
typical cytokinin response in the absence of hormone. These
results indicate that CHRK1 is involved in a signal trans-
duction regulating plant development and cytokinin homeo-
stasis in tobacco (manuscript submitted).

In this study, we attempted to address the related signaling
pathway of CHRKI1 by identifying interactive proteins using
yeast two-hybrid system, and identified NtPUB4 as a putative
downstream element of CHRK 1. Deletion analysis revealed
that five arm repeats are essential for the interaction between
two proteins. The recombinant proteins of CHRK! and
NtPUB4 interacted in vitro. Spatial and temporal expression
of NtPUB4 was very similar to that of CHRK /. Furthermore,
both CHRK1 and NtPUB4 were localized in the plasma
membrane in vivo. These results strongly indicate that
NtPUB¢4 interacts with CHRKI receptor-like kinase as g
downstream element of the related signaling pathway. <

2. Materials and methods
2.1. Yeast two-hybrid assay

The MATCHMAKER LexA two-hybrid system (Clon-
tech, USA) was used to screen a to ower cDNA library
(complexity of 5% 10° total#técombinants) constructed in
pB42AD plasmid. The bait pl d was constructed in
pLexA using a parti sponding to the CHRK 1
kinase domain or ¢l domain. After screening of
total 5 x 10° yea§ ormants, a total of 92 positive
colonies that am%zg@ anscription of LEU2 and lacZ gene
only in the%presence of LexA-CHRK kinase domain were
obtained, Amdgg hem, 25 colonies were randomly chosen,
¢DNA inserts in pB42AD plasmid were PCR-
amplified and sequenced. Ten out of twenty five represented
a ¢cDNA encoding a protein homologous to AtPUB4 in
Arabidopsis and ARC1 in Brassica.

To test the interaction of different regions of NtPUB4
with the kinase domain of CHRK1, N-terminal and C-
terminal deletion constructs of the NtPUB4 cDNA in
pB42AD vector were generated as follows. A partial cDNA
sequence of NtPUB4 was PCR-amplified with EcoRI and
Sall at the ends, digested with EcoRI/Sall, and cloned into
EcoRI/Xhol-digested pB42AD. For the construct of the
ARCI cDNA in pB42AD vector as a control, the entire
ARC1 coding region was PCR-amplified with a EcoRT and
Xhol site in their 5'and 3’ends, then cloned into EcoRVXhol-

—44 —

protein binding assay

digested pB42AD plasmid. The EGY48[p8op-lacZ] strain
containing pl.exA-CHRK!1 kinase domain was transformed
with the pB42AD plasmid containing partial sequences of
NtPUB4 or the whole ORF of ARCI. The transformants
were grown on selection plates and assayed for (-galacto-
sidase activity. B-galactosidase activity levels were deter-
mined according to the manual of the MATCHMAKER
LexA two-hybrid system. Three separate colonies were
assayed for each construct. P-galactosidase activity was
determined as the ODy4,4 per hour.

2.2. Purification of recombi ofeins and in vitro

(New England Bio
ARCI cloning, t& ARC! coding region was cloned

ector (New England Biolabs) using
EcoR/Sall ‘sites. The maltose binding protein (MBP) or

MBR:sfusion proteins were purified using amylose resin

main (CHRK1-KD) were produced by in vitro
pslation using the TNT-Coupled Wheat Germ Extract
Systems (Promega). The MBP, MBP-NtPUB4, and
MBP-ARC1 were immobilized on amylose resin and
incubated with the in vitro translated *>S-methionine-labeled
CHRKI-KD for 2 h at 4 °C in binding buffer (150 mM
NaCl, 10 mM Tris (pH 8.0), 0.3% Nonident P-40, 1 mM
dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluo-
ride, and 0.25% bovine serum albumin (BSA)), followed by
three washes with binding buffer and a final wash with the
same buffer lacking BSA. The resin-bound fractions were
analyzed by 10% SDS-PAGE. The gel was blotted to PVDF
membranes and exposed to X-ray film.

2.3. DNA gel blot analysis

For DNA gel blot analysis, 10 pg of the genomic DNA
isolated from Nicotiana tabacum leaves was digested with
EcoRI and HindIIl, electrophoresed on a 0.8% agarose gel,
and blotted onto Hybond-N Nylon membrane (Amersham
Pharmacia Biotech) as described previously {13]. The probe
was the 0.4-kb PCR fragment corresponding to the N-
terminal region of NtPUB4. Prehybridization and hybridiza-
tion were carried out in 5 X SSC, 5 x Denhardt’s solution,
and 0.5% SDS at 60 °C overnight. The membranes were
washed twice in 2 X SSC and 1% SDS at room temperature,
then washed in 0.1 X SSCand 0.1% SDS at 60 °C for 30 min.

2.4. RNA gel blot analysis
For RNA gel blot analysis using plant tissues, total RNA

was prepared by using TRIzol™ Reagent (GIBCO-BRL)
following manufacturer’s instructions. Approximately 50 ug
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of total RNA was electrophoresed on an agarose gel contain-
ing 5.1% (v/v) formaldehyde and blotted onto Hybond-N
Nylon membrane. Prehybridization, hybridization, and wash-
ing conditions were as described in DNA gel blot analysis.

2.5. Semiquantitative RT-PCR

Semiquantitative RT-PCR was carried out as described
previously [14]. Twenty micrograms of total RNA isolated
from plant tissues was treated with 1 unit of RNase-free
DNase (Promega) and 1 unit of RNase inhibitor (Promega)
for 15 min at 37 °C, then purified by phenol/chloroform
extraction. The first-strand cDNA was synthesized by using
5 pg of DNase-treated RNA primed by oligo-dT (50 uM),
using 200 U of Superscript Il RNase H™ Reverse Transcrip-
tase (GIBCO-BRL), 20 units of RNase inhibitor, 500 uM
each of dNTP and 10 mM DTT. One-fifth, one-twenty fifth,
and one-hundredth of 1/20 of the reaction mixture were used
for PCR amplification with 1 unit of Tag DNA polymerase
(Promega), 100 pM each of ANTP, and 100 pmol each of
forward and reverse primer.

2.6. In vivo localization of the CHRK1-GFP and
RFP—-NtPUB4 fusion proteins

The full-length CHRKI ¢cDNA was PCR-amplified a
cloned into the 326-GFP vector {15] using BamHI 51te ‘o
generate CHRK1:GFP in-frame fusion under the control of
the CaMV33S promoter. Similarly, a partial CHRK! cD
was PCR-amplified and cloned into the same® k
BamHI sites to generate the CHRK 1-KD:@
CHRKI1 kinase domain (containing a new;
fused to GFP. The full-length NtPU
into the 326-GFP vector using Bam
NtPUB4:GFP fusion gene.

and Vectm; contrgls “was monitored at 24 h after transfor-
mation usinig.a confocal microscope (Carl Zeiss LSM 510)
with two differént sets of optical filters (488-nm excitation
and LP 505-nm emission to visualize the green fluores-
cence; 543-nm excitation and LP 585-nm emission to
visualize the red fluorescence).

3. Results

3.1. CHRKI receptor-like kinase interacts with an arm
repeat protein

To isolate proteins that interact with CHRK1 (Fig. 1A),
the yeast two-hybrid assay using LexA system was ap-

plied. Using the CHRK1 kinase domain as bait, a tobacco
flower bud cDNA library was screened. Among many
positive clones sequenced, a large proportion represented
a cDNA encoding an arm repeat-containing protein. The
c¢DNA clone was designated NtPUB4. The NtPUB4 ¢cDNA
derived from the pB42AD two-hybrid plasmid was 1314
bp in length and encoded the C-terminal region of
NtPUB4. The full-length cDNA was subsequently obtained
by PCR with a flower cDNA library as templates. It was
2880 bp in length with the ATG codonst position 220 and
stop codon at position 2592, follo
untranslated region with a poly(
of 790 amino acids with an
86,136 Da.

The deduced amino
cated that the protei
302) and five ar
The U-box (UE

gy domain) is structurally re-
‘ ‘BEINGER domain {16}, and U-box
een shown to act as a ubiquitin-protein
R].@he C-terminal region of NtPUB4, which

Fprotein in Drosophila and its vertebrate homolog
n [1]. Previous studies strongly indicate arm
repeats being involved in protein—protein interaction,

“including SRK—-ARCI interaction during self-incompati-

bility reaction in Brassica [4,5]. NtPUB4 is related with
arm repeat-containing proteins of plants in amino acid
sequences and overall protein structure, such as AtPUB4
of Arabidopsis [16], ARC1 of Brassica [4], and PHORI1
of Solanum [7] (Fig. 1A). However, the sequence similar-
ity between these proteins is mostly restricted to the U-
box and arm repeats (Fig. 1B and C). NtPUB4 shows
80%, 34%., and 15% sequence identity in the arm repeat
domain, and 87%, 46%, and 42% sequence identity in the
U-box region, to AtPUB4, ARCI, and PHORI, respec-
tively. Thus, NtPUB4 is most highly related with AtPUB4
of Arabidopsis with 56% overall sequence identity, indi-
cating a possibility that AtPUB4 is the functional ortholog
of NtPUB4. Fig. 1D presents the sequence alignment of
five arm repeats of NtPUB4 (R1 to RS5). The arm repeats
of NtPUB4 are quite degenerate exhibiting 16-48%
sequence identity between each other. Four conserved
residues of the arm repeat motif found in animal arm
repeat proteins {19] and their positions on the three helices
that constitute the arm repeat structural unit [3,11] are
indicated.

3.2. Arm repeats are required for CHRKI-NitPUB4
interaction

To verify the interaction between the CHRK1 kinase
domain (CHRK1-KD) and NtPUB4, the pB42AD plasmid
containing NtPUB4 was reintroduced into yeast cells either
alone or with the pLexA/CHRK 1-KD plasmid, in which the
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Fig. 1. Sequence alignment of NtPUB4 with other arm repeat-containing proteins of plants. (A) Schematic representation of CHRK 1 and arm repeat proteins of
plants. The U-box and arm repeat domain are indicated. SP, signal peptide; TM; transmembrane region. (B) Sequence alignment of highly conserved arm repeat
domain of NtPUB4 with those of ARC1 from B. napus, AtPUB4 from 4. thaliana and PHOR| from S. fuberosum. The numbers on the left or right indicate the
amino acid residues. Gaps, which were introduced to maximize alignment, are indicated by dashes. The residues conserved among the compared sequences are
boxed in black or light gray based on the degree of conservation. (C) Sequence alignment of U-box (UFD2-homology domain) of NtPUB4 with related
sequences in other plant species. (D) Sequence alignment of five arm repeats of NtPUB4. The four conserved residues identified in the arm repeat domains of
animal proteins [19] were marked with asterisks above the alignment. The arrows above the alignment indicate the predicted three a-helices based on the arm
repeat domain structure of a-importin {{1]. HI, helix 1 (two turns); H2, helix 2 (two to three turns); H3, helix 3 (three to four tums).

CHRKI kinase domain was fused with the LexA DNA
binding domain, and the transformants were tested for p-
galactosidase activity. They showed B-galactosidase activ-
ity only in the presence of both pB42AD/NtPUB4 and

pLexA/CHRKI1-KD plasmids. Yeast cells expressing
CHRK1-KD, but not CHRK1-CD (the chitinase-like do-
main), together with NtPUB4 grew on the selective media
(Leu™, Trp~, Ura™, His™) and showed the strong expres-
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sion of the LacZ reporter gene (Fig. 2A). To test the
specificity of the interaction between CHRK [ and NtPUB4,
PRK1 encoding a pollen-expressed receptor-like kinase in
petunia [20] and PKC, PP2A, Myb and ENV4 from human
were examined for their interaction with NtPUB4 using the
yeast two-hybrid assay. PRK1 and other signaling proteins
tested did not interact with NtPUB4, as shown by the
inability to grow on Leu™ and the lack of p-galactosidase
activity (Fig. 2A).

To map the NtPUB4 region responsible for the inter-
action with the CHRK1 kinase domain, the full-length
NtPUB4 and four deletion constructs of NiPUB4 (three N-
terminal deletions or one C-terminal deletion) were cloned
separately into pB42AD, and introduced into yeast cells
together with the pLexA/CHRK1-KD plasmid (Fig. 2B).
As a control, the pLexA construct containing the full-
length ARC! of Brassica was tested for the interaction. As
shown in Fig. 2B, the full-length NtPUB4, but not the
full-length ARCI1, exhibited strong interaction with
CHRK1, indicating the specificity of NtPUB4 binding to
CHRKI. Interaction patterns of the C-terminal deletion
mutant (NtPUB4AC) and three N-terminal deletion

repeat units forms a special

mutants (NtPUB4AN-1, -2, and -3) demonstrate that the
five arm repeats (residue 505 to 711) are important for the
interaction. However, for stronger interaction, the region
(residue 353 to 504) between the U-box and arm repeats
was required in addition to the arm repeats, while the
region alone could not support the interaction as shown in
NtPUB41AC. The region might be necessary for right
structural conformation of the arm repeat domain, required
for strong interaction with CHRKI1. The arm repeats
contain highly conserved hydrophobic” residucs involved
in packing interaction of a-helix 2 & “in addition to a
short a-helix 1 that lies perpendie he parallel stack
of a-helix 2 and 3 [19]. The §

nteraction between o-
uclear localization signal
. The arm repeats also

appeared to
and ARCI .
al half of ARC! encompassing the arm
. Interestingly, CHRK1 interaction with
-1 was stronger than with the full-length

A
Bait Prey.. 3, Growth (Lew) Leu/X-Gal
PCHRKI-KD . pB42AD - White
pCHRKI-KD ©  pNtPUB4 + Blue
pCHRK1-CD’ - White
pNtPUB4 - White
pNtPUB4 — White
pNtPUB4 - White
pNtPUB4 - White
pNtPUB4 - White
B-galactosidase

NtPUB4-F
NtPUB4AC
NtPUB4AN-1
NtPUB4AN-2
NtPUB4AN-3

1 661
LT Z L Z 7 &

ARC1

Growth (Leu”

+ 16.82+3.23

- <0.01

+ 32.57+3.19

+ 3.38+1.24

- <0.01
<0.01

Fig. 2. Specificity of NtPUB4—CHRK! interaction and mapping of interacting regions. (A) Yeast two-hybrid assay of interactions between NtPUB4 and
various signaling components. Yeast growth on the selection medium and p-galactosidase activity was monitored as indicators of the protein interaction. KD,
the kinase domain; CD, chitinase-like domain. (B) Mapping of NtPUB4 domains involved in the interaction with CHRK1. The LexA DB-CHRK1 kinase
domain was combined with B42AD fusions with NtPUB4 polypeptides carrying various N-terminal or C-terminal deletions, and Brassica ARC1 as a control.
Three separate colonies per construct were picked up to examine [-galactosidase activity.
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NtPUB4. Taken together, these deletion analyses demon-
strate that the C-terminal region of NtPUB4 (residue 353
to 790) containing the arm repeats is involved in the
interaction with the kinase domain of CHRKI.

3.3. In vitro interaction between CHRK] and NtPUB4

To confirm that NtPUB4 could bind to the kinase
domain of CHRK1 in vitro, we carried out in vitro binding
assay using MBP and MBP-NtPUB4 or MBP-ARCl1
fusion proteins, all of which were bound to the amylose
resin (Fig. 3). The **S-methionine-labeled CHRKI-KD
polypeptide was synthesized using in vitro translation.
The labeled CHRK1-KD was incubated with resin-bound
MBP-NtPUB4, MBP-ARCI, or MBP. After washing, the
matrix-bound fractions were eluted, separated by SDS-
PAGE, then stained with Coomassic, which shows the
relative levels of the MBP-NtPUB4, MBP-ARC1 and
MBP in the binding reactions (left panel). Separately, the
resin-bound fractions were analyzed by SDS-PAGE. To
examine the binding efficiency, 10% of the input of the
labeled CHRK kinase domain used in the assay was also
loaded in the gel. The gel was then blotted to membranes
and exposed to X-ray film (right panel). The labeled
CHRK kinase domain was pulled down by resin-bount
MBP-NtPUB4, but not by MBP, MBP-ARC]1, or r
alone (Fig. 3). The intensity of the pulled-down CHRKI1-
KD band is similar to that of one-tenth of the CHRK] KD
mput indicating that approximately 10%

(Fig. 2A).

Coomassie

ica Acta 36924 (2003) xxx—xxx
3.4. Genomic organization of NtPUB4

DNA gel blot analysis was performed with N. tabacum
genomic DNA digested with restriction enzymes under
high-stringency conditions (Fig. 4A). The specific probe
was the 460-bp PCR fragment corresponding to the central
region of the NtPUB4 ¢cDNA. EcoRI and HindlIl digestion
both resulted in two hybridizing bands. Considering that N.
tabacum is amphidiploid between N. tomentosiformis and
N. sylvestris, these results indicate that NtPUB4 is a single
gene in the tobacco genome (Fig.

3.3. Expression of NtPUB4

Using RNA gel bl
of the NtPUB4 m\RN

sis, we examined expression
ous plant tissues (Fig. 4B).

2 %staining was particularly high in the anthers and
eptacles of mature flowers (Lee and Pai, unpublished
results).

The expression of the NtPUB4 mRNA in different
developmental stages was examined using semiquantitative
RT-PCR. Without reverse transcription, no amplified PCR
products were generated (results not shown). During seed
germination, the NtPUB4 mRNA was abundantly detected
at 2 days after sowing (DAS) on MS medium after 3 days of
cold treatment, and the level decreased at 35 DAS, then

<« CHRKI1-KD

Autoradiogram

Fig. 3. In vitro interaction of CHRK] kinase domain with NtPUB4. The >*S-methionine-labeled CHRK1-KD polypeptide was incubated with resin-bound
MBP-NtPUB4, MBP-ARCI1 or MBP. After washing, the amylose resin-bound fractions were separated by SDS-PAGE. The separated proteins were
visualized by Coomassie staining (left panel) or transferred to the membrane to autoradiograph (right panel). To examine the efficiency of interaction between
CHRK1 and NtPUB4, 10% of the input of **S-methionine-labeled CHRK1-KD was loaded in the gel (right panel).
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Fig. 4. Genornic organization and expression of the NtPUB4 gene

fragment correspondmg to the central region of NtPUB4 cL
size markers are indicated in kilobases. (B) RNA gel blot
NtPUB4 mRNA in tobacco. Each lane represents 50yig
seedlings (Se), roots (R), stems (St), leaves (L), oung, flo
open flowers (F). The amount of EtBr-stained’

equal loading of RNA in each lane. (C) N
germination. The NtPUB4 and CHRK
seeds for the indicated time (2-9 ditys) a
measured by semiquantitative RT- i
specific primers. As a contrg

3uday cold treatiment were
the NtPUB4- and CHRKI-

(D) NtPUB4 expression durgg early;
CHRK1 mRNA levels i nwvaxges b are anthcsxs (0) and at 1, 3, 5, and 7

increased at: —9; AS (Fig. 4C). CHRK showed a similar
pattern of expressxon although its mRNA level was some-
what lower than NtPUB4. During seed germination of
tobacco, the radicle comes out from seeds at 2—-3 days after
sowing (DAS) after vigorous cell division and expansion,
and after cotyledon opening and greening, rapid hypocotyl
elongation and leaf formation start at 7--9 DAS. Expression
of CHRK1 and NtPUB4 might be correlated with rate of cell
division/expansion and metabolic activity required for the
process.

During pollination, unpollinated ovaries just before an-
thesis contained high levels of the NtPUB4 mRNA, and the
level was maintained until 1 day after pollination (DAP).
However, from 3 DAP to 7 DAP, the lower level of the

“animal cells {12]. Subc 'lul

mRNA was detected in the ovaries (Fig. 4D). Similarly,
CHRKI was abundantly expressed in unpollinated or polli-
nated ovaries at 1 DAP, but the mRNA level significantly
decreased from 3 DAP to 7 DAP. These results demonstrate
that expression of CHRKI and NtPUB{ is regulated spa-
tially and temporally in a similar manner.

3.6. NtPUB4 and CHRK1 are colocalized in vivo

By PSORT program hitp://psort.nibbiac.jp), it was pre-
dicted that NtPUB4 is targeted to ¢ cleus (with high
probability) and to the cytosol and: hondria (with low
probability). Previously, CHRK1-GFPR fusion protein was
localized in the plasma when expressed in
stribution of the CHRK1
cells was examined by
th GFP (green fluorescent
uorescent protein). DNA constructs
.or RFP:NtPUB4, in which NtPUB4
C terminus of RFP, under the control of
: ,osaxc v1rus 358 promoter were snnulta-

boml ardment (Fig. 5A). After incubation at 25 °C, ex-
sion"of the introduced genes was examined under a
scent microscope with two different filters to capture

i the“image of GFP and RFP. After 24-h incubation, the
“spreen fluorescent signal completely overlapped with the red

fluorescent signal in the vicinity of the plasma membrane,
showing preferential localization of CHRK1 and NtPUB4
in the plasma membrane in vivo (Fig. 5A). Yet unlike
CHRKI1, NtPUB4 lacks membrane-targeting signals or
membrane-spanning regions. Thus, these results indicate
that NtPUB4 is likely enriched at the inner surface of the
plasma membrane by interacting with other proteins in-
cluding CHRKI1. The plasma membrane-associated pattern
of the fluorescent proteins was reproducibly shown by
separate expression of NtPUB4:GFP, in which NtPUB4
was fused to N terminus of GFP, and CHRKI1:GFP in
onion cells (Fig. 5B). GFP or RFP alone was localized in
the cytosol.

To provide further evidence for in vivo interaction of
CHRK1 and NtPUB4, the RFP:NtPUB4 and CHRKI-
KD:GFP (a fusion protein between the CHRKI1 kinase
domain and GFP) were coexpressed in protoplasts isolated
from tobacco seedlings (Fig. SC). At 24 h after transforma-
tion of the fusion constructs, the green fluorescent signal
mostly overlapped with the red fluorescent signal in the
cytosolic compartment. Thus the transiently expressed
CHRKI1 kinase domain was mostly localized in the cytosol.
Furthermore, the plasma membrane-associated localization
of NtPUB4 was altered to the cytosolic localization, which
is likely due to the interaction with the CHRK1 kinase
domain. These data support CHRK1-NtPUB4 interaction
in vivo. Recently, similar results have been obtained by
Stone et al. [6], in which the SRK kinase domain was
localized in the cytosol when expressed in tobacco BY2
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A

Red channel Green channel

B

Separate expression

CHRK1:GFP

NtPUB4:GFP

C

Coexpression of RFP:NtPUB4 and CHRK 1:GFP

Merged

RFP GFP

Coexpression of RFP:NtPUB4 and CHRK 1-KD:GFP

Red channel

; Gfee cht nnel

Chlorophyll

Merged

Fig. 5. Localization of CHRKI and NtPUB4 fll;\{q,vo., (AY In vivo localization of CHRK!1:GFP and RFP:NtPUB4. Ounion epidermal cell layers were
cotransformed by particle-bombardment with'the CHRK 1:GFP and REP:NtPUB4 fusion constructs, and localization of fluorescent signal was examined at 24 h

after bombardment. Green and red fluo:
localization of CHRK 1:GFP and N
CHRK1-KD:GFP and RFP:NtPU,
treatment as described [13].

cells. Furthermoré; sub lular localization of ARC1 was
i when the SRK kinase domain was

same cell [6].

In this study, we have investigated the downstream
signaling pathway of CHRKI using yeast two-hybrid sys-
tem, and identified an arm repeat-containing protein, desig-
nated NtPUB4, as a CHRK I-interacting protein. CHRK1 is
unique in the plant and animal kingdom as being an only
receptor-like kinase containing a chitinase-related extracel-
lular domain [12}. CHRKI1 has been found to be involved in
a signal transduction regulating plant development and
cytokinin homeostasis in tobacco (manuscript submitted).
Interestingly, based on the sequence of the CHRK1 kinase
domain, CHRK1 was grouped together with the SRK family

—50—

nt sign: indicate GFP and RFP, respectively. From left, GFP, RFP, and the merged image are shown. (B) In vivo
:GFP fusion proteins. As controls, expression of GFP and RFP alone was analyzed. (C) In vivo colocalization of
. The, CHRK1-KD:GFP and RFP:NtPUB4 plasmids were introduced into tobacco protoplasts by polyethylene glycol

among over 600 receptor-like kinases in Arabidopsis [21],
indicating a possibility that CHRK1 is evolutionally related
with the SRK family of receptor-like kinases. Thus it is
intriguing that CHRK1 kinase domain interacts with
NtPUB4, a homolog of ARC1 in Brassica. ARC1 was
isolated as an interactor of the kinase domain of SRK in
yeast two-hybrid screening [4], and later found to be an
essential component of downstream signaling of SRK
during self-incompatibility response in Brassica napus and
to have an E3 ubiquitin ligase activity [5,6]. NtPUB4 is
structurally similar to ARC]1, containing the U-box and five
arm repeats (Fig. 1A). The arm repeats of NtPUB4 are
critical for the interaction with CHRK1 (Fig. 2B), similar to
the results from SRK—~ARCI interaction [4]. These results
indicate that arm repeat proteins might be a common
signaling component employed by the SRK group of
receptor-like kinase to relay the signals downstream to
signal transduction pathway.
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The 42-amino-acid arm repeat was first identified in the
Drosophila segment polarity gene product armadillo (-
catenin), which performs pleiotrophic roles in vivo [8]. #-
Catenin controls cell adhesion by binding to cadherin-based
cell adhesion junctions, and interacts with Wnt/Wingless
growth factor signaling pathway {22]. These functions are
mediated by the 12 tandem arm repeats, which interact with
diverse proteins such as cadherins, TCF family transcription
factors, and the tumour suppressor gene product APC [23].
In addition to {3-catenin, a number of proteins with diverse
roles contain arm repeats, including «-importin, guanine
nucleotide exchange factor, and APC in animals [§]. In
plants, ARCI and PHORI are the only arm repeat-contain-
ing proteins whose function has been identified; ARC1 in
self-incompatibility reaction [5] and PHORI in gibberellin
signaling pathway [7]. GA-dependent nuclear import of
PHORI resembles regulated nuclear localization of {3-
catenin {7]. Protein targeting studies with deletion mutants
of PHORI1 fused to GFP demonstrated that the arm repeats
mediate nuclear targeting of the PHORI protein. 3-Catenin
does not have nuclear localization sequences (NLS), but its
nuclear import occurs by direct docking of the protein at the
nuclear envelope [24]. Thus the arm repeat domain of these
proteins may be involved in docking at the nuclear enve-

lope and in nuclear import of proteins through NLS-;:

independent mechanism. Recently, it has been found that
ARC1 has an E3 ubiquitin ligase activity and it stimulatés

ubiquitination of multiple proteins during self-incompati-"
bility response in Brassica [6]. ARC1 can shuttle between!

the nucleus, cytosol, and proteasome/COP9 “signalosome
(CSN) when expressed in tobacco cells. Upon binding to
the activated SRK through its C- terminal arm repeats,
ARC! may bind and carry ubiquitidatéd substrates to the
proteasome/CSN for their subsequent “degradation during
the self-incompatibility reaction: NtPUB4 may play an
analogous role to that of ARCI in SRK signal transduction
pathway, although detailed-action mechanisms of NtPUB4
remain to be uncoveréd. CHRKI1 activation might lead to
NtARC! binding %o, %HR through the arm repeats,
which in turn my % it the next component involved in
CHRKl-med'?gé velopmental signaling. In addition to
the arm rgpeats PYUB4 contains the U-box. Since U-box
proteins act%%as a@‘mgle peptide E3 ligase [6,16] and might
determine théw specificity of substrates to be degraded,
binding of NtPUB4 to CHRK1 might render the receptor-
like kinase as the target for ubiguitination. Thus ubicquitin/
proteasome-mediated proteolysis may be involved in
CHRK1 downstream signaling pathways. To provide evi-
dence for this possibility, it would be critical to examine an
E3 ligase activity of NtPUB4 and its possible interaction
with proteasome/CSN.

The arm repeat structural unit, revealed by the crystal
structures of B-catenin [3] and a-importin [11], is composed
of three a helices: a short helix of two tums (H1), followed
by two longer helices, H2 (two to three turns) and H3 (three
to four turns). The H2 and H3 helices pack against each

‘residues) in the arm repeg
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other in an antiparallel fashion and are roughly perpendic-
ular to the shorter H1 helix, with a sharp bend between
helices 1 and H2 mediated by a conserved Gly residue
[19]. Continuous arm repeats organize to generate a right-
handed superhelix of a-helices. The conformation of arm
repeats is very similar to one another despite the high
variability of their amino acid sequences. The uniformity
of the inter-repeat packing produces a regular, linear con-
formation of a-importin [11]. The assembly of tandem
repeats of w«-helical structural unit produces the extended
superhelical structure with a long ge which creates a
protein recognition interface. Theshigh“degree of conserva-
tion is found in the residue a" pos s 4 (Val/lle/Leu),
8 (Gly), 16 (hydrophobi H d 34 (hydrophilic
its [19F Among these residues, the
ocated at the C terminus of helix
fad between HI and H2. Residue
I hydrophilic residue, most fre-
exposed on the external face of the helix
, Asn™ tesidues are involved in substrate
recogmtlon fonmng hydrogen bonds with the main-chain
arnide groups of the NLS peptide [11,25]. The arm repeats
f NtPUB4 have those four conserved residues, but they
addi og%lly possess other conserved residues (Fig. D).

his study demonstrates the involvement of NtPUB4 in

Gly residue at positi

_ CHRKI1 signaling pathway as a putative downstream com-
“sponent. Further studies are required to understand functional

roles of NtPUB4 in the CHRKI-mediated developmental
signaling pathway. These efforts may reveal conserved
mechanisms of signal transduction through arm repeat-
containing proteins employed by SRK family of receptor-
like kinases in plant cells. Identifying the ligand and other
downstream targets would give insight into the action
mechanism of the CHRXK1 signal transduction and possible
relationship with cytokinin homeostasis. It would also be
very important to investigate how the CHRK1-mediated
signal integrates with the controlling mechanism of growth
and development in plants.
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Proteasomes constitute the major machinery to de-
grade or process proteins by ATP/ubiquitin-mediated pro-
teolysis. Recent findings suggest a pivotal role of the ubiqg-
uitin/proteasome pathway in the regulation of apoptosis
in animal cells. Here we show that virus-induced gene
silencing of two different subunits of the 26 S proteasome,
the a6 subunit of the 20 S proteasome and RPN9 subunit
of 19 S regulatory complex, both activated the pro-
grammed cell death (PCD) program, accompanied by re-
duced proteasome activity and accumulation of polyubiq-
uitinated proteins. These results demonstrate that
disruption of proteasome function leads to PCD in plant
cells. The affected cells showed morphological markers of
PCD, including nuclear condensation and DNA fragmen-
tation, accompanied by the 10-fold higher production of
reactive oxygen species and increased ion leakage for
3-fold. Similar to apoptosis in animal system, mitochon-
drial membrane potential was decreased, eytochrome ¢
released from mitochondria to cytosol, and caspase 9- and
caspase 3-like proteolytic activities detected in the cells.
Interestingly, this proteasome-mediated PCD stimulated
the expression of only a subset of transcripts that are
highly induced during pathogen-mediated hypersensitive
response cell death, indicating that the two PCD path-
ways are differentially regulated. Taken together, these
results provide the first direct evidence that proteasomes
play a role in the regulatory program of PCD in plants.
Controlled inhibition of proteasome aectivities may be in-
volved in developmentally or environmentally activated
plant cell death programs.

Programmed cell death (PCD)! is a genetically defined proc-
ess associated with distinctive morphological and biochemical

* This work was supported by grants from the National Research
Laboratory Program and Plant Diversity Research Center of 21st Cen-
tury Frontier Research Program, funded by the Korean Ministry of
Science and Technology. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

The on-line version of this article (available at http://www jbc.org)
contains Supplemental Fig. 1 and legend.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™/ EBI Data Bank with accession number(s) AY135174

1 To whom correspondence should be addressed. Tel.: 82-42-860-
4195; Fax: 82-42-860-4608; E-mail: hyunsook@kribb.re kr.
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hypersensitive response; ROS, reactive oxygen species; Tricine, N-[2-
hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; RT, reverse transcrip-
tion; VIGS, virus-induced gene silencing; H,DCFDA, 2’,7'-dichlore-
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characteristics (1), and it involves signaling pathways control-
ling the demolition of cells with the minimum damage to sur-
rounding cells. PCD is an integral part of the life cycle in
multicellular organisms including animals and plants (2) and
can be induced by various stimuli, such as developmental and

.environmental cues (3, 4). PCD occurs in plants during devel-

opmental processes, such as senescence, embryogenesis, devel-
opment of vascular tissues, and sex determination in unisexual
plants, as well as during interactions with pathogens (5).

As a result of the extensive studies in the past decade, the
basic blue print of the molecular control of apoptosis, the most
widely studied PCD, has emerged in the animal system (1, 3, 6,
7). The key participants of the apoptotic cell death are the
caspases, a family of cysteine proteases, which exist as dor-
mant proenzymes in most cells. During apoptosis, a battery of
caspases becomes activated through proteolytic processing at
internal aspartic acid residues. The action of the active
caspases on their substrates causes apoptetic morphological
changes and leads to cell death. Two major pathways to
caspase activation have been defined in mammals: the extrin-
sic death receptor pathway and the intrinsic or mitochondrial
pathway (3). The intrinsic pathway is initiated through release
of mitochondrial cytochrome ¢ into the cytosol in response to
cellular stresses. Cytochrome c release is a major checkpoint in
the initiation of apoptosis, because this protein can induce
assembly of the caspase-9 activating complex in the cytosol,
termed apoptosome. Upon activation within the apoptosome,
caspase-9 can propagate a cascade of further caspase activation
events by direct processing of effector caspases.

Evidence is accumulating that the ubiquitin/proteasome
pathway plays an important role in apoptosis (8, 9). The 26 §
proteasome, consisting of two large subcomplexes, the 20 S
proteasome and the 19 S regulatory complex, is a major cyto-
plasmic proteolytic enzyme complex, responsible for degrada-
tion of the vast majority of intracellular proteins in eukaryotes
(10). In this pathway, ubiquitin becomes covalently attached to
cellular proteins by an ATP-dependent reaction cascade, and
then the ubiquitinated proteins are targeted for degradation by
the proteasome (11). Proteasomal substrates include metabolic
key enzymes, transcription factors, cyclins, inhibitors of cyclin-
dependent kinases, and apoptotic regulators (11). In plants, the
ubiquitin/proteasome pathway has been linked to cell cycle and
to various signal transduction pathways including auxin sig-
naling, photomorphogenesis, and jasmonic acid signaling (11).
During apoptosis in animal cells, changes in the expression and
activity of different components of the ubiquitin-proteasome
system occur (9). Furthermore, proteasome inhibitors have
been shown to induce apoptosis in most cell types, whereas in
some cells, such as thymocytes and neural cells, these com-
pounds were able to block apoptosis, revealing a complex mech-
anism of proteasome function in apoptosis (12). Proteasome-
mediated steps in apoptosis in animal cells is located upstream

This paper is available on line at http://www.jbc.org
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of mitochondrial changes and caspase activation, and could be
related with Bel-2, Jun N-terminal kinase, heat shock protein,
Myec, p53, and polyamines (8).

Studies of the involvement of proteasome in plant PCD lag
behind those in animal systems. Among a few examples, appli-
cation of proteasome inhibitor at the initiation of zinnia meso-
phyll cell culture completely prevented differentiation of the
tracheary element, whereas inhibition of proteasome activity
following commitment to differentiation did not prevent forma-
tion of the organ but delayed the process (13). Additionaily,
overexpression of a mutant form of ubiquitin unable to form
polyubiquitin chains induced formation of local lesion in re-
sponse to mild stress, indicating that disruption of the ubig-
uitin pathway induces a HR-like cell death under certain con-
ditions (14). However, no direct evidence of proteasome
involvement in plant cell death has been provided. In this
study, we demonstrate that disruption of proteasome function
by gene silencing of the proteasome subunits activates pro-
grammed cell death in plant cells, revealing that proteasome is
critically involved in cell death program in plants. The protea-
some-mediated PCD exhibited features of apoptotic cell death,
such as involvement of reactive oxygen species (ROS), cyto-
chrome ¢ release from mitochondria, and activation of caspase-
like protease activities. Interestingly, the gene expression pro-
file during the PCD in this study was different from that of the
HR cell death in response to pathogen infection, indicating that
different pathways for PCD regulation might have evolved in
plants. Signaling pathways of some plant PCD programs may
include modulation of proteasome activities in response to the
death signals.

EXPERIMENTAL PROCEDURES

Virus-induced Gene Silencing—The 0.3-kb N-terminal and 0.3-kb
C-terminal fragments, and the full-length N6PAF ¢cDNA were PCR-
amplified and cloned into the pTVOO0 vector containing a part of the TRV
genome (15) using BamHI and Apal sites. The 0.5-kb NbRpn9 ¢DNA
was also cloned into the pTV00 vector using the same sites. The recom-
binant pTVO0 plasmids and the pBINTRA6 vector containing RNA1
required for virus replication were separately transformed into
Agrobacterium tumefaciens GV3101 strain. Agrobacterium culture for
infiltration was prepared as described (15). The third leaf of Nicotiana
benthamiana (3 weeks old) was pressure-infiltrated with the Agrobac-
terium suspension. For RT-PCR, the fourth leaf above the infiltrated
leaf was used.

Evans Blue Staining—Detached leaves, completely submerged in a
0.1% (w/v) aqueous solution of Evans blue (Sigma), were subjected to
two 5-min cycles of vacuum followed by a 20-min maintenance under
vacuum. The leaves were then washed by vacuum infiltration of phos-
phate-buffered saline plus 0.05% (v/v) Tween 20 three times for 15 min
each time.

RT-PCR—Twenty micrograms of total RNA isolated from plant tis-
sues were treated with 1 unit of RNase-free DNase (Promega) and 1
unit of RNase inhibitor (Promega) for 15 min at 37 °C, then purified by
phenol/chloroform extraction. The first-strand ¢cDNA was synthesized
by using 5 ug of DNase-treated RNA primed by oligo(dT) (50 um) using
200 units of Superscript II RNase H™ reverse transcriptase (Invitro-
gen), 20 units of RNase inhibitor, 500 uM amounts of each ANTP, and 10
mM dithiothreitol. One-fifth, one-twenty-fifth, and one-hundredth of
1/20 of the reaction mixture were used for PCR amplification with 1 unit
of Taq DNA polymerase (Promega), 100 uM amounts of each dNTP, and
100 pmol each of forward and reverse primer. Primers for RT-PCR were
made according to the published ¢cDNA sequences (for PR1a, 5-AATA-
TCCCACTCTTGCCG-3' and 5'-CCTGGAGGATCATAGTTG-3'; for
PR1b, 5'-ATCTCACTCTTCTCATGC-3' and 5'-TACCTGGAGGATCAT-
AGT-3'; for PRIc, 5'-CTTGTCTCTACGCTTCTC-3' and 5-AACACGA-
ACCGAGTTACG-3'; for PR2, 5'-ACCATCAGACCAAGATGT-3' and 5'-
TGGCTAAGAGTGGAAGGT-3'; for PR4, 5'-ATGGTTGGAACTTCCGG-
A-3' and 5-TCCTGATCTCTCTGCTAC-3'; for PR5, 5'-ATGAGAAAG-
ACCCACGTC-3' and 5-ATGCCTTCTTTGCAGCAG-3'; for S25-PRS,
5-ATGCCACAATCTCAACCA-3* and 5-ACCTAATGCAGCCCGAAT-
3'; for HSR203J, 5'-TAGCCACGCACATGCAAACC-3' and 5'-GTGAC-
AATCAAGACGGTAC-3'; for 630, 5'-CAAGAAATCCGTCCAGGT-3"
and 5'-CTTCTGTATCTGAGGCCT-3'; for SAR8.2a, 5'-CTTTGCCTTT-
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CTTTGGCT-3’ and 5 -GACATTTAGGACATTTGCTGC-3'; for HINI,
5-GAGCCATGCCGGAATCCAAT-3’ and 5'-GCTACCAATCAAGATG-
GCATCTGG-3"; for NTCP-23,5 -ATGAGAATCCGATCAGAC-3' and 5'-
ACATAAGCCATTCTTGCC-3'; for p69d, 5'-ACTTCTCACTGCAATTG-
G-3' and 5-TCAGACATGATCAACTCC-3'; for CipP, 5'-AACCAGGAC-
ACAGATCGT-3' and 5'-AGGTACAATTGCTCCTGG-3'; for actin, 5'-T-
GGACTCTGGTGATGGTGTC-3" and 5'-CCTCCAATCCAAACACTGT-
A-3; for NbPBC, 5'-GCAACATCGTTTGTTTCT-3' and 5'-TCAGGCTT-
CATTTCCCTC-3'; for NoPAF-N, 5-TCAGCGGCAATAGGTTTG-3' and
5'-AAGGTGAGCACCAGACTC-3’; for NbPAF-C, 5-TGCCCTAGTGGT-
AACTAC-3' and 5'-TTCATCACTACCAGCTTC-3'; and for NbRpn9, 5'-
AGCTCTGGCATCAAC-3' and 5'-ACTGAGAAGACACCCAAT-3").

Nuclear Fragmentation Analysis—Genomic DNA was isolated from
the fourth leaf above the infiltrated leaf in the virus-induced gene
silencing (VIGS) lines using the Genome Isolation Kit (Qiagen) accord-
ing to the instructions from the manufacturer. Five ug of genomic DNA
was separated on a 1.2% agarose gel and transferred to Hybond N*
membrane (Amersham Biosciences). As probes, 100 ng each of the total
genomic DNA and chloroplast DNA of N. benthamiana were labeled
with a random labeling kit (Bio-Rad). After hybridization, the mem-
branes were washed with 0.2X SSC, 0.1% SDS at 60 °C for 1 h.

In Vivo H,0, Measurement—Protoplasts isolated from leaves of the

.VIGS lines were incubated in 2 pM 2',7'-dichlorodihydrofluorescein

diacetate (H,DCFDA, Molecular Probes) for 30, 60, 90, 120, and 150 s.
Protoplasts were transferred to wells on microscope slides and illumi-
nated using a confocal microscope (Carl Zeiss LSM 510) with optical
filters (488-nm excitation, LP 505-nm emission) to visualize the oxi-
dized green fluorescent probe. Quantitative images were captured and
data were analyzed using the LSM 510 program (version 2.8).

Measurement of Peroxidase (POD) and Ascorbate Peroxidase (APX)
Activity—For POD activity, 0.2 g of leaves from TRV control and TRV:
PAF lines were ground in liquid nitrogen, and suspended in 10 mM
potassium phosphate buffer, pH 6.0. After centrifugation at 4 °C, su-
pernatants were taken, and measured for POD activity with 0.5 mm
pyrogallol (Sigma) and 0.1 mm H,0, using a spectrophotometer with
420-nm wavelength. For APX activity, the leaves were homogenized in
the homogenization buffer (50 mm HEPES, pH 7.0, 0.1 mm EDTA).
After centrifugation at 4 °C, supernatants were measured for the APX
activity with 0.03 mM ascorbate and 0.1 mM H,0, using a spectropho-
tometer with 290-nm wavelength. :

Ton Leakage—After Agrobacterium infiltration, the fourth leaf above
the infiltrated leaf from the TRV control and TRV:PAF lines was col-
lected and analyzed. Fifteen leaf discs (7 mm in diameter) were floated
on the 0.4 M sorbitol. The leaf discs were incubated in the darkness for
12 h, and this solution was measured for sample conductivity. Then the
leaves were boiled in the same solution for 5 min, and the solution was
measured for the subtotal conductivity. Membrane leakage is repre-
sented by the relative conductivity, which was calculated as sample
conductivity divided by total conductivity (the sum of sample conduc-
tivity and subtotal conductivity). Conductivity was measured with a
conductivity meter (model 162, Thermo Orion, Beverly, MA).

Callose Staining and Autofluorescence Detection—For callose stain-
ing, leaves from TRV control and VIGS-NbPAF lines were fixed in 3:1
ethanol:acetic acid for 1 h, washed in distilled water for 15 min, and
softened in 8 M sodium hydroxide at room temperature overnight. The
leaves were then washed twice in distilled water and incubated in 0.1%
aniline blue (Sigma) in 0.1 M potassium phosphate buffer, pH 7.0, for 2h
in the darkness. The stained leaves were observed under a fluorescence
microscope (Zeiss Axioskop). For autofluorescence detection, intact
leaves were observed under a fluorescence microscope (Zeiss Axioskop).

Measurement of Mitochondrial Membrane Potential—Tetramethyl-
rhodamine methyl ester (TMRM; Molecular Probes) was added into
protoplasts isolated from leaves of the VIGS lines at the final concen-
tration of 200 nM. After incubation for 10—15 min at 25 °C, protoplasts
were transferred to wells on microscope slides and illuminated using a
confocal microscope (Carl Zeiss LSM 510) with optical filters (543-nm
excitation, LP 585-nm emission) to visualize the oxidized red fluores-
cent probe. Quantitative images were captured and data were analyzed
using the LSM 510 program (version 2.8).

Measurement of Caspase-like Activity—Leaves were ground and ho-
mogenized in caspase extraction buffer (50 mm HEPES, pH 7.5, 1 mM
EDTA, 1 mum dithiothreitol, 1% bovine serum albumin, 1 mm phenyl-
methylsulfonyl fluoride, 20% glycerol). Samples were incubated with
shaking on ice for 15 min, centrifuged, and supernatants collected.
Samples (50 ul) were mixed with 50 ul of caspase assay buffer (caspase
extraction buffer with 150 uM LEHD-AFC (R&D Systems) for caspase
9-like activity and DEVD-AFC (R&D Systems) for caspase 3-like activ-
ity, as peptide substrates). After incubation at 37 °C for 1 h, the fluo-
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rescence of AFC hydrolyzed from the peptide substrates was quantified
in a spectrofluorophotometer (Shimadzu, RF-5000) using 400-nm exci-
tation and 505-nm emission wavelengths. Enzymatic activity was nor-
malized for protein concentration and expressed as percentage of activ-
ity present in control extracts. Each measurement was carried out with
three independent VIGS plants.

Cellular Fractionation and Detection of Cytochrome ¢ Release—Two
grams of leaves from the TRV control and TRV-PAF line were ground in
grinding buffer (0.4 M mannitol, 1 mmM EGTA, 20 mM 2-merchaptoetha-
nol, 50 mM Tricine, 0.1% bovine serum albumin, pH 7.8) for 1 min at
4 °C. Extracts were filtered through Miracloth, and the filtrates were
centrifuged at 15,000 X g for 5 min at 4 °C. The supernatant was
centrifuged at 16,000 X g for 15 min at 4 °C. Following this second
centrifugation, the supernatants obtained were taken to represent the
cytosol fraction, and the pellets were resuspended in grinding buffer to
represent the mitochondria fraction. Fifty ug of proteins were electro-
phoresed on a 12% SDS-PAGE, transferred onto polyvinylidene difluo-
ride membranes, and probed with the monoclonal antibody against
cytochrome ¢ (1:1000 dilution; Pharmingen) and the monoclonal anti-
body (31HL) against human voltage-dependent anion channel (VDAC/
porin) (1:1000 dilution; Calbiochem). They were then reacted with sec-
ondary antibodies conjugated with horseradish peroxidase and ECL
reagent (Amersham Biosciences) for detection.

Measurement of Proteasome Activity—Proteasome activity was as-
sessed in cell extracts using synthetic peptide substrates (Sigma) linked
to the fluorescent reporters, 7-amino-4-methylcoumarin (AMC) or
B-naphthylamide (8BNA) in the absence or presence of proteasome in-
hibitor MG132 (Calbiochem). Homogenized leaf extracts were cleared
by centrifugation, and the supernatants used for determination of pro-
tein concentration and enzymatic activity. Fifty ul of the extracts were
assayed by addition of 50 ul of assay mixture (50 mMm Tris-HCl, pH 7.5,
40 mM KCl, 5 mm MgCl,, 1 mu dithiothreitol, 0.5 mM ATP, 2% glycerol),
and incubation for 1 h at 37 °C. MG132 was added to the assay mixture
at the final concentration of 100 uM. AMC and BNA hydrolyzed from the
peptides were quantified in a spectrofluorophotometer (Shimadzu, RF-
5000) using 380-nm excitation/460-nm emission wavelengths, and
342-nm excitation/460-nm emission wavelengths, respectively. Enzy-
matic activity was normalized for protein concentration and expressed
as percentage of activity present in control extracts. Each measurement
was carried out with three independent VIGS plants.

Western Blot Analysis of the Levels of « Subunits—Western blot
analysis was carried out as described (16). Fifty pg of proteins were
electrophoresed on a 10% SDS-PAGE, transferred onto polyvinylidene
difluoride membranes, and probed with the monoclonal antibody raised
against the mixture of six a subunits (a1, a2, a3, a5, a6, and «7) (1:1000
dilution; Affiniti Research Products Ltd). They were then reacted with
secondary antibodies conjugated with horseradish peroxidase and ECL
reagent (Amersham Biosciences) for detection.

RESULTS

Virus-induced Gene Silencing of the Proteasome Subunits
Activated Programmed Cell Death—Phenomic analysis has
been carried out to assess functions of signaling genes and
hypothetical genes of N. benthamiana using TRV-based VIGS.
VIGS is based on the phenomenon that gene expression is
suppressed in a sequence-specific manner by infection with
viral vectors carrying host genes (17). These screening led to
the finding that gene silencing of the proteasome subunits, the
o6 subunit of the 20 S proteasome and RPN9 subunit of the 19
S regulatory complex of the 26 S proteasome, activated the
programmed cell death program. The ¢DNAs encoding the o6
and RPN9 subunit were designated NbPAF and NbRpn9, re-
spectively. NoPAF and NbRpn9 show high homology in amino
acid sequences with their homologues from Arabidopsis, yeast,
and human (results not shown). In this study, we investigated
‘he mechanism of the PCD program activated by reduced ex-
aression of the proteasome subunit genes.

Suppression of the NbPAF and NbRpn9 Transcripts in the
Corresponding VIGS Lines—To confirm gene silencing of Nb-
PAF, we cloned three different fragments of the N6PAF ¢DNA
nto the TRV-based VIGS vector pTV00 (15), and infiltrated N.
renthamiana plants with Agrobacterium containing each plas-
nid (Fig. 14). TRV:PAF(N) and TRV:PAF(C) contains the
).3-kb N- and 0.3-kb C-terminal regions of the cDNA, whereas
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TRV:PAF(C) ——
TRV:PAF(F)

Fic. 1. VIGS phenotypes and suppression of the endogenous
transcripts. 4, the schematic drawing of the structure of NbPAF, and
three VIGS constructs containing different regions of the NbPAF ¢cDNA
(marked by bars). The proteasome «-type subunits signature is indi-
cated. B, VIGS phenotypes of the three N6PAF VIGS lines. N.
benthamiana plants were infected with Agrobacterium containing the
TRV control and three different forms of TRV-NbPAF constructs (TRV:
PAF(N), TRV:PAF(C), and TRV:PAF(F)). The photographs of the plants
were taken at 20 days after inoculation. C, semiquantitative RT-PCR
analysis to examine the transcript levels of NbPAF. RNA was extracted
from the fourth leaf above the infiltrated leaves from N. benthamiana
plants infected with TRV, TRV:PAF(N), TRV:PAF(C), and TRV:PAF(F).
The NbPAF-N and NbPAF-C primers were designed to detect the N-
and C-terminal regions of the NbPAF ¢DNA, respectively. The Nb-
PAF-N and NbPAF-C primers do not detect the viral genome tran-
scripts from the TRV:PAF(C) and TRV:PAF(N) lines, respectively, but
detect the TRV:PAF(F) viral genomic transcripts. As controls for RNA
amount, the mRNA levels of actin and 3 subunit of the 20 S protea-
some (NbPBC) were examined. D, the schematic drawing of the
NbRpn9 structure and its VIGS phenotypes. N. benthamiana plants
were infected with TRV control and TRV:Rpn9. The photographs of the
plants were taken at 20 days after inoculation, exhibiting the same
phenotype as the TRV:PAF VIGS line. The PCI domain (54) is indi-
cated. The bar represents the NbRpn9 ¢cDNA region used for VIGS. E,
silencing of the NbRpn9 transcripts. Semiquantitative RT-PCR was
carried out to examine the endogenous transcript levels of N6Rpn9
using two individual VIGS plants. The primers were designed to ex-
clude the cDNA region used in the VIGS construct. As a control for RNA
amount, the mRNA levels of actin, NbPAF, and NbPBC were examined.

TRV:PAF(F) contains the full-length N6PAF ¢DNA. VIGS with
the three constructs all resulted in the same phenetype of
severe abnormality in plant development (Fig. 1B). Newly
emerged leaves were small, severely curled, and wrinkled,
making a cluster near the shoot apex, and the stem growth was
completely arrested. Massive cell death soon followed, which
resulted in premature death of the whole tissues of newly
emerged leaves and flower buds. The effects of gene silencing
on the endogenous amounts of the NbPAF mRNA were exam-
ined using semiquantitative RT-PCR (Fig. 1C), because the
level of the transeript was low in the leaves. Primers for RT-
PCR were designed to exclude the cDNA regions used in the
VIGS constructs, and the transcript levels of the actin and the
B3 subunit of the 20 S proteasome (NbPBC) were measured as
controls. RT-PCR using NbPAF-N primers that detect the N-
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TRV-PAF(N)

total genomic
DNA probe

chloroplast DNA
probe

Fic. 2. Phenotypes of programmed cell death. A, nuclear con-
densation. Fluorescent microscopic picture of the cells from the leaves
of the TRV and TRV-PAF(N) VIGS lines after nuclear staining with
DAPI (100 pg/ml). B, oligonucleosomal DNA fragmentation. Genomic
Southern blot was carried out with DNA extracted from the leaves
of the VIGS lines using the total genomic and chloroplast DNA of
N. benthamiana as probes.

terminal region of the NbPAF ¢DNA produced significantly
reduced amounts of PCR products in the VIGS lines of TRV:
PAF(C) compared with the TRV control, indicating that the
endogenous level of the NbPAF transcripts is greatly reduced
in those plants. The same primers detected high levels of viral
genomic transcripts containing the N-terminal region of Nb-
PAF in the TRV:PAF(N) and TRV:PAF(F) lines. In contrast,
NbPAF-C primers that recognize the C-terminal region of the
¢DNA showed suppression of the endogenous NbPAF tran-
scripts in the TRV:PAF(N) lines, whereas they detected the
viral genomic transcripts in the TRV:PAF(C) and TRV:PAF(F)
lines. The transcript levels of NbPBC and actin remained con-
stant. These results demonstrate that expression of NbPAF
was significantly reduced in the VIGS lines.

The NbRpn9 VIGS lines showed the same phenotypes as
that of the N6PAF VIGS lines (Fig. 1D). Silencing of NbRpn9
was examined via semiquantitative RT-PCR using the primers
that detect the cDNA region not covered in the VIGS construct.
Compared with TRV control, the endogenous level of NbRpn9
transcripts was greatly reduced in the TRV:Rpn9 VIGS lines,
whereas the transcript levels of NbPAF, N6PBC, and actin
remained constant (Fig. 1E).

Phenotypes of Programmed Cell Death—We examined nu-
clear morphology of cells in the abaxial epidermal layer from
the leaves of the VIGS lines by DAPI staining (Fig. 24). In the
epidermal cells of the TRV:PAF(N) leaves, condensation and
margination of nuclear chromatin were evident, whereas chro-
matin was evenly distributed within the nucleus in the control
lines. Furthermore, DNA laddering was observed in the
genomic DNA of TRV:PAF(N) and TRV:Rpn9 lines (Fig. 2B).
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total genomic DNA probe
Fic. 3. PCD phenotypes induced by gene silencing of other

‘proteasome subunits. Virus-induced gene silencing was carried out

with N. benthamiana ¢cDNAs encoding actin, B-tubulin, cetlulose syn-
thase, arginyl-tRNA synthetase, glucan synthase, RNA polymerase II
subunit RPB10, myosin I, ubiquitin, and three subunits (81, B4, and
RPN3) of 26 S proteasome. RPB10 is an essential subunit of RNA
polymerase II. To examine DNA laddering, genomic DNA was isolated
from the fourth leaf above the infiltrated leaf in each VIGS line, and
genomic Southern blot analysis was carried out using the total genomic
DNA of N. benthamiana as a probe. Five ug of genomic DNA was used
per lane.

DNA ladder is formed during PCD because of the activation of
cell death-specific endonucleases that cleave the nuclear DNA
into oligonucleosomal units. To visualize DNA laddering, the
genomic DNA extracts from the VIGS lines were fractionated,
transferred to nylon membranes, and hybridized with radiola-
beled total genomic DNA and chloroplast DNA of N. benthami-
ana. DNA laddering was observed with the total genomic DNA
probe, whereas the chloroplast DNA probe resulted in DNA
degradation but without the laddering pattern, because the
chloroplast genomic DNA is not packaged into nucleosomes.
Because nuclear condensation and DNA laddering are the hall-
mark features of PCD, these results demonstrate that reduced
expression of these proteasome subunits activates programmed
cell death in plants. Interestingly, virus-induced gene silencing
of other proteasome subunits (81, 34, and Rpn3) also caused
DNA laddering, indicating that inhibition of proteasome func-
tion by reduced availability of individual subunits is the reason
for the PCD activation (Supplementary Fig. 1, available in the
on-line edition of this article; Fig. 3). DNA laddering was alsc
observed by gene silencing of ubiquitin, consistent with the
previous report (14). In contrast, virus-induced gene silencing
of other presumably essential genes of plants, such as cellulose
synthase or glucan synthase, did not induce the PCD pheno
types, despite the fact that it resulted in severe morphological
phenotypes including growth arrest and premature death o
plants (Supplementary Fig. 1; Fig. 3). Thus, PCD appears to be
activated by disrupted function of specific sets of genes such a:
ubiquitin and proteasome subunits.
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Fic. 4. Reduced proteasome activ-
ity and accumulation of polyubiquiti-
nated proteins. 4, proteasome activity
was measured in cell extracts of TRV,
TRV:PAF(N), TRV:PAF(C), and TRV-:
PAF(F) leaves using three peptide sub-
strates of the 26 S proteasome in the ab-
sence {(gray) or presence of proteasome
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Gene Silencing of the Proteasome Subunits Inhibits Protea-
some Activity—To examine functional consequence of gene si-
lencing of the proteasome subunits, we measured proteasome
activities in cell extracts from TRV control, TRV:PAF(N), TRV:
PAF(C), and TRV:PAF(F) lines using peptide substrates in the
absence or presence of proteasome inhibitor MG132 (Fig. 4A).
Previously, it has been shown that plant proteasomes possess
classical chymotrypsin-like, peptidylglutamylpeptide hydrolyz-
ing-like, and trypsin-like activities against fluorescent syn-
thetic peptide substrates (18, 19). Indeed, compared with the
control, reduced expression of the a6 subunit using the three
VIGS constructs significantly reduced the hydrolysis of Suc-
Leu-Leu-Val-Tyr-AMC, Z-Leu-Leu-Leu-AMC, and Z-Gly-Gly-
Arg-BNA, synthetic peptide substrates of the chymotrypsin-
like, PGPH-like, and trypsin-like activities of the proteasome,
respectively. The degree of reduced activity was comparable
with or slightly more than that achieved by lactacystin or RNA
interference of the proteasome subunits in animal cells (20, 21).
These results demonstrate that VIGS-promoted depletion of
the proteasome subunits decreased all three types of protea-
some activity. Proteasome inhibitor MG132 significantly re-
luced all three types of proteasome activity in TRV control,
Jemonstrating that most of the hydrolytic activity indeed
>omes from proteasome (Fig. 44). However, the residual pepti-
lase activity, particularly the trypsin-like activity, still re-
nained in the extracts from TRV control as well as from TRV:
PAF lines. These inhibitor-resistant residual activities likely
'epresent other proteases besides the 26 S proteasome. The
neasured peptidase activity of all three types did not differ
significantly in the absence or presence of MG132 in the TRV:
?AF samples, indicating that VIGS abolished most of active 26
3 proteasome complex. The reduced proteasome activity by
tene silencing of PAF is likely caused by interference of pro-

teasome assembly resulting from the reduced expression of the
subunits. RNA interference of the individual proteasome sub-
unit in Drosophila and trypanosome all resulted in disruption
of proteasome assembly, and as a consequence, reduction of
proteasome activity (20, 21).

Depletion of the Proteasome Subunits Leads to Accumulation
of Polyubiquitinated Cellular Proteins—Most physiological
substrates of the 26 S proteasome are cellular proteins co-
valently modified with a polyubiquitin chain. To determine the
effect of gene silencing of the proteasome subunits on the
degradation of such proteins, we carried out Western blotting
with cell extracts of TRV control, TRV:PAF(N), TRV:PAF(C),
and TRV:PAF(F) lines with a mouse anti-ubiquitin monoclonal
antibody (Fig. 4B). It resulted in a smear of high molecular
weight immunoreactive materials displaying many cellular
proteins modified by polyubiquitin chains. Compared with the
TRYV control, gene silencing of the a6 subunit using the three
different VIGS constructs greatly increased the level of poly-
ubiquitinated proteins. Previously, inhibition of proteasome
activity by proteasome inhibitors or by RNA interference of the
proteasome subunits also increased the intensity of this smear,
displaying accumulation of non-degraded cellular proteins in
animal cells (20, 21). In plants, mutants of MCB1 (RPN10) and
UBP14 (ubiquitin-specific protease) exhibited increased steady
state levels of cellular ubiquitinated proteins (22, 23). These
results mirrored corresponding effects of gene silencing on pro-
teasome activity against peptide substrates.

Protein Levels of o6 and Other a Subunits in TRV-:PAF
Leaves—The protein levels of a6 and other « subunits in TRV:
PAF plants were examined by Western blotting with the mono-
clonal antibody raised against the mixture of six a subunits
(a1, a2, a3, ab, a6, and a7) and B-tubulin antibody as a control
(Fig. 4C). In three different TRV:PAF lines, the a6 subunit
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level significantly decreased because of gene silencing, whereas
the combined levels of other five « subunits remained constant.

Involvement of ROS—To test whether ROS are produced in
the cells undergoing PCD in the VIGS lines, we prepared pro-
toplasts from leaves from TRV or the mixture of TRV:PAF(N),
TRV:PAF(C), and TRV:PAF(F) lines, and incubated the proto-
plasts with H,DCFDA to visualize the green fluorescent signal
of which activation depends on the presence of H,0, (Fig. 5A).
Hy,DCFDA is a cell-permeant indicator for ROS that is nonfluo-
rescent until the acetate groups are removed by intracellular
esterases and oxidation occurs within the cell (24). The rate of
the accumulation of fluorescent H,DCFDA in protoplasts from
the TRV:PAF VIGS lines was significantly higher than that
of the TRV control; the mean fluorescence for the protoplasts
from the TRV:PAF lines reached ~10-fold higher level than
that of the TRV control (Fig. 5B). These results demonstrate
that reactive oxygen species are involved in this cell death
program. The overall activity of POD and APX, the enzymes
hydrolyzing H,O, to water and oxygen, was measured using
leaf extracts of the control TRV and the mixture of TRV:PAF
VIGS lines. The relative activity of POD was similar in both
control and TRV:PAF leaves (Fig. 5C), whereas the APX activ-
ity was approximately 1.7-fold lower in the TRV:PAF leaves
than control (Fig. 5D). Plant cell death is associated with an
increase in cellular membrane leakage (25), which can be
measured by ion leakage. The TRV:PAF leaves exhibited 3-fold
higher levels of relative ion leakage than leaves from the TRV
control (Fig. 5E).

Disrupted Membrane Potential of Mitochondria and Release
of Cytochrome c—During apoptosis in animal cells, modifica-
tion of the mitochondrial membrane permeability initiates the
death execution pathway. Mitochondrial membrane potential
of the protoplasts isolated from leaves of TRV control and the
mixture of TRV:PAF VIGS lines was monitored by TMRM
fluorescent probes (Fig. 64). TMRM is a lipophilic cation that is
accumulated in mitochondria in proportion to the mitochon-

drial membrane potential (26). A drop in the membrane poten-
tial leads to a decrease in fluorescence caused by the dimin-
ished capacity of mitochondria to retain the probe. The average
fluorescence of protoplasts from TRV:PAF leaves was approx-
imately 4-fold lower than TRV control, indicating disruption of
mitochondrial membrane potential. During apoptosis in ani-
mal cells, the release of cytochrome ¢ occurs before visible
morphological changes. We investigated cytochrome ¢ reloca-
tion during the PCD. Leaves of the VIGS lines were homoge-
nized, and the mitochondria were separated from the cytosol by
differential centrifugation. The proteins in each fraction were
analyzed by Western blot analysis using a monoclonal cyto-
chrome ¢ antibody and a monoclonal antibody against VDAC as
a control for fractionation (Fig. 6B). VDAC is localized in the
outer membrane of mitochondria and forms a channel through
which metabolites pass (27). The Western blot revealed that
cytochrome ¢ was mainly detected in the mitochondria in the
TRV control, whereas it was detected only in the cytosol frac-
tion in the TRV:PAF lines. VDAC was detected only in the
mitochondria fraction. This result shows that cytochrome c is
released from mitochondria to cytosol, an early event of apo-
ptosis in animal cells, during PCD in the VIGS lines.

Activation of Caspase-like Activity—During apoptosis in an-
imal cells, relocated cytochrome c¢ induces assembly of the
caspase-9 activating complex, which in turn propagates a cas-
cade of further caspase activation, including caspase-3. Using
synthetic fluorogenic substrates for animal caspase-9 (LEHD-
AFC) and caspase-3 (DEVD-AFC), we found that extracts from
TRV:PAF(N), TRV:PAF(C), and TRV:PAF(F) leaves all exhib-
ited both caspases 9-like and caspase 3-like proteolytic activi-
ties (Fig. 7). Activation of caspase-like protease activity could
not be detected in TRV control leaves compared with the leaves
of no treatment.

Markers Associated with HR Cell Death—Plant cells under-
going hypersensitive cell death deposit autofluorescing second-
ary metabolites and cell wall materials such as callose and
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A

FiG. 6. Disruption of mitochondrial
membrane integrity and cytochrome
¢ release. A, mitochondrial membrane
integrity. Protoplasts isolated from leaves
of TRV and mixture of TRV:PAF VIGS
lines were stained with 200 nmM TMRM for
10 and 15 min to visualize mitochondria.
The average fluorescence was quantified
as described under “Experimental Proce-
dures.” Data points represent means *+
8.D. of 10-15 individual protoplasts. PIV,
pixel intensity values. B, immunodetec-
tion of eytochrome ¢ in mitochondrial and B
cytosolic fractions of leaves from TRV,
TRV:PAF(N), and TRV:PAF(C) VIGS
lines. Western blot analysis was per-
formed with the cytochrome ¢ monoclonal
antibody, which shows eytochrome ¢ re-
lease into cytosol in the TRV:PAF lines.
As a control for cell fractionation, West-
ern blotting was carried out with an anti-
VDAC monoclonal antibody. VDAC is
localized in the outer membrane of mito-
chondria (27).

aromatic polymers at infection sites. We examined the presence
of the autofluorescent material and callose in the leaves of the
TRV:PAF(N) and TRV:Rpn9 VIGS lines that undergo PCD.
Fig. 84 demonstrates that leaves of both VIGS lines accumu-
lated substantial amounts of autofluorescent products and cal-
lose. TRV control showed only small patches of those materials,
primarily along the vein. Both TRV:PAF and TRV:Rpn9 VIGS
lines also exhibited intense staining on the leaves with Evans
blue indicating localized cell death, whereas TRV control
showed no staining (Fig. 84). These results demonstrate that
some features of HR cell death are conserved in the PCD
program induced by disruption of proteasome function.

We also examined whether the proteasome-mediated PCD
induces expression of defense-related genes using semiquanti-
tative RT-PCR (Fig. 8B). PR1la, PR1b, PRIc, PR2, PR4, PR5,
S25-PR6, SAR8.2a, HSR203J, HINI, and 630 genes are all
highly induced during HR cell death (28). NTCP-23 (cysteine
protease} and p69d (serine protease) have been shown to be
involved in pathogen-induced cell death (29), whereas the chlo-
roplastic CipP protease plays a role in chloroplast development
but not in senescence or HR cell death (29). Among these genes,
only PR2, PR5, HIN1, CIpP, and NTCP-23 genes were tran-
scriptionally induced in both the TRV:PAF(N) and TRV:Rpn9
VIGS lines. Expression of SGTI, RARI, and SKPI, recently
identified signaling genes in plant defense (30-32), remained
constant. Thus the proteasome-mediated PCD process pro-
motes expression of only a subset of PR genes. Taken together,
some features of HR cell death are conserved in the protea-
some-mediated PCD program, but its gene expression profile is
significantly different from the HR, indicating a possibility of
lifferential regulation of each PCD pathway.

DISCUSSION

In this study, we present direct evidence that interruption of
oroteasome function activates programmed cell death in plant
sells. When expression of proteasome subunits was suppressed
Jy virus-induced gene silencing, the affected cells showed the
*haracteristic features of apoptotic cell death, including nu-
‘lear condensation and DNA fragmentation. This proteasome-
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Fia. 7. Activation of caspase 9- and 3-like activity. Extracts from
leaves of TRV, TRV:PAF(N), TRV:PAF(C), and TRV:PAF(F) VIGS lines
were incubated with peptide substrates of the caspase-9 (LEHD-AFC)
and caspase-3 (DEVD-AFC) in the caspase assay buffer, and their
relative fluorescence was measured. Enzymatic activity was normalized
for protein concentration and expressed as percentage of activity pres-
ent in control extracts. Data points represent means * S.D. of three
experiments per line.

mediated cell death pathway involves ROS, cytochrome ¢ re-
lease from mitochondria, activation of caspase-like activities,
and transcriptional induction of a subset of defense-related
genes. The role of the proteasome in PCD in animals has been
extensively investigated in various cell lines using specific pro-
teasomal inhibitors, such as lactacystin and peptide aldehydes
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ing indicates dead cells without intact cellular membranes. B, semi-
quantitative RT-PCR analysis to examine transcript levels of defense-
related genes. RNA was extracted from the fourth leaf above the
infiltrated leaves from several independent N. benthamiana plants
infected with TRV, TRV:PAF(N), or TRV:Rpn9. As a control for RNA
amount, actin mRNA levels were examined.

(9). However, the use of proteasome inhibitors has led to some
contradictory conclusions, as treatment either promoted or pre-
vented PCD, depending on the cell lines (12). These may be
explained by a model summarized by Grimm and Osborne (33),
who suggested that proteasome inhibition may have different
effects on proliferating versus non-proliferating cells because of
cell cycle regulation by the ubiquitin-proteasome pathway. In
quiescent cells, the proteasome may be responsible for activat-
ing caspase cascade to induce cell death; thus, inhibition of
proteasome would prevent PCD. On the other hand, in prolif-
erating cells, accumulation of cell cycle regulators by protea-
some inhibition leads to dysregulation of cell cycle, which may
drive cells into PCD. This model is consistent with much of the
available data in animal system, and our data, because the
proteasome-mediated PCD phenotype was evident in newly
formed leaves of the VIGS lines.

Recent findings suggest diverse action mechanisms of ubig-
uitin/proteasome pathway in the regulation of PCD (8). Impor-
tant regulators of apoptosis, including the Bcl-2 family of pro-
teins and the inhibitor of apoptosis proteins (34), have been
newly identified as substrates of the proteasome. Furthermore,
the tumor suppressor p53 and other cell cycle proteins that are
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already known to be substrates of the proteasome, and inhibi-
tor of apoptosis proteins, which are critically involved in the
negative regulation of apoptosis, have been shown to play an
active role in the proteolytic inactivation of death executors (8,
9). The evidence of possible involvement of proteasome in PCD
in plants has only begun to emerge. Recently, ubiquitin ligase-
associated protein SGT1 has been found to be essential for R
gene-mediated disease resistance (30, 35) and HR cell death
elicited by multiple resistance interactions (35). Furthermore,
SGT1 and RAR1 (SGT1-interacting protein) are co-immunopre-
cipitated with COP9 signalosome, demonstrating a direct in-
teraction between COP9 signalosome and ubiquitin ligases
(31). These results suggest that the ubiquitin protein degrada-
tion pathway regulate at least a subset of R-mediated defense
responses and HR cell death (36).

Compared with animal system, relatively little information
is available on the detailed mechanism of PCD in plants. How-
ever, some aspects of the molecular machinery of PCD seem to
be conserved between plants and animals. Numerous media-
tors of disease resistance signaling in plants share conserved
motifs with proteins that have similar roles in the defense
response of animals (7). Furthermore, overexpression of Bax,
which encodes a mammalian proapoptotic protein, induces
PCD in plants and yeast (37, 38). In animal cells, mitochondria-
mediated PCD acts through Bax family of proteins, which
associates with the mitochondria membrane and forms an ion-
conduction channel through which macromolecules and metab-
olites can pass (39). Although Bax plays a critical role in mito-
chondrion-mediated PCD in mammals, plants and yeast lack
these proteins and many other regulators of mammalian PCD.
Nevertheless, Bax-induced PCD in plant cells indicates com-
mon underlying mechanisms between animal and plant cell
death programs.

In this study, we have demonstrated that proteasome-medi-
ated cell death in plants involves the common components of
apoptosis in animal cells, including decreased mitochondrial
membrane integrity, ROS production, cytochrome ¢ release,
and activation of caspase-like protease activities. Although
plant genome lacks direct homologues of caspase genes,
caspase-like protease activities have been detected in the HR
cell death and in PCD associated with other nonpathogenic
responses, such as heat, menadione, and isopentenyladenosine
treatment (40—42). Interestingly, HR cell death and the
caspase-like activities were specifically inhibited by caspase
inhibitors but not by other types of inhibitor including those
targeting serine proteases, metalloproteases, calpain, and as-
partate proteases (40, 43). The caspase 3-like activity found in
barley embryonic cells also could be inhibited by the specific
caspase 3 inhibitors, but not by general cysteine protease in-
hibitors (44). Recently, a family of caspase-related proteases
(the metacaspases) has been identified in Arabidopsis based
on homology searches (45). It remains to be seen whether
the metacaspases are functionally equivalent to mammalian
caspases in controlling cell-death activation. Several reports
point to the importance of the mitochondria in the expression of
HR cell death in plants, although it is not clear whether cyto-
chrome ¢ leakage occurs during the HR. Cytochrome ¢ leakage
and activation of caspase-like proteases was detected in our
study, and during isopentenyladenosine- and heat-induced
PCD, but not during petal senescence-associated PCD (41, 42,
46, 47). It remains to be investigated whether the released
cytochrome ¢ promotes assembly of the caspase-activating com-
plex in the cytosol, as in the case of animal cells.

Disruption of two different proteasome subunits both in-
duced transcription of defense genes, such as PR2, PR5,
Hinl, and NTCP-23 (cysteine protease), and CIpP protease
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(Fig. 7B). However, expression of other genes that are also
highly induced during the HR cell death, including PRI, PR4,
HSR203J, SAR8.2, and p69d (serine protease), was not stim-
ulated. No induction of PRIa and SARS8.2 indicates that the
level of salicylic acid, a positive regulator of the HR cell
death, is not elevated during the proteasome-mediated PCD.
Hinl and HSR203J, which showed opposite expression pat-
terns in this study, have been shown to be associated in HR
cell death, but not with senescence-related cell death (28).
HSR203J encoding a serine hydrolase is believed to play a
role in the limitation of cell death during HR (48). In addi-
tion, the chloroplastic ClpP protease is involved in chloro-
plast development but not in senescence or HR cell death
(29). These different gene expression profiles indicate that
PCD pathway activated by the two different means, i.e. pro-
teasome inhibition and pathogen, may be differentially reg-
ulated, at least partly, with possible involvement of distinct
downstream components. A microarray analysis of gene ex-
pression of 100 selected genes demonstrated that heat- and
senescence-induced PCD each caused stimulated expression
of a distinctive set of genes, whereas there is some overlap in
the differential gene expression between the two system (49).
Particularly, certain oxidative stress-related genes and cys-
teine proteases, and several genes involved in the HR cell
death, appeared to be commonly involved during PCD in-
duced by the two different means (49). Functions of these
genes in programmed cell death remain to be tested.

The 20 S proteasome consists of two copies each of seven
distinctive o- and seven distinctive B-type subunits (50). In
Saccharomyces cerevisiae, gene disruption of the individual
genes encoding the 14 subunits of the 20 S proteasome was
carried out. The results indicated that 13 of the 14 subunits are
essential to the viability of yeast cells; the only subunit that
turned out to be nonessential is a3 (51) The deletion mutant of
the a3 subunit gene has a longer generation time than the
wild-type cells and showed altered chymotryptic activities (51).
Finley and co-workers (52) tested the functional effects of mu-
tations in the ATP-binding motif of each of the six RPT genes in
S. cerevisiae; four were lethal, and two conferred a strong
growth defect, implying that these ATPases are not function-
ally redundant. Recently, using RNA interference, effects of
reduced expression of individual proteasome subunits of the 19
S regulatory complex were examined in Drosophila and
trypanosome (20, 21). In both cases, reduced expression of
individual proteasome subunits disrupted proteasome complex
formation and resulted in increased apoptosis, accumulation of
ubiquitinated cellular proteins, and decreased cell prolifera-
tion. Among 11 Rpn subunits of the 19 S regulatory complex,
Rpn9 and Rpn10 are not essential for the viability of S. cerevi-
siae (50, 53), whereas only Rpn10 is not essential in Drosophila
(20, 21). In trypanosome, each of the 11 Rpn subunits was
found indispensable for the viability (20). Yeast Arpn9 cells
grow normally at the permissive temperature but displayed
strong growth defect at nonpermissive temperature and be-
came arrested at the G,/M phase of cell cycle (50). These cells
contained 26 S proteasome that was shifted to lighter fractions
in a glycerol density gradient. However, this incomplete pro-
teasome complex, which also misses Rpnl0, is functionally
adequate in maintaining cell viability (50). In this study, we
found that reduced expression of the a6, g1, 84, Rpn3, and
Rpn9 subunits all activated the PCD pathway; thus, all of these
subunits are essential for survival of plant cells.

Our results demonstrated the involvement of the ubiquitin/
proteasome pathway in the regulation of PCD in plant cells.
The proteasome is expected to play a role in regulation of plant
cell death in multilevels, including proteolytic inactivation of
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unidentified apoptosis regulators and death executers. Stabil-
ity of an individual proteasome subunit may be a target of
regulation for controlling the PCD program. It will be impor-
tant to investigate whether various developmentally or envi-
ronmentally activated cell death programs of plants involve
modulation of proteasome function. In this scenario, some PCD
pathways of plants may include signaling molecules that mod-
ify proteasome activity to activate the cell demolition process
when death signals are perceived. To identify the important
players in cell death activation in plants, reverse genetic ap-
proaches such as virus-induced gene silencing, coupled with
bioinformatics approaches, will be useful to screen a large
number of candidate regulators. Probing functional roles of the
proteasome in PCD activation may give insight into how death
signals, including developmental or pathogen-related signals,
are perceived and translated into a cascade of changes leading
to plant cell death. These efforts may reveal unique mecha-
nisms of PCD program in plant cells, in addition to the con-
served mechanisms between animals and plants. Finally, from
an applied perspective, the ability to induce cell death by gene
silencing of proteasome subunits may have useful applications
in agriculture by providing a tool to selectively kill certain cells
and tissues.
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Summary

Using a yeast two-hybrid system, we identified NtRpn3, a regulatory subunit of 26S proteasome, as an
interacting protein of NtCDPK1 calcium-dependent protein kinase in Nicotiana tabacum. Rpn3 in yeast is an
essential protein involved in proteolysis of cell cycle regulatory proteins, and the carrot homolog of Rpn3
was previously isolated as a nuclear antigen that is mainly expressed in the meristem. NtCDPK1 physically
interacts with NtRpn3 in vitro in a Ca’*-independent manner and phosphorylates NtRpn3 in a Ca?*-depen-
dent manner with Mg?* as a cofactor. NtCDPK1 and NtRpn3 are co-localized in the nucleus, nuclear per-
iphery, and around plasma membrane in vivo. Both NtCDPK1 and AtRpn3, an NtRpn3 homolog of
Arabidopsis, are mainly expressed in the rapidly proliferating tissues including shoot and root meristems,
and developing floral buds. Virus-induced gene silencing of either NtRpn3 or NtCDPKT resulted in the
phenotypes of abnormal cell morphology and premature cell death in newly emerged leaves. Finally,
NtCDPK1 interacts with NtRpn3 in vivo as shown by co-immunoprecipitation. Based on these results, we
propose that NtCDPK1 and NtRpn3 are interacting in a common signal transduction pathway possibly for
regulation of cell division, differentiation, and cell death in tobacco.

Keywords: co-immunoprecipitation, in vivo co-localizaton, meristem, phosphotylation, premature cell

death, virus-induced gene silencing.

Introduction

Numerous .evidences indicate that degradation of many
cytosolic and nuclear proteins is controlled by the ubiqui-
tin/proteasome pathway in eukaryotes ({reviewed by
Hershko and Ciechanover, 1998). In this pathway, ubiquitin
becomes covalently attached to cellular proteins by an ATP-
dependent reaction cascade involving E1, E2, and E3
enzymes (reviewed by Callis and Vierstra, 2000). Most of
the ubiquitinated proteins are targeted for degradation by
the 26S proteasome, a large ATP-dependent, multisubunit
protease that is highly conserved in all eukaryotes. Both in
animals and in plants, the 26S proteasome consists of two
large subcomplexes, the 20S proteasome and the 19S
regulatory complex. Proteolysis occurs inside of the 20S
proteasome compartment, while the 19S regulatory com-
plex confers the specificity towards ubiquitinated sub-
strates and an ATP dependence on proteolysis. The 26S
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proteasome has a general function in the selective removal
of various short-lived proteins that are first covalently
linked to ubiquitin. Proteasomal substrates include meta-
bolic key enzymes, transcription factors, cyclins, and inhi-
bitors of cyclin-dependent kinases. In plants, the ubiquitin/
proteasome pathway has been linked to cell cycle (Criqui
et al., 2000) and to various signal transduction pathways
including auxin signaling, photomorphogenesis, and jas-
monic acid signaling (reviewed by Callis and Vierstra,
2000).

The yeast Rpn3/Sun2, a subunit of the lid cdmplex of the
26S proteasome, is essential in the cell cycle progression
(Bailey and Reed, 1999; Kominami et al., 1997). The rpn3
mutation does not prevent the G,/S transition but causes a
metaphase arrest. Rpn3 function is required for the degra-
dation of the cyclins, such as ClIn2, Clb5, and Cib2, and
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anaphase inhibitor Pds1; however, degradation of Cdk
inhibitor Sic was not affected by the rpn3 mutation. In
contrast, turnover of Sic is severely impaired by a tempera-
ture-sensitive mutation of Rpn12/Nin1, encoding another
essential regulatory subunit of the 26S proteasome,
arguing for the requirement of distinct regulatory subunits
for efficient proteolysis of specific cell cycle regulators
{Bailey and Reed, 1999). The carrot 21D7 protein is a plant
homolog of Rpn3, and the lethal phenotype of the yeast
rpn3 mutant is partially complemented by expression of
21D7 (Smith et al, 1997). The 21D7 protein is mainly
expressed in plant tissues that contain actively dividing
cells, such as shoot and root meristem, developing floral
buds, and cell cultures, and is located in the nucleus (Smith
et al., 1988, 1993). Later it was found that the 21D7 protein is
a component of the 26S proteasome, being co-purified with
the 19S regulatory complex (Smith et al., 1997). However,
how the 21D7 protein controls protein degradation and
whether 21D7 is involved in cell cycle control in piant cells
are not known. More recently, multiubiquitin chain binding
subunit MCB1 (RPN10) of the 26S proteasome has been
found to be essential for developmental progression in
moss Physcomitrella patens {(Girod et al., 1999). Interest-
ingly, auxin and cytokinin partially rescued the Amcb1
mutant phenotypes. Furthermore, the RPN12 subunit of
Arabidopsis has been shown to be involved in cytokinin
responses, the mutant of which showed altered growth
responses to exogenous. cytokinin, reduced leaf formation,
and delayed skotomorphogenesis (Smalle et al., 2002),
further supporting for a role of the ubiquitin/26S protea-
some in plant developmental processes triggered by hor-
mones.

NtCDPK1 belongs to a large group of calcium-dependent
protein kinases {Yoon et al., 1999). Calcium-dependent pro-
tein kinases (CDPK) function as a potential sensor that
recognizes the changes in cytosolic calcium concentration
in response to various stimuli, which include light, envir-
onmental stress, pathogen attack, and phytohormones,
and translates them into activation of downstream signal-
ing pathway (teviewed by Harmon et al., 2001). A large
family of CDPK genes has been identified in various plant
species including 34 members in Arabidopsis (reviewed by
Harmon et al, 2001), suggesting that individual CDPK is
involved in multiple signaling pathways with differential
specificity. Although functions of most CDPKs are still
largely unknown, increasing evidence suggests that CDPKs
are involved in environmental stress signaling. Previously
we have shown that tobacco NtCDPK1 is transcriptionally
induced by various stimuli including phytohormones and
abiotic stresses in tobacco BY2 cells and leaves (Yoon et al.,
1999). NtCDPK1 was immunodetected and phosphorylated
in vivo mainly in the membrane fraction of BY2 cells,
implicating membrane association of NtCDPK1. We
attempted to address biological functions and related sig-

naling pathway of NtCDPK1 by identifying substrates or
interactive regulatory proteins. Here we report that
NtCDPK1 is interacting with the Rpn3 homolog of tobacco.
We present biological, biochemical, and cytological evi-
dence for functional relationship of NtCDPK1 and NtRpn3,
and their possible involvement in the control of cell divi-
sion, differentiation, and cell death in tobacco.

Results

NtCDPK1 interacts with NtRpn3 that is a regulatory
subunit of the 26S proteasome

To isolate proteins that interact with NtCDPK1, the yeast
two-hybrid assay using LexA system was applied. Using
the NtCDPK1 kinase domain as bait, a tobacco flower bud
cDNA library was screened. Among many positive clones
sequenced, a large proportion represented a cDNA encod-
ing a tobacco homolog of 21D7, whose sequence was
previously reported (lto et al., 1997). The carrot 21D7 pro-
tein is the Rpn3 subunit of the 26S proteasome, which could
partially complement the yeast rpn3/sun2 mutant (Smith
et al., 1997). The tobacco cDNA was named NtRpn3. It
encodes a polypeptide of 488 amino acid residues with
an estimated molecular mass of 55384 Da. The sequences
of NtRpn3 with homologs in other species including carrot,
Arabidopsis, yeast, and human were aligned (Figure S1).
NtRpn3 displays overall 81% identity to 21D7 from
carrot (accession number AAF20216), 73-78% identity to
two homologs from Arabidopsis (accession numbers
At1g20200 and At1g75990}, 35% identity to Rpn3/Sun2 from
yeast (accession number AF035280), and 46% identity to
Rpn3 from human {accession number D67025). Based on
the genomic Southern analysis, tobacco genome contains
two copies of the NtRpn3-related sequences (data not
shown).

To test the specificity of the interaction between NtCDPK1
and NtRpn3, various plant protein kinases including
NtCDPK2 (Romeis et al., 2001), PRK1 (Mu et al, 1994}
and WAPK (Lee et al., 1998), and PKC, Myb, and ENV4 from
human were examined for their interaction with NtRpn3
using the yeast two-hybrid assay (Figure 1a). NtCDPK2, a
tobacco CDPK involved in pathogen response, and other
signaling proteins tested were not physically associated
with NtRpn3, as shown by the inability to grow on Leu™ and
by the lack of B-galactosidase activity. In addition, AtRpn10
and AtRpn12, other regulatory subunits of 265 proteasome
from Arabidopsis, did not show any interaction with
NtCDPK1. To map the NtRpn3 region responsible for the
interaction with NtCDPK1, the full NtRpn3 and four deletion
constructs were fused to B42AD and introduced into yeast
cells together with the construct containing the LexA-
NtCDPK1 kinase domain. As shown in Figure 1(b), the
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Figure 1. Specificity of the NtRpn3-NtCDPK1 (@)

NtCDPK1 interacts with Bpn3 homolog 827
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involved in the interaction with NtCDPK1.

{a} Yeast two-hybrid assay. Yeast growth on the NtCDPK1 NtRpn3 + blue

selection medium and f-galactosidase activity NtCDPK2 NtRpn3 _ white

were monitored as indicators of the protein .

interaction. WAPK NtRPN3 - wh}te
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ween NtCDPK1 and various forms of NtRpn3. PKC NtRPN3 - white

The LexA-NtCDPK1 kinase domain was combin- Myb NtRpn3 _ white

ed with B42AD fusions with NtRpn3 polypep- .

tides carrying various N-terminal or C-terminal NtCDPKI AtanlO - thte

deletions. Three separate colonies per construct NtCDPK1 AtRpnl2 - white
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activity.
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full-length NtRpn3, NtRpn3-AC, and NtRpn3-P all showed
the yeast growth and the p-galactosidase activity, indicat-
ing their interaction with NtCDPK1. Interestingly, the stron-
gest interaction came from NtRpn3-PAN containing the
short C-terminal hydrophilic region of NtRpn3. As shown
in NtRpn3-AC and NtRpn3-PAC, the removal of the C-term-
inal region reduced the B-galactosidase activity. The C-
terminal hydrophilic region is predicted to form a coiled
coil, a typical protein-protein interaction module. NtRpn3
contains the PCl domain (residues 346-429), which is pre-
sent in regulatory subunits of 26S proteasome, COP9 sig-
nalosome, and elF3 (Hofmann and Bucher, 1998; Kim et al.,
2001). The PCl domain, an a-helical domain of about 200
amino acid residues, is a protein contact site required for
assembly of the multisubunit protein complexes (Fu et al.,
2001; Kim et al, 2001). The apparent lack of interaction
between NtRpn3-PAC and NtCDPK1 indicates that the PCl
domain may not be critically involved in the NtCDPK1-
NtRpn3 interaction. Together, these analyses demonstrated
that muitiple regions of NtRpn3, including the C-terminal
region, are invalved in the interaction with NtCDPK1.

NtCDPKT interacts with and phosphorylates NtRpn3
in vitro

To further confirm the interaction between NtRpn3 and
NtCDPK1 and to determine whether Ca** regulates the
interaction between the two proteins, we carried out the
in vitro protein binding assay with purified recombinant
proteins of NtCDPK1 and NtRpn3. As shown in Figure 2(a),
the full-length NtCDPK1 and its kinase domain were

© Blackwell Publishing Ltd, The Plant Journal, (2003), 33, 825-840

expressed as mailtose binding protein (MBP) fusion protein.
The full NtRpn3 and two deletion forms were expressed as
glutathione S-transferase {GST) fusion proteins.

For the interaction assays, GST, GST-NtRpn3, GST-
NtRpn3-P, and GST-NtRpn3-AC fusion proteins were incu-
bated with the resin-bound MBP-NtCDPK1 kinase domain,
or MBP alone in the presence of Ca®* or EGTA. After
washing, the matrix-bound fractions were eluted and sepa-
rated by SDS-PAGE, then stained with Coomassie, which
showed the relative levels of the MBP or MBP-NtCDPK1 in
the binding reactions. Separately, the bound fractions were
analyzed by Western blotting with the GST antibody to
detect the presence of bound GST-NtRpn3 fusion proteins.
Alf three forms of the GST-NtRpn3 proteins were detected
in the Western blot showing the interaction, while binding
of GST-NtRpn3 protein to MBP was not detected (Fig-
ure 2b). The GST protein by itself did not bind to MBP-
NtCDPK1 fusion protein. Thus, the NtCDPK1 kinase domain
could interact with all three forms of NtRpn3, among which
NtRpn3-P showed the strongest binding, consistent with
the result from the yeast two-hybrid assay (Figure 1b). The
presence of Ca®* in the binding reaction did not signifi-
cantly affect the binding of all three NtRpn3 forms to the
kinase domain of NtCDPK1.

To determine if the interaction between NtCDPK1 and
NtRpn3 led to the phosphorylation of NtRpn3, the MBP-
NtCDPK1 {full-length) fusion protein was mixed with GST
or the GST fusion proteins of the full-length NtRpn3,
NtRpn3-P, and NtRpn3-AC in a kinase assay with [y-32P]ATP
and Mg?* as a cofactor in the presence of Ca®* (Figure 2c).
The autophosphorylated NtCDPK1 generated multiple
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Figure 2. NtCDPK1 interacts with and phospharylates NtRpn3 in vitro.

(a) Purification of the recombinant NtCDPK1 and NtRpn3 proteins (left) visualized with Coomassie staining (right).

(b} In vitro protein binding assay with the NtCDPK1 kinase domain. Various GST-NtRpn3 fusion proteins were incubated with the immobilized MBP-NtCDPK1-KD
fusion protein in the presence of either Ca2* (1 mn) orEGTA({2 mMm). After washing, the amylose resin-bound fractions were separated by SDS-PAGE. The separated
proteins were visualized by Coomassie staining (left), or transferred to the membrane for Western blotting with GST antibody to detect the GST fusion protein (right).
{c} In vitro kinase assay of various forms of NtRpn3 (0.5 or 5 g} by the full NtCDPK1 in the presence of Mg?* (1 mm) and Ca?* {1 mm).
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bands due to protein degradation, and the top band repre-
sents the full-length NtCDPK1. GST (28 kDa} was not phos-
phorylated, demonstrating that the NtRpn3 moiety in the
GST-NtRpn3 fusion proteins is phosphorylated by
NtCDPK1. The fuil NtRpn3 and NtRpn3-AC were phosphory-
lated by the full NtCDPK1, while phosphorylation of
NtRpn3-P was not visibly detected with repeated experi-
ments. Thus, the interaction between NtCDPK1 and NtRpn3
did fead to phosphorylation of NtRpn3.

NtCDPK1 phosphorylates NtRpn3 in a Ca®*-independent
manner with Mn** as a cofactor

interestingly, in the presence of Mn?* as a cofactor,
NtCDPK1 phosphorylates itself and NtRpn3 in a Ca®*-
independent manner (Figure 3a,b). The presence or absence
of Ca®* did not affect the NtCDPK1 autophosphorylation with
different concentrations of Mn?* as a cofactor (Figure 3a}.
The kinase domain showed only the basal phosphorylating
activity. NtCDPK1 aiso phophorylates NtRpn3 in a Ca®*-
independent manner in the presence of Mn?* in contrast to
the effect by Mg®" (Figure 3b). Co®* was not used as a
cofactor. To further confirm the characteristics of NtCOPK1,
the kinase assay was carried out with the cleaved form of
NtCDPK1 purified from the MBP-NtCDPK1 fusion protein
{Figure 3c). it also exhibited Ca’*-dependent autopho-
sphorylation and NtRpn3 phosphorylation in the presence
of Mg®*, and Ca®*-independent phosphorylation in the
presence of Mn®", Some plant protein kinases including

NtCDPK1 interacts with Rpn3 homolog 829

NPK5 from tobacco {Muranaka et al, 1994), and CIPK1
(Shi et af., 1999) and RLKS (Horn and Walker, 1994) from
Arabidopsis were more active when Mn®* was used as a
cofactor. A 67-kDa plasma-membrane-bound CDPK of
apple also prefers Mn?* over Mg?* for autophosphoryla-
tion (Barker et al., 1998). We found that phosphorylation of
NtRpn3 by NtCDPK1 is induced by micromolar amounts of
Mn2t (results not shown). As the cellular concentration
of Mn?* is in the micromolar range under physiological
conditions, this result raises a possibility of a physiclogical
role of Mn** in NtCDPK1 regulation.

NtRpn3 and NtCDPK1 show a similar expression pattern
during cell cycle

The NtCDPK1 and NtRpn3 transcript levels were regulated
in a similar fashion during cell cycle of tobacco BY2 celis
{Figure 4). Suspension-cultured tobacco BY2 cells were
synchronized by a 24-h treatment with aphidicolin. After
release from the aphidicolin block, mitotic index and the
mRNA levels were monitored during cell cycle. As controls,
the histone H4 gene and the cyclin B1 gene were used as a
marker of S phase and M phase, respectively. The mRNA
levels of both NtCDPK1 and NtRpn3 were maintained in a
similar level through S and G, phase until mid-M phase and
decreased to an undetectable level during G, phase. Both
NtCDPK1 and NtRpn3 genes were expressed more abun-
dantly in the log phase of BY2 cell growth than in the
stationary phase {Figure 4).

Figure 3. Ca**-independent phosphorylation in (@) Full NtCDPK1 KD Full NtICDPK1 KD
the presence of Mn?* as a cofactor.

(a} Autophosphorylation of the fulldength & o4 24 e o 2+
NtCDPK1 or the kinase domain (KD} with & Mn _Ma &-—-Mnd-!\ﬂn‘

increasing concentration of Mn?* in the absence
or the presence of Ca?* (1 mM). The concentra-
tion of MnZ* is 0.05, 0.2, 1,5, and 10 mm for the
full-length NtCDPK1, and 1 and 5 mm for the

KD. EDTA and EGTA were used at 100 pm.

{b} Phospharylation of NtBpn3 by NtCDPK1 with
Mnr2¥ {1 mM) or Mg®* {1 mm) as a cofactor. The
effects of incubation time in the kinase assay ()
(left) and the presence of various divalent

cations at 1 mm concentration (right) on phos-
phorylation of NtCOPK1 and NtRpn3 are shown.

(¢} Invitro kinase activity of the cleaved

NtCDPK1 with Mn** or Mg?* as a cofactor.

The MBP-NtCDPK1 fusion protein was treated

with Factor Xa to isolate the NtCOPK 1 moiety for

the kinase assay.

20 min 2 hr

Mn2+ Mg2+ Co2+

NICDPk1
NtRpn3

{c)
Cca?* -
NtCDOPK1  +
NtRpn3 +
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Figure 4. Expression of the NtCDPK1 and
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NtCDPK1 and NtRpn3 are co-localized in vivo

Subcellular distribution of the NtCDPK1 and NtRpn3 pro-
teins in plant cells was examined by expressing fusion
proteins with green fluorescent protein (GFP) and red fluor-
escent protein {RFP). DNA constructs encoding NtCDPK1-
GFP or RFP-NtRpn3, in which NtRpn3 was fused to the
C-terminus of RFP, under the control of the CaMV35S
promoter were simultaneously introduced into protoplasts
isolated from Arabidopsis seedlings (Figure 5a). After incu-
bation at 25°C, expression of the introduced genes was
examined under a fluorescent microscope with three dif-
ferent filters to capture the image of GFP, RFP and auto-
fluorescence of chlorophyll. After 12-h incubation, the
green fluorescent signal completely overlapped with the
red fluorescent signal in the nucleus, showing the co-loca-
lization of NtCDPK1-GFP and RFP-NtRpn3 in the nucleus.
After 24-h incubation, the red and green fluorescent signals
were associated with the plasma membrane in addition to
the nucleus. To confirm that these proteins were indeed
targeted to nucleus, RFP-NtRpn3 was simultaneously
expressed with NLS-GFP, a GFP fused with nucleus locali-
zaton signal (Lee et al., 2001), in the protoplasts (Figure 5b).
The red and green fluorescent signals were co-localized in

the nucleus, demonstrating nuclear localization of RFP-
NtRpn3.

It was noticed that the signals of NtCDPK1-GFP or RFP-
NtRpn3-were present not only within the nucleus but also
in the nuclear periphery. In yeast, GFP-tagged 20S and
19S proteasome subcomplexes were predominantly accu-
mulated in the nuclear periphery, more precisely in the
nuclear envelope {(NE)/endoplasmic reticulum (ER) network
{Enenckel et al, 1998). Estimation of the GFP signal
revealed that approximately 80% of 26S proteasomes are
structurally bound to the nuclear periphery, while approxi-
mately 20% of these complexes exist in the cyto- and
nucleoplasmic compartments. Biochemical fractionation
also revealed the presence of about 80% of 265 proteasome
in the membrane fraction, and co-enrichment of 26S pro-
teasomes and NE-ER membrane proteins {(Enenckel et al.,
1998). These results and the previous finding of NtCDPK1
being detected mainly in the membrane fraction of tobacco
BY2 cells (Yoon etal, 1999) indicate a possibility of
NtCDPK1 and NtRpn3 being associated with NE-ER com-
plexes in plant cells. Interestingly, the GFP fusion protein of
the NtCDPK1 deletion form that lacks the C-terminat cal-
cium-binding domain was mainly associated with the
plasma membrane, indicating that the calcium-binding
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Figure 5. Co-localization of NtCDPK1 and NtRpn3 in vivo and co-immunoprecipitation.

(a) In vivo targeting of NtCDPK1 and NtRpn3. Arabidopsis protoplasts were transformed with both NtCOPKT:GFP and RFP:NtRpn3 fusion constructs, and
localization of fluorescent signals was examined at 12 h {top} and 24 h (bottom) after transformation. Green, red, and blue fluorescent signatls indicate GFP, RFP,
and autofluorescent chlorophyll, respectively. From left, the merged image (GFP, RFP, and chlorophyll), GFP, RFP, chlorophy!l, and bright-field images are
shown. N represents the nucleus.

{b} Nuclear targeting of NtRpn3. Protoplasts were transformed with both RFP:NtRpn3 and NLS:GFP encoding a GFP containing the nuclear localization signal.
After 24-h incubation, fluorescence signals were examined. From feft, the merged image (GFP, RFP and chlorophyli), GFP, RFP, chlorophyll, and bright-field
images are shown.
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domain plays a role in nuclear localization of NtCDPK1
(Figure 5c). GFP or RFP alone was localized in the cytosol
{results not shown). When the NtCDPK1-GFP fusion con-
struct was transfected into protoplasts isolated from
tobacco seedlings, it also resulted in mainly.nuclear and
plasma membrane localization of the signal {results not
shown). The patterns of protein localization observed here
were consistent with the results obtained from particle
bombardment of the constructs into onion epidermal cells
{results not shown). These data demonstrate co-localiza-
tion of NtCDPK1 and NtRpn3 in vivo.

Interaction between NtCDPK1 and NtRpn3in vivo

Further evidence for the NtCDPK1-NtRpn3 interaction came
from observations that NtRpn3 could be co-immunopreci-
pitated with NtCDPK1 {Figure 5d). The NtCDPK1-GFP and
RFP-NtRpn3 constructs, or GFP and RFP vectors as a con-
trol, were co-transformed ihto"Arabidopsis protoplasts. The
expected size of NtCDPK1-GFP and RFP-NtRpn3 is 88 and
83.3 kDa, respectively. After 24-h-incubation, total proteins
were prepared and reacted with anti-GFP polyclonal anti-
body to immunoprecipitate GFP or NtCDPK1-GFP fusion
proteins. Then, the immunoprecipitated proteins were frac-
tionated on SDS-PAGE, and Western blot analysis was
performed using the monoclonal GFP and RFP antibody.
The monoclonal GFP and RFP antibodies do not recognize
NtCDPK1 or NtRpn3 (results not shown). High levels of GFP
and NtCDPK1-GFP proteins were detected with the GFP
antibody, showing the efficiency of the immunoprecipita-
tion. The monoclonal RFP antibody visualized the co-pre-
cipitated NtRpn3-RFP but not RFP, indicating that NtRpn3 is
assaciated with NtCDPK1 in vivo (Figure 5d).

NtCDPK1 and NtRpn3 are mainly expressed in
proliferating tissues

To examine the expression pattern of NtCOPK1, we trans-
formed Arabidopsis with the NtCDPK1 promoter:GUS
fusion construct. The NtCDPK1-GUS fusion construct con-
sists of the 1.1-kb promoter fused in-frame to the GUS gene.
Histochemical GUS staining demonstrated that NtCDPK1
expression was strongly detected in the shoot apical meris-
tem and young leaf primordia, while fully expanded leaves
displayed very fittle GUS staining (Figure 6a). The root
meristem, elongation zone, and branching points of lateral

roots also showed GUS activity, albeit less strongly. In
flowers, NtCDPK1 was strongly expressed throughout the
reproductive meristem and in all four whorls of young
flower buds. As flowers developed, the expression became
more restricted; just before anthesis, GUS staining was
detected only in the stigma, pollen, and base of a flower
{Figure 6a). In general, NtCDPK1 expression was limited to
young tissues where cells were rapidly dividing. As these
tissues matured and differentiated, NtCDPK1 expression
declined.

The preferential expression of NtCDPK1 in proliferating
tissues including meristems prompted us to examine
whether cell division-stimulating hormones such as auxin
and cytokinin could elevate the expression level. GUS
staining was markedly enhanced in the shoot apex and
the initiation é_ite of lateral roots upon cytokinin treatment,
and in roots, .most strongly in the root meristem, upon
auxin treatment (Figure 6b,c). Gibberellin treatment mark-
edly reduced the GUS staining in the shoot apex and the
initiation site .of lateral roots, indicating that gibberellin
negatively regulates the NtCDPK1 expression.-ABA and
brassinosteroid either did not change or slightly weak-
ened the GUS staining (data not shown). These results
demonstrate that NtCDPK1 expression is modulated by
hormones.

We examined the expression pattern of AtRpn3, an Ara-
bidbpsis homolog of NtRpn3, by transforming Arabidopsis
with the 0.85-kb AtRpn3 promoter: GUS fusion gene. Con-
sistent with the previous reports for Rpn3 from carrot and
rice (Smith et al., 1988, 1993; Yanagawa et al, 2002),
AtRpn3 expression was mainly detected in the shoot apex
{Figure 6d). The root meristem and elongation zone also
showed GUS activity. In young flowers, GUS staining was
mainly detected in anthers, and after anthesis, in the devel-
oping seeds {Figure 6d).

Expression of NtCDPK1 and NtRpn3 in tobacco plants
was investigated by using semiquantitative RT-PCR analy-
sis (Figure S2). NtCDPK1 was preferentiaily expressed in
seedlings, shoot apical meristem, and flower organs. In
stems, roots, and young and mature leaves, the NtCDPK1
expression was low.-NtRpn3 showed a pattern of expres-
sion very similar to that of NtCDPK1. These RT-PCR results
matched with the GUS staining results in Figure 6(a,d),
demonstrating that the GUS staining pattern in the Arabi-
dopsis plants correctly depicts the expression profile of
NtCOPK1 and NtRpn3 in tobacco. Taken together, these

Figure 5. continued

{c} In vivo targeting of the fusion protein between NtCDPK1 kinase domain and GFP (KD:GFP). From left, the merged image {GFP and chlorophyll}, GFP, and
bright-field images are shown. :

{d) Co-immunoprecipitation of NtCDPK1 and NtRpn3. Protein extracts were prepared from Arabidopsis protoplasts simultaneously expressing NtCOPK1-GFP
and RFP-NtRpn3, or GFP and RFP vectors. Extracts were subjected to immunoprecipitation {iP) with the polyclonal GFP antibody, and then associated profeins
werg detected by immunoblotting with monaoclonal RFP antibody. To check the efficiency of IP, the precipitated fractions were also reacted with the monoclonal
GFP antibody. GFP, NtCOPK1-GFP, and co-immunoprecipitated RFP-NtRpn3 are indicated by arrowheads, circles, and asterisks, respectively. The heavy ({gGuc)
and light chains {igG.c) of the GFP polyclonal antibody used for IP were marked.
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Figure 6. Histochemical staining of the trans- (a)
genic Arabidopsis plants carrying the NtCOPK1
promoter- or AtRpn3 promoter-GUS fusion con-

struct.

(a) Staining pattern of the NtCOPK1:GUS

plants. Top: from left, GUS staining in shoot

apex in seedlings at 14 days after germination

(DAGY); enlargement of the shoaot apex of the
seedling at 14 DAG, exhibiting the strong stain-

ing in the shoot apical meristem and leaf pri-

mordia; GUS staining in the initiation site of the

lateral root; and GUS staining in the root mer-

istem and the elongation zone. Bottom: from

left, floral bud clusters showing strong GUS

staining in young buds; a flower just before
anthesis showing GUS staining in the stigma,

pollen, and bhase of the flower; GUS staining in

the branching point of the lateral roots; and
seedlings carrying pBI101 (containing the

GUS gene with no promoter fusion) or pBI121
{CaMV35S promoter:GUS) vector as controls.

(b} GUS staining pattern of the NtCDPK1::GUS

plants in response to cytokinin (1 pm zeatin) and
gibbereltin {S um GAZ). From left, GUS staining ®)
patterns in shoot apexin seedlings at 14 DAG, in

the enlarged shoot apex, and in the initiation
site of the lateral roots are shown. Seedlings
were treated with the hormones for 12 h before
performing the GUS assay.

{c) GUS staining pattern in roots of the
NtCOPK1:GUS plants in response to auxin
{10pM 24-D and 1pm 1AA} and cytokinin
{1 pM zeatin).

(d} Staining pattern of the AtRpn3::GUS plants. G. A3
From feft, GUS staining in shoot apex in seed-

lings at 24 DAG; GUS staining in young anthers

(top}; GUS staining in the developing seeds

{bottom); and GUS staining in the root meris-

tem and the elongation zone.

zeatin

@

results demonstrate- that NtCDPK1 and NtRpn3 are prefer-
entially expressed in plant tissues with high division rates.

Suppression of either NtCDPK1 or NtRpn3 mRNA
resulted in abnormal cell morphology and premature
cell death

To examine the functional relationship between NtCDPK1
and NtRpn3, we employed virus-induced gene silencing
(VIGS). VIGS is based on the phenomenon that gene

NtCDPK1 interacts with Rpn3 homolog 833

expression is suppressed in a sequence-specific manner
by infection with viral vectors carrying host genes (Water-
house et al., 2001). As a control, VIGS using PVX vector
{pGR106) containing the 0.65-kb fragment of rbcS encoding
Rubisco small subunit was carried out with Nicotiana
benthamiana. The symptoms of leaf yeliowing and stunted
growth appeared in the PVX:rbcS VIGS lines in contrast to
the PVX vector control (results not shown). The level of the
rbeS transcripts was severely reduced in the leaves of the
PVX:rbeS VIGS lines, while PVX control did not show any
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Figure 7. VIGS phenotypes of NtCDPK1 and
NtRpn3.

{a) Silencing phenotype of NtCDPK1 and
NtApn3. Nicotiana benthamiana plants were
infected with PVX, PVX:NICDPK 1, or PVX:NtRpn3,
The photographs of the whole plants and their
leaves were taken at 20 days post-inoculation.
The cluster of newly emerged leaves in
PVX:NtRpn3 VIGS lines is marked with the red
arrowhead. The cDNA regions used for the VIGS
constructs are marked.

(b} Light microscopy of the abaxial epidermal
cells of the fourth leaf above the infiltrated leaf
from the VIGS plants infected with PVX,
PVX:NtCDPK1, or PVX:NtRpn3. Abnormal sto-
matal development is marked with red arrows.
The sample was coilected at 20 days post-
inoculation. The bars represent 50 ym.

{c) Evans blue staining of detached leaves from
the VIGS lines. Evans blue staining indicates
dead cells without intact cellular membranes.
{d) RT-PCR analysis to examine transcript fevels
of NtCDPK1, NtRpn3, and HR marker genes.
RNA was extracted from the fourth leaf above
the infiltrated leaves from several independent
N. benthamiana plants infected with PVX,
PVXCNtCOPK1, or PVX:NtRpn3. As a marker
for HR-related cell death, PR7a, SAR8.2a, and
HINT mRNA fevels in the silenced leaves were
measured. As a control for RNA amount, actin
mRNA levels were examined.
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change in the rbcS mRNA level compared with the unin-
jected plants (results not shown).

We carried out VIGS of NtCDPKT and NtRpn3 using the
PVX vector and N. benthamiana. The 0.45-kb NtCDPK1
cDNA fragment containing the 5’ untranslated region and
the variable domain, and the 0.40-kb fragment correspond-
ing to the N-terminal region of NtRpn3 were cloned into
PVX vector. VIGS of NtRpn3 resulted in severe abnormality
in plant growth (Figure 7a). Newly emerged leaves were
small, severely curled and wrinkled, making a cluster near
the shoot apex, and the stem growth was completely
arrested. Massive cell death soon followed, which resulted
in the whole tissues of newly emerged leaves and flower
buds becoming prematurely dead. The plants could not
form mature flowers and, as a result, were sterile. The
NtCDPK1 VIGS plants also exhibited shorter stature and
smaller leaves than the vector control and their leaves had
wrinkled rough surface, although the phenotype appeared
less severe than the NtRpn3 VIGS lines (Figure 7a). Strik-
ingly, the NtCDPK1 VIGS line exhibited many hypersensi-
tive response (HR)-like necrotic lesions on the surface of
the newly emerged leaves. The lesion was initially yellow
but soon turned brown in crisp texture, indicating cell
death.

We examined cell morphology by peeling off the abaxial
epidermal layer of the fourth leaf above the infiltrated leaf of
the VIGS lines and examining it under a light microscopy
after staining with methylene blue (Figure 7b). The
NtCDPK1 VIGS lines exhibited epidermal celfs in irregular
sizes depending on the region, containing both larger and
smaller cells as compared to the vector control at the
corresponding sites. This irregular division and expansion
is likely responsible for the irregular texture of the leaves.
Development of stomata was also hampered in this line,
exhibiting guard cells with abnormal division patterns,
prematurely arrested during development. In the NtRpn3
VIGS lines, expansion of most epidermal cells was severely
inhibited, but in some areas, cells were very large. Abnor-
mal stomatal development was also frequently observed.
These results demonstrated that suppression of NtCDPK1
and NtRpn3 gene expression resulted in aberrant cell divi-
sion, expansion, and differentiation during leaf develop-
ment, which apparently resulted in premature onset of the
HR-like cell death.

As electrolyte leakage, which indicates damage to cellular
membranes, is a common feature of tissues undergoing
HR, we stained the detached leaves of the VIGS lines with
Evans blue, a dye that is excluded by the membranes of
living cells but diffuses into dead cells (Figure 7¢). In con-
trast to the PVX control, both NtCDPK1 and NtRpn3 VIGS
lines exhibited intense staining on the leaves, especially
around the margin of the lesion, indicating localized cell
death. We also examined expression of PR1a, SAR8.23, and
HIN1 genes that are transcriptionally stimulated during HR
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in response to pathogen invasion using semiquantitative
RT-PCR (Figure 7d). The NtCDPK1 VIGS plants accumulated
high levels of PR1a, SAR8.2a, and HINT transcripts, while
the NtRpn3 VIGS plants accumulated high levels of PR7a
and HINT transcripts. In contrast, none of these transcripts
were detected in the PVX control. These results indicate that
the cell death phenotype observed in these VIGS lines is
related with HR. The effects of VIGS on the endogenous
amounts of NtCDPKT and NtRpn3 mRNAs were examined
using semiquantitative RT-PCR (Figure 7d} because the
levels of both transcripts were very low in the leaves.
Primers for RT-PCR were designed to exclude the cDNA
regions of NtCDPK1 and NtRpn3 used for the VIGS con-
structs, and the level of actin mRNA was measured as a
control. A significant reduction of RT-PCR products corre-
sponding to the NtCDPK1 and NtRpn3 transcripts was
observed in the independent VIGS lines in contrast to
PVX control plants, demonstrating that gene expression
of NtCDPK1 and NtRpn3 was suppressed in the correspond-
ing lines. Interestingly, there was a correlation between the
degree of gene silencing and the degree of induction of HR-
related genes; the more severely suppressed lines induced
higher levels of the HR-related genes. The common fea-
tures of the VIGS-induced phenotypes of NtCDPK1 and
NtRpn3, inciuding abnormal morphology of the leaf epi-
dermal cells, premature cell death, and induction of HR-
specific genes, provide biological evidences of interaction
of these two gene products in a common pathway regulat-
ing cell division and differentiation during leaf develop-
ment.

Discussion

In this study, we have shown evidence that NtCOPK1 cal-
cium-dependent protein kinase and NtRpn3 regulatory sub-
unit of 26S proteasome are interacting in the signaling
pathway possibly regulating plant cell division and differ-
entiation, and cell death. We have demonstrated that
NtCDPK1 is physically associated with NtRpn3 in vitro
and in vivo, and is able to phosphorylate NtRpa3 in vitro.
The NtCDPK1-NtRpn3 interaction was further supported by
the co-localization and co-expression of the two proteins in
the levels of cells and tissues. Recent genetic approaches
using yeast mutants defective in cell cycle progression
identified several 26S proteasome components, including
Sun2/Rpn3 and Nin1/Rpn12. These mutations in genes
encoding 26S proteasome subunits cause various cell
cycle-related phenotypes in yeast, indicating that different
26S proteasome subunits might specifically target certain
cell cycle regulators {Bailey and Reed, 1999; Kaiser et al.,
1999). The carrot Rpn3 could partially rescue the S. cere-
visiae sun2/rpn3 mutant, indicating a possibility that Rpn3
is involved in degradation of cell cycle regulators in plant
cells like Sun2/Rpn3 in yeast (Smith et al., 1997}.
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Rpn3 belongs to the regufatory lid of the 19S reguiatory
complex. The regulatary lid is most exposed to the cyto-
plasm and, as a result, may interact with other celiular
components. The yeast Rpn3 has been shown to interact
genetically, physically, and functionally with cyclin-depen-
dent kinase cdc28 and cyclin-dependent kinase-interacting
protein Cks1/Suct, revealing the mechanism of Rpn3 func-
tion in celf cycle regulation (Kaiser et al., 1999). The physical
interaction between these proteins was shown by co-
immunoprecipitation and pull-down assay (Kaiser et al.,
1999). In animals and yeast, many subunits of the 19S
proteasome complex interact with each other and with
other cellular proteins including membrane and nuclear
receptors, transcription factors, Ran-binding proteins,
and viral proteins (Ferrell et al,, 2000). Furthermore, at least
five subunits of the 19S complex, in the base as well as the
tid, have been shown to be madified by phosphorylation
(Ferrell et al, 2000). These interactions are thought to be
involved in either the regulation of 26 or 20S proteasome
activities or increasing the concentration of proteasomes in
discrete cellular subcompartments probably for a large
amount of proteclysis in those areas. In Arabidopsis, the
Rpn3 subunit is found in the lid-like 500-kDa complex,
isolated in a free form independently from the 26S protea-
some camplex (Peng et al,, 2001). This raises the possibility
that some of the subunits might have roles independent of
the proteasome complex. There is a possibility that com-
partmentalization of Rpn3 is under regulation.

The common phenotypes of the NtCDPK1 and NtRpn3
VIGS lines provided more evidence for the interaction
between these two gene products. Among many possibi-
lities, NtECDPK1 may integrate calcium signals with the cell
cycle regulating activity of the 26S proteasome through
interaction with Rpn3. Upon receiving a calcium-mediated
developmental or environmental stimuli, NtCDPK1 may
change the activities of the 26S proteasome, possibly chan-
ging the affinity for the target proteins, through interaction
and phosphorylation of NtRpn3 to control degradation of
regulatory components required for cell cycle progression.
Consistent with the possibility, NtCOPK1, as well as Rpn3, is
preferentially expressed in the log phase of ¢ell-clilture and
in :the “proliferating tissues. The observation that: both
NtCDPK1 and NtRpn3 VIGS lines exhibited abnormal cell
division, differentiation, and premature cell death further
supports it. It is important to investigate whether suppres-
sion of either NtCDPKT or NtRpn3 block cell cycle progres-
sion in plant cells.

In plant cells, cytosolic calcium elevations can be trig-
gered by various signals. It is thought that the different
features of calcium signals enable cells to use the same
messenger to generate distinct downstream events. There
are multiple CDPKs in a given plant species, and this might
be related to the specialization of different isoforms with
respect to calcium binding and activation (reviewed by

Harmon et al., 2000}. Recently, Allen et al. (2001} demon-
strated that the frequency and duration parameters of the
calcium oscillations are crucial for ABA-induced stomatal
closure. Different isoforms of CDPKs may decode these
parameters of the calcium oscillations to evoke a distinctive
downstream physiological response. Which calcium signal
NtCDPK1 mediates is not known. However, it is worth
noting that expression of the NtCDPK1 gene was signifi-
cantly elevated in the shoot apex and initiation site of lateral
roats in response to cytokinin, and in the meristem and
elongation zone of roots in response to auxin. interestingly,
the GUS staining pattern of NtCDPK1has some similarity to.
the expression pattern of ARR5 encoding an Arabidopsis
response regulator (D'Agostino et al., 2000). Expression of
many ARRs is rapidly stimulated by cytokinin, and recently
it has been shown that ARR17is involved in cytokinin signal
transduction pathway (Sakai et al., 2001). Recently, it has
been reported that RPN12 from Arabidopsis is involved in
plants’ response to cytokinin (Smalle et al., 2002). in yeast,
RPN 12 is necessary for the G4/S and G,/M transitions of the
cell cycle, phases that have been shown to be under cyto-
kinin control in plants (Smalle ef al., 2002). It is tempting to
speculate that NtCDPK1 receives hormone signals, possibly
cytokinin and auxin, to regulate cell division and differen-
tiation for organ formation through interaction with the 265
proteasome. Interestingly, the  NtCDPK1-GUS plants
showed GUS staining in the entire planttissues in response
to environmental stimuli, such as NaCl, mannitol, hypoxia,
and wounding {data not shown). This is consistent with the
previous findings that NtCDPKT expression was stimulated
by abiotic and biotic stimuli by using Northern analysis
(Yoon et al., 1999). This raises a possibility that NtCDPK1 is
involved in multiple signaling pathways, executing other
functions that are not directly related with developmental
control. \

Spontaneous formation of HR-like lesions in the absence
of pathogen has been reported in a number of transgenic
plants that express foreign or modified genes. Expression
of antisense constructs for catalase, ascorbate peroxidase,
and protoporphyrinogen oxidase, and overexpression of
AmMYB308 transcription factor all resulted in the forma-
tion of lesions (Tamagnone et al., 1998; reviewed by Mittler
and Rizhasky, 2000). Expression of metabolism-perturbing
genes in plants is thought to bring alteration of cellular
homeostasis and generation of a signal that activates the
programmed cell death pathway. Expression of a modified
ubiquitin gene unable to polymerize or suppression of
ubiquitin gene expression via the use of a virus-based
expression system induced HR-like lesions (Bachmair et al.;
1990; Karrer et al., 1998). Both NtCDPK1 and NtRpn3VIGS
lines exhibited premature onset of HR-like cell death with
induction of PR genes, indicating that the cellular defects
caused by abnormal division and differentiation might have
induced programmed cell death in the affected tissues.
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Among many CDPKs, cnly a few of CDPK isoforms have
clearly assigned functions. These include AtCPK10 of Ara-
bidopsis {Sheen, 1996) and OsCDPK7 of rice (Saijo et al.,
2000) in osmotic stress signaling, and NtCDPK2 and
NtCDPK3 in plant defense response to pathogen (Romeis
et al., 2001). Transcription of AtCPK10 and OsCDPK7 genes
is stimulated by environmental stresses, including salt and
drought, and indeed they have been shown to be involved
in osmotic stress signal transduction pathway. NtCDPK2
showed response to hypo-osmotic stress and elicitation
with reversible interconversion between two enzyme forms
(Romeis et al., 2001). AtCPK1, one of the best studied CDPK
isoforms, was able to activate tonoplast chloride channel
in vitro (Pei et al., 1996), and could phosphorylate and
inactivate an ER-located calcium pump (Hwang et al.,
2000). In addition, other evidence indicates potential CDPK
functions in gene expression, metabolism and signaling,
traffic of ions and water across membranes, and dynamics
of the cytoskeleton (reviewed by Harmon et al., 2000).
Major challenges for the future would be to identify func-
tions for individual COPK isoform and to provide a picture
of how CDPK signaling is used in plant development and
physiology. In this study, by employing various techniques
we have demonstrated that NtCDPK1 interacts with NtRpn3
regulatory subunit of 26S proteasome, possibly controlling
cell division, differentiation, and cell death during plant
development. Further studies are required to understand
the mechanism of NtCDPK1 regulation of NtRpn3 in vivo,
downstream targets of this signaling pathway, and possible
relationship with cell cycle machinery. Furthermore, it is
also very important to investigate which calcium signals
NtCDPK1 mediates, and how the calcium signal integrates
with the controlling mechanism of growth and develop-
ment in plants.

Experimental procedures

Screening of yeast two-hybrid library

The MATCHMAKER LexA two-hybrid system (Clontech) was used
to screen a tobacco flower bud cDNA library {complexity of § x 10°
total recombinants) constructed in pB42AD plasmid. The bait
plasmid was constructed in pLexA using a partial ¢DNA corre-
sponding to the NtCDPK1 kinase domain. After screening of total
5 x 10% yeast co-transformants, total 107 positive colanies that
activated transcription of LEU2 and jacZ gene only in the presence
of LexA-NtCDPK1 were obtained. Among them, 42 colonies were
randomly chosen, and their cDNA inserts in pB42AD plasmid were
PCR-amplified and sequenced. Twenty-five out of 42 represented a
cDNA encoding a tobacco homolog of 27D7. To test the interaction
of different regions of NtRpn3 with NtCDPK1, a partial ¢cDNA
sequence containing the NtCDPK1 kinase domain was PCR-ampli-
fied with BamHl and Safl at the ends, digested with BamHi/Safl,
and cloned into BamHl/Safl-digested plexA. For the C-terminal
and N-terminal deletion constructs of the NtRpn3 cDNA in pB42AD
vector, the corresponding PCR-amplified DNA fragments contain-
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ing EcoRl and Xhot sites in their 5 and 3’ ends were cloned into
EcoRl/ Xhol-digested pB42AD plasmid. The EGY48[p8op-lacZ]
strain containing pLexA-NtCDPK1 kinase domain was transformed
with the pB42AD plasmid containing a partial sequence of NtRpn3.
The transformants were grown on selection plates and assayed for
B-galactosidase activity. f-galactosidase activity levels were deter-
mined according to the manual of the MATCHMAKER LexA two-
hybrid system. Three separate colonies were assayed for each
construct. B-galactosidase activity was determined as the ODgy
per hour.

Purification of recombinant proteins and in vitro protein
binding assay

For GST-NtRpn3 cloning, various NtRpn3 cDNA fragments were
cloned into pGEX (Amersham Phamarcia) using BamHi and Xhol
sites. For cloning of MBP-NtCDPK1, the cDNA fragment was cloned
into pMAL™2 vector (New England Biolabs) using BamHl/Sall
sites. The GST fusion proteins were purified using glutathione
agarose column {Sigma) and the MBP fusion proteins were pur-
ified using amylose resin {(New England Biolabs) following the
manufacturer’s instructions. The binding assay was performed by
mixing 2 pg of MBP or MBP-NtCDPK1 fusion proteins attached to
amylose beads with 2 ug of purified GST or GST-NtRpn3 fusion
protein in the presence of 300 ul binding buffer (20 mm HEPES, pH
7.5, 5 mm MgCl,, 1 mm DTT, and 0.1% Triton X-100} with 1 mm
Ca?t or 2 mMm EGTA. Samples were rotated for 2 h at 4°C, pelleted,
and washed three times with the binding buffer. The samples were
then run on 10% SDS-PAGE. The gel was blotted to PVDF mem-
brane and incubated with the GST monoclanal antibody (1 : 7500
dilution; Clontech).

Kinase assay

To obtain the cleaved NtCDPK1, the putified MBP-NtCDPK1 fusion
protein was digested with Factor Xa {New England Biolabs) for 1 h
at 37°C and passed through amylose resin (New England Biolabs)
to remove the MBP motety. Unbound eluate containing NtCOPK1
was collected and used for the analysis. For in vitro phosphoryla-
tion assay, 0.5 ug of full-fength NtCOPK 1 was incubated with GST-
NtRpn3 fusion proteins (0.5 or 5 ug} in the phosphorylation buffer
(25 mm HEPES, pH 7.5, 1 mm DTT) containing 10 uCi of [y-*?PIATP
{5000 Ci mmol™") with MgCl, (1 mM) or MnCl, (1 mm) in the
presence of CaCl, (1 mm) at 37°C for 1 h, unless indicated other-
wise. The reactions were terminated by the addition of 5x Laemmli
sample buffer and electrophoresed on a 10% SDS-PAGE. The gel
was blotted to PVDF membranes and exposed to X-ray film.

Synchronization of tobacco BY2 cells

Synchronization of tobacco BY2 (Nicotiana tabacum L. cv. Bright
Yellow 2) suspension-cultured cells was achieved by a 24-h sub-
culture of stationary phase cells (7 days old} in a medium contain-
ing aphidicolin (5 mg 17"; Sigma} followed by extensive washes,
as described (Reichheld et al., 1996). Mitotic index was measured
as described (Reichheld et al.,, 1996). Northern blot analysis was
carried out with 50 pg of total RNA for each lane.

Subceliular localization of NtCDPK1 and NtRpn3

The NtCDPK1cDNA corresponding to the entire coding region was
cloned into the 326-GFP plasmid (Lee et al., 2001) using Xbal sites
to generate the NtCOPK1-GFP fusion protein. The NtRpn3 cDNA
corresponding to the entire coding region was cloned into the 326-
RFP plasmid (Lee et al., 2001) using Clal and Safl sites for RFP-
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NtRpn3. The fusion constructs were introduced into Arabidopsis
protoplasts prepared from whole seedlings by the polyethylene
glycol-mediated transformation {Lee et al., 2001). Expression of
the fusion constructs was monitored at various times after trans-
formation by fluorescence microscopy using a Zeiss Axioplan
fluorescence microscope {Jena, Germany), and the image was
captured with a cooled charge-coupled device camera. The filter
sets were used as described (Lee et al, 2001). The data were
processed using Adobe Photoshop software (Mountain View,
CA) and presented in pseudocolor format.

GUS histochemical assay

The 1.1-kb NtCDPK1 promoter was isolated using GenomeWalk-
er'™ kit (Clontech). The 0.85-kb AtRpn3 promoter was isolated by
PCR using Arabidopsis genomic DNA as a template. The promo-
ters were cloned into the pBi101 vector using Safl/Xbal sites to
generate in-frame NtCDPK1 promoter- or AtRpn3 promoter-GUS
fusion genes. The fixation, staining, and clearing of the transgenic
Arabidopsis plants {ecotype Columbia) with X-Gluc were per-
formed as described previously (Jefferson et al., 1987). The seed-
lings were treated with 1 and 10 pm of auxin {2,4-D and 1AA),
cytokinin (zeatin), brassinosteroid, and ABA, and 6 and 50 uM of
gibberellin (GA3) for 12 h before performing the GUS assay.

Virus-induced gene silencing

The PCR-amplified ¢cDNAs were cloned into the pGR106 vector
containing the PVX genome (Angell and Baulcombe, 1999} using
Cial and Salfl sites. The recombinant pGR106 plasmids were trans-
formed into Agrobacterium tumefaciens GV3101 strain. Agrobac-
terium culture for infiltration was prepared as described (Angell
and Baulcombe, 1999). The third leaf of N. benthamiana {3-week-
old) was pressure-infiltrated with the Agrobacterium suspension.
For Northern analysis and RT-PCR, the fourth leaf above the
infiltrated one -of N. benthamiana was used. Semiquantitative
RT-PCR analysis of the transcript levels of NtCDPK1, NtRpn3,
and HR marker genes in the VIGS lines was carried out as des-
cribed (Romeis et al., 2001). Oligonucleotide primers for RT-PCR
were made according to the published cDNA sequences (for
NtCDPK1, 5-GTGCAGTGCTGTCCAGA-3 and 5-GTGTGTGGT-
TGTGTTCCAC-3'; for NtRpn3, 5'-TCTACTCTACAAATGAG-3' and
5-CTATGTGCTTAGCAAGCT-3'; for actin, 5'-TGGACTCTGGTG-
ATGGTGTC-3' and 5'-CCTCCAATCCAAACACTGTA:3'; for PR1a,
5-AATATCCCACTCTTGCCG-3' .and 5-CCTGGAGGATCATAGTT-
G-3'; for SAR8.2a, 5'-CTTTGCCTTTCTTTGGCT-3 and 5-GACATT-
TAGGACATTTGCTGC-3'; and for.HIN1, 5'-GAGCCATGCCGGAAT-
CCAAT-3' and 5-GCTACCAATCAAGATGGCATCTGG-3').

Evans blue staining

Detached leaves, completely submerged in a 0.1% (w/v) aqueous
solution of Evans blue {Sigma), were subjected to two 5-min cycles
of vacuum followed by a 20-min maintenance under vacuum. The
leaves were then washed by vacuum infiltration of phosphate
buffered saline plus 0.05%. (v/v) Tween 20 for 3 x 15 min.

Co-immunopreciptation

The NtCDPK1-GFP and RFP-NtRpn3 fusion constructs, and GFP
and RFP vectors as a control, were transformed into protoplasts
isolated from Arabidopsis seedlings as described (Lee et al., 2001).
After 24-h incubation at room temperature, protoplasts were col-
lected by centrifugation at 1000 g for 5 min, re-suspended in 300 yl
immunoprecipitation buffer (25 mm Tris, pH 7.5, 150 mm NaCl,

Tmm DTT, 1 mm PMSF, 25 mm NasVQ, 5 mM NaF, 25 mm
glycerophosphate, protease inhibitor cocktail, 1 mm CaCl,, 0.1%
Triton X-100, 0.5% NP40), then sonicated briefly. After brief cen-
trifugation to remove debris, protein extracts {600 pg) were incu-
bated with 2.5 ug of the polyclonal GFP antibody (Clontech; IP
grade) at 4°C for 4 h. Then, 25 ul packed volume of ProteinG-
Agarose resin {(Pharmacia) was added to the mixture for further
incubation at 4°C for 4 h. After centrifugation at 1000 g for 1 min,
the resin was washed five times with the immunoprecipitation
buffer, and then re-suspended in 2x sample buffer. After boiling,
the resin was precipitated by brief centrifugation, and the super-
natant was run on 10% SDS-PAGE. Western blot analysis was
carried out using the monoclonal GFP antibody (Clontech;
1: 5000) and monocionat RFP antibody (Clontech; 1 : 1000).

Acknowledgements

This research was supported by the grants from National Research
Laboratory Program and Plant Diversity Research Center of 21st
Century Frontier Research Program funded by Ministry of Science
and Technology of Korean government. The authors wish to thank
Dr Doil Choi {(KRIBB) for providing HR marker genes and technical
advice on VIGS, Dr Inhwan Hwang (POSTECH) for providing facili-
ties and expertise for subcellular localization of proteins, and Dr
David C. Baulcombe (John Innes Center) for providing VIGS vectors.

Supplementary Material

The following material is available from http://www.blackweli-
publishing.com/products/journals/suppmat/TPJ/TPJ 1672/
TPJ1672sm.htm

Figure S1. Deduced amino acid sequence of NtRpn3 and align-
ment with other homologous sequences. NtRpn3 is aligned with
homologous sequences of carrot {Dc 21D7), Arabidopsis (At S3h1
and At S3h2), yeast {Sc Sun2p), and human (Hs p58). The number
on the right indicates the amino acid residues. Gaps introduced
to maximize alignment are indicated by dashes {-). Residues
conserved among at least three of the compared sequences are
highlighted by shades. PCt domain that is present in subunits of
multisubunit protein complex, such as 26S proteasome, COP9
signalosome and elF3, is marked with the box above the
sequences. The PCl domain is an a-helical domain of about 200
amino acid residues, which could serve as a structural scaffold,
possibly by interacting with each other {(reviewed by Hofmann and
Bucher, 1998; Kim et al., 2001).

Figure S2. RT-PCR analysis of NtCDPK1and NtRpn3expression in
tobacco. Semiquantitative RT-PCR was carried out with total RNA
isolated from various tissues from tobacco plants as described in
Expetimental procedures. DAS, days after sowing; SAM, shoot
apical meristem.
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The 26S proteasome involved in degradation of pro-
teins covalently modified with pelyubiquitin consists of
the 20S proteasome and 19S regulatory complex. The
NBPAF gene encoding the a6 subunit of the 20S pro-
teasome was identified from Nicofiana benthamiana.
NbPAF exhibits high sequence homology with the cor-
responding genes from Arabidopsis, human and yeast.
The deduced amino acid sequence of NBPAF reveals
that this protein contains the proteasome a-type sub-
units signature and nuclear localization signal at the
N-terminus. The genomic Southern blot analysis sug-
gests that the N. benthamiana genome contains one
copy of NPPAF. The NbPAF mRNA was detected
abundantly in flowers and weakly in roots and stems,
but it was almost undetectable in mature leaves, In
response to stresses, accumulation of the NbPAF
mRNA was stimulated by methyl jasmonate, NaCl and
salicylic acid, but not by abscisic acid and cold treat-
ment in leaves. The NbPAF-GFP fusion protein was
localized in the cytoplasm and nucleus.

Keywords: Inducible Expression; Plant Defense Re-
sponse; Single Gene; Subcellular Localization.

Introduction’

The 26S proteasome, consisting of two large subcom-
plexes, the 20S proteasome and the 19S regulatory com-
plex, is a major cytoplasmic proteolytic enzyme complex,
responsible for degradation of the vast majority of intra-
cellular proteins in eukaryotes (Hershko and Ciechanover,
1998). In this pathway, ubiquitin becomes covalently at-
tached to cellular proteins by an ATP-dependent reaction

* To whom correspondence should be addressed.
Tel: 82-42-860-4195; Fax: 82-42-860-4608
E-mail: hyunsook @mail kribb.re kr

cascade via the action of a ubiquitin activating enzyme
(El), a ubiquitin-conjugating enzyme (E2) and in some
cases a ubiquitin-protein ligase (E3), and then the ubiquit-
inated proteins are targeted for degradation by the protea-
some (Hershko and Ciechanover, 1998). In mammais,
proteasomes are shown to be involved in not only the deg-
radation of misfolded or truncated proteins, but also the
biological processes including cell cycle progression,
immune response and programmed cell death (Baumeister
et al., 1998; Hilt and Wolf, 1996; Hochstrasser, 1996).
Proteasomal substrates include metabolic key enzymes,
transcription factors, cyclins, inhibitors of cyclin-
dependent kinases, and apoptotic regulators. In plants, the
20S proteasome was shown to be involved in cell cycle
progression, and in various signal transduction pathways
including auxin signaling, photomorphogenesis and jas-
monic acid signaling (Callis and Vierstra, 2000; Genschik
et al., 1998; Girod ef al., 1999).

The 208 proteasome of eukaryotes consists of two cop-
ies each of 7 distinctive o- and 7 distinctive B-type sub-
units (Voges et al., 1999). The a- and PB-type subunits
segregate into 7-member heterooligomeric [(ocl-o7)(B1-
BH(PB1-B7)(c1-07)] rings. Two juxtaposed rings of B-type
subunits flanked on top and bottom by a ring of do-type
subunits form the barrel-shaped complex (Voges et al.,
1999). In yeast, the 20S proteasome is composed of two
copies each of 14 different subunits, 7 distinctive o- and 7
distinctive (-type subunits, of which only three B-type
subunits have active sites. Gene disruption of the individ-
ual genes encoding the 14 subunits of the 20S proteasome
indicated that 13 of the 14 subunits are essential to the
viability of yeast cells: the only subunit that turned out to
be nonessential is o3 (Voges er al.,, 1999). The deletion
mutant of the o3 subunit gene has a longer generation time
than the wild-type cells and showed altered chymotryptic
activities (Emori ef al., 1991). In mammals, y-interferon
stimulates expression of three additional -type subunits,
each of which replaces a specific, closely related, consti-
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tutively-expressed f-type subunits. These immunoprotea-
somes are implicated in processing of antigens for presen-
tation by MHC class I molecules (Coux et al., 1996).

In Arabidopsis, duplicated proteasomal genes were
found: 13 «- and 10 B-type genes can be classified into 7
o- and 7 P-type sub-families. Using yeast complementa-
tion assay, Arabidopsis genes encoding o3/PACI, o5/
PAE1, and 3/PBC2 were able to specifically complement
deletions of their counterparts in yeast (Fu et al., 1998),
providing the first evidence for cross-species comple-
mentation of 20S subunit genes. However, PBAI (B1),
PBBI (B2), PBDI (B4), PBE! (B5), PBF1 (B6), and
PBG1 (B7) of Arabidopsis could not complement their
yeast orthologs. The reason for these duplicated protea-
some genes in Arabidopsis is not clear. One simple expla-
nation is that the duplications provide backup copies or
insure production of sufficient amounts of the correspond-
ing subunits. A

Previously we have demonstrated that inhibition of pro-
teasome function by gene silencing of two different sub-
units of the 26S proteasome, the @6 subunit of the 20S
proteasome and RPN9 subunit of 19S regulatory complex,
activated the programmed cell death program in N. ben-
thamiana (manuscript submitted). In this study, we report
the molecular characterization of NbPAF encoding the o6
subunit, with particular interests in its expression in re-
sponse to the external stresses that could lead the plant
cells to death. The deduced amino acid sequence of
NbPAF is highly homologous with those of 0.6 subunits
from Arabidopsis, human and yeast. The NbPAF tran-
scripts in mature leaves were barely detectable, but sig-
nificantly increased by external stimuli, including methyl
jasmonate, NaCl and salicylic acid. Furthermore, in vivo
targeting experiment revealed that NbPAF is localized in
both the cytoplasm and nucleus.

Materials and Methods

Construction of the cDNA library and sequencing analysis
The cDNA library was constructed from a pooled sample of
poly(A)® RNA containing equal amounts of RNA extracted
from roots, stems, leaves and flowers from N. benthamiana.
First-strand cDNA synthesis was carried out by oligo(dT) prim-
ing, followed by the second-strand syathesis, using a AZAPII
cDNA Synthesis Kit (Stratagene). Approximately 3000 cDNAs
cloned in pBluescript vector were sequenced using T3 and T7
primers. The cDNA encoding the a6 subunit of the 20S protea-
some was identified and characterized.

Plant materials and chemical treatments N. benthamiana
plants were cultivated in a greenhouse under a regime of 16 h of
light and 8 h of dark. Plants grown for 8 weeks were treated
with various chemicals for RNA gel blot analysis. For treatment
with methyl jasmonate (MeJA), salicylic acid (SA), salts, and

abscisic acid (ABA), detached leaves were placed in Falcon
tubes filled with 0.1 mM methyl jasmonate, 2 mM salicylic acid,
200 mM NaCl and 100 uM abscisic acid. For cold treatment,
plants were placed at 4°C for indicated times. Plant materials
were frozen in liquid nitrogen and stored at ~70°C for RNA or
DNA extraction.

DNA gel blot analysis For DNA gel blot analysis, 10 pg of the
genomic DNA isolated from N. benthamiana leaves was di-
gested with EcoRI, Hindlll and EcoRV, electrophoresed on a
0.8% agarose gel, and blotted onto Hybond-N Nylon membrane
(Amersham Pharmacia Biotech) as described by Kim et al.
(2001). The probe was the 0.4 kb PCR fragment corresponding
to the C-terminal region of NbPAF. Prehybridization and hy-

_ bridization wese carried out in 5X SSC, 5x Denhardt’s solution,

and 0.5% SDS at 60°C overnight. The membranes were washed
twice in 2x SSC and 1% SDS at room temperature, thes washed
in 0.1x SSC and 0.1% SDS at 60°C for 30 min.

RNA gel blot analysis For RNA gel blot analysis using plant
tissues, total RNA was prepared by using TRIzol™ Reagent
(Gibco-BRL) following manufacturer’s instructions. Approxi-
mately 50 pg of total RNA was electrophoresed on an agarose
gel containing 5.1% (v/v) formaldehyde and blotted onto Hy-
bond-N Nylon membrane. Prehybridization, hybridization and
washing conditions were as described in DNA gel blot analysis.

Subcellular localization of the NbPAF-GFP protein The
NbPAF cDNA corresponding to amino acid residues 1. to 274
was PCR-amplified and cloned into the 326-GFP vector using
BamHI site to generate NbPAF-GFP in-frame fusion under the
control of the cauliflower mosaic virus 35S promoter. The
pNbPAF-GFP plasmid or GFP vector as a control was intro-
duced into onion epidermal cells by particle bombardment. Be-
fore observation after 12 h incubation, the sample was briefly
stained with DAPI (100 pg/ml) to visualize nuclei. Expression
of the fusion protein was monitored by fluorescence microscopy
using a Zeiss Axioplan fluorescence microscope (Jena, Ger-
many), and the image was captured with a cooled charge-
coupled device camera with the XF116 filter (exciter, 474AF20;
dichroic, SOODRLP; emitter, 510AF23) (Omega Inc., Brattle-
boro, VT).

Resuits and Discussion

The isolated NbPAF c¢DNA contained an open reading
frame with the ATG codon at position 64 and stop codon
at position 888, followed by the 209-bp 3’ untranslated
region with a poly(A) tail, indicating that it is a full-
length cDNA. It encoded a protein of 274 amino acids
with a molecular mass of approximately 29,876 Da. The
deduced amino acid sequence of the NbPAF showed high
similarity to those of 20S proteasome a6 subunits from
Arabidopsis (AtPAF1 and AtPAF2), human (C2) and yeast
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PRE5
(50%)
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AtPAF2 AtPAF1
(77%) (78%)

Fig. 1. Phylogenetic tree of the 20S proteasome o6 subunit from
Nicotiana benthamiana (NbPAF), Arabidopsis (AtPAF1, At-
PAF2), human (C2) and yeast (PRES). The amino acid sequence
homology between o6 subunits from various species is indi-
cated in parentheses.

(PRES) with 78, 77, 49, and 50% identity, respectively,
implying conservation across species (Fig. 1). NbPAF and
the 06 subunits from other species, all contained the pro-
teasome oi-type subunits signature and a putative nuclear
localization signal at the amino terminus (Fig. 2).

DNA gel blot analysis was performed with N. bentha-
miana genomic DNA digested with restriction enzymes,
under high-stringency conditions (Fig. 3). The probe was
the 0.4-kb PCR fragment corresponding to the C-terminal
end of the NbPAF ¢cDNA. EcoRI digestion resulted in one
hybridizing band, whereas Hindlll and EcoRV digestion
showed three hybridizing bands (Fig. 3). Considering that
N. benthamiana is amphidiploid, these results indicate
that the genome contains one copy of NbPAF. In Arabi-
dopsis, the o6 subunit is encoded by two genes, AtPAF]
and AtPAF2 (Fu et al., 1998).

Using RNA gel blot analysis, we examined the expres-
sion of the NbPAF mRNA in various plant tissues (Fig. 4).
The 1.1 kb NbPAF transcripts (consistent with the size of
the isolated cDNA) were highly expressed in flowers, but
in roots and stems the transcript level was lower than in
flowers. The transcripts were almost undetectable in ma-
ture leaves (Fig. 4). It has been shown in animal cells that
the transcript levels of proteasome subunits vary in differ-
ent tissues and are under developmental control (Hong ef
al., 1994; Kawahara et al., 1992). In Arabidopsis, tran-
scripts of PAAI (al), PACI (03), PAGI («7), PBDI (B4),
PBE] (B5), and PBGI (B7) were detected in seedlings,
stems, roots, cauline leaves, siliques, and flowers (Fu ez
al., 1998). Their expression was coincident in those tis-
sues, suggesting that these genes are coordinately regulated.

A 1 NbPAF 274
7| [
Ly proteasome a-type subunits signature
NOPAFL 80
APAFI 60
APAF2 60
cz 60
PRES 60
NoPAF1 120
APAFT 120
APAFZ 120
c2 120
PRES 120
NDPAFL 180
AWPAF] 180
AtPAF2. 180
cz 180
PRES 180
NOPAFT 237
AtPAF1 237
APAFZ 237
c2 238
PRES 234
NoPAF  AGEEAPARAP-DEAGSDEPARKPEE - --gAPABACAABMDT 274
N 22 i gl =

APAF1 véﬁsecaczncgcs%m REQGCEGAGHIDY M 279

APAF2 BE) GEAEPEARPGHAGTGEQRGSCIUDYARMET 277

c2 BQRRAQRAQP ADED ABKADEBMEH ~—— -~ -~ ~—————_ 263

Fig. 2. The schematic diagram of the NbPAF structure and
amino acid sequence comparison of NbPAF with related se-
quences in other species. A. The schematic drawing of the struc-
ture of NbPAF. The proteasome o-type subunits signature is
indicated. Numbers indicate amino acid residues. B. Deduced
amino acid sequence of NbPAF, and alignment with AtPAF1 and
AtPAF? from A. thaliana, C2 from H. sapiens, and PRES from S.
cerevisiae. The number on the right indicates the amino acid
residues. Gaps, which were introduced to maximize alignment,
are indicated by dashes. Identical residues are boxed in black
and light gray. The bracker indicates proteasome o-type sub-
units signature and the line over the alignment indicates the N-
terminal o-helical region required for the interaction between
the o subunits in yeast. The double line indicates a putative
NLS sequence and the asterisks mark the conserved Gly resi-
dues present in o-type subunits.

Enhanced expression was observed in flowers and
siliques, indicating high demand of proteasome-mediated
proteolysis during flower and seed development (Fu ez al.,
1998). Furthermore, mRNA accumulation of two protea-
some subunits (a4 and B6) increases during rapid prolif-
eration in suspension cultures of Arabidopsis (Genschik et
al., 1994). Our previous study also demonstrated that
Rpn3 encoding a regulatory subunit of 26S proteasome is
preferentially expressed in the rapidly proliferating tissues
including shoot and root meristems, and developing floral
buds (Lec et al., 2002). These expression patterns are
consistent with the finding that proteasome is involved in
proteolysis of short-lived regulatory proteins such as cell
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Fig. 3. Genomic DNA gel blot analysis of NbPAF. Ten ug of
genomic DNA from Nicotiana benthamiana was digested with
EcoRlI, Hindlll and EcoRV. DNA gel blots were hybridized with
the probes corresponding to the C-terminal region of NbPAF.
The DNA size markers are indicated in kilobases.

cycle regulators (Hershko and Ciechanover, 1998).

The expression pattern of the NbPAF gene was ana-
lyzed under various abiotic stress conditions by using a
RNA gel blot analysis (Fig. 4). The NbPAF gene expres-
sion was strongly induced by methyl jasmonate (MeJA),
salicylic acid (SA) and NaCl treatment. However, there
was no significant change in NbPAF mRNA accumulation
after ABA and cold treatment. As shown in Fig. 4, the
NBPAF mRNA was strongly expressed at 6 h after MeJA
treatment, but in response to SA, the transcript started to
accumulate at 48 h to reach the higher level at 72 h. The
NDPAF gene expression was also induced by NaCl treat-
ment after 12 h. Up-regulation of the NbPAF expression
in response to MeJA, SA, and high salt indicates that ele-
vation of proteasome activities may be required for plant
cells to cope with the stresses. Previously, it has been
shown that ubiquitin-dependent protein degradation
pathway plays important roles in senescence, heat stress,
and wounding in plants (Belknap and Garbarino, 1996).
During senescence, the role of proteasome could be to
facilitate bulk protein degradation for nitrogen recycling,
while during wounding response, proteasome may have a
role in altering the overall protein profile to cope with
increase in cellular metabolism required for wound seal-
ing and defense (Belknap and Garbarino, 1996). The to-
bacco planis perturbed in ubiquitin system by expressing
a ubiquitin variant showed altered response to pathogen

Tissue
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E =

MeJA ) sa 8 o [§
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Fig. 4. Expression of NbPAF. A. RNA gel blot analysis of the

NtFHAI mRNA in different tissues. Each lane represents 50 g
of total RNA from roots (R), stems (S}, leaves (L), and flowers
(F). B. Expression of the NbPAF mRNA in response to methyl
jasmonate - (MeJA), salicylic acid (SA), NaCl, abscisic acid
(ABA) and cold stress. As a control plants were treated with
water (H,O). Each lane represents 50 pg of total RNA from
leaves treated with various stimuli for the designated times. The
amount of EtBr-stained rRNA was shown to verify equal load-
ing of RNA in each lane. The membranes were hybridized with
the probes corresponding to the C-terminal region of NDPAF.

infection, demonstrating that ubiquitin-dependent prote-
olysis plays a role in plant defense (Becker et al., 1993).
Additionally, increased transcription of polyubiquitin
genes is observed in response to mercuric chloride (Gen-
schik er al., 1992), and of the ubiquitin extension protein
in response to dehydration (Kiyosue et al., 1994). Chilling
has been shown to activate ubiquitin conjugation in
Clerodendrum speciosum (Gindin and Borochov, 1992).
These results all indicate that there are increased demands
for ubiqutin/proteasome-mediated proteolysis in plant
cells to respond to biotic and abiotic stresses. Our results
are consistent with these findings.

Subcellular localization of NDPAF was examined by
expressing the fusion protein with GFP (green fluorescent
protein). DNA constructs encoding NbPAF:GFP or GFP
under the control of the CaMV 35S promoter was intro-
duced into onion epidermal cells by paiticle bombardment
(Fig. 5). Simultaneously, the same cell layer was stained
with DAPI (100 pg/mL) to localize nuclei. Expression of
the introduced genes was examined under a fluorescent
microscope with different filters to capture the image of
GFP and DAPI staining. The signal of NbPAF:GFP was
detected in the cytoplasm and nucleus, while GFP was
mainly detected in the cytoplasm (Fig. 5). These results
are consistent with previous reports that proteasome par-
ticles are found in both the cytoplasm and nucleus in eu-
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GFP

NbPAF-GFP

DAPI

Bright field

Fig. S. Subcellular localization of NbPAF. Onion epidermal cell
layers were particle-bombarded with the NbPAF:GFP fusion
construct and GFP as a control, and localization of fluorescent

signal was examined at 12 h after bombardment. The same cell
layer was briefly stained with DAPI (100 pg/ml) to visualize
nuclei.

karyotic cells (Enenckel et al., 1998). In plants, the carrot
Rpn3 regulatory subunit (21D7) is mainly localized in the
nucleus of proliferating cells (Smith et al., 1997). Immu-
nological studies show that distribution of proteasome
between these compartments alters during the cell cycle
(Palmer et al., 1996) or developmental processes (Ma-
chiels et al., 1996). In plant cells, similar to animal cells,
nuclear translocation of proteasomes may play an impor-
tant role in controlling cell division and development
(Voges et al., 1999).
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NtFHAI encodes a novel protein containing the fork-
head-associated (FHA) domain and the acidic domain in
Nicotiana tabacum. NtFHA1 functions as a transactiva-
tor and is targeted to the nucleus. The sequence of the
FHA domain of NtFHALI is significantly homologous to
that of the Fhll forkhead transcription factor of yeast.
FHLI was previously identified as a suppressor of RNA
polymerase III mutations, and the fhlI deletion mutant
exhibited severe growth defects and impaired rRNA
processing. Ectopic expression of the FHA domain of
NtFHA1L (but not its mutant form) resulted in severe
growth retardation in yeast. Similarly, expression of
Fhll, its FHA domain, or chimeric Fhll containing the
NtFHA1 FHA domain also inhibited yeast growth. Yeast
cells overexpressing the FHA domains of NtFHA1 and
Fhll contained lower levels of mature rRNAs and exhib-
ited rRNA-processing defects, similar to the fhII null
mutant. Chimeric Fhill (but not the mutant form with a
small deletion in its FHA domain) fully complemented
the growth and rRNA-processing defects of the fhlI null
mutant, demonstrating that the FHA domain of NtFHA1
can functionally substitute for the FHA domain of Fhil.
These results demonstrate that the FHA domains of
NtFHAL and Fhll are conserved in their structure and
function and that the FHA domain of Fhll is critically
involved in regulation of rRNA processing in yeast.
NtFHA1 function in plants may be analogous to Fhll
function in yeast. ’

Eukaryotic transcription factors have been divided into
many classes depending on their characteristic DNA-binding
domains. The forkhead domain is a highly conserved 110-
amino acid DNA-binding region found in a class of transcrip-
tion factors (1). This domain was named after the Drosophila
forkhead protein that is required for the proper formation of
the terminal structure of the Drosophila embryos (2). In Sac-
charomyces cerevisiae, several forkhead transcription factors
(Fhl1, Hem1, Fkhl, and Fkh2) have been identified (3-6). Fhl1
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has been implicated in RNA polymerase III function, the mu-
tation of which leads to aberrant rRNA processing (3), whereas
the Fkh1 and Fkh2 proteins, which share homeology with each
other in their forkhead domain and N-terminal region, regulate
the cell cycle and pseudohyphal growth (5, 6).

In addition to the forkhead DNA-binding domain, some fork-
head transcription factors also possess a forkhead-associated
(FHA)* domain. FHA domains are highly diverse protein-pro-
tein interaction modules characterized by a 55-75-residue mo-
tif with only 7 residues that are >65% conserved among 120
family members (7). Not being restricted to a group of forkhead
trinscription factors, the FHA domain has been found in a wide
variety of proteins from both prokaryotes and eukaryotes (8).
Rad53, a protein kinase involved in DNA damage response and
cell cycle arrest in Saccharomyces cerevisiae, contains two FHA
domains separated by a central Ser/Thr kinase domain (9).
Yeast Yhr5 and FraH of Anabaena sp. contain zinc finger
motifs beside the FHA domain (7). Another group of the FHA
domain-containing proteins are protein kinases such as Dunl,
Spk1, and Mek1 of yeast, all of which have been reported to act
in the nucleus and to respond to signals related to DNA repli-
cation and repair (10). In plants, the FHA domain was identi-
fied in Arabidopsis kinase-associated protein phosphatase
(KAPP) through interaction cloning using an Arabidopsis re-
ceptor-like kinase as bait (11). Further study of the interaction
between the KAPP and receptor-like kinase (RLK) proteins
provided the evidence for invoilvement of FHA domains in phos-
phorylation-dependent protein-protein interactions (12). KAPP
is involved in plant RLK signaling pathways on the inner face
of the plasma membrane, unlike other FHA domain-containing
proteins that are localized in the nucleus. The tertiary struc-
ture of the FHA domain has been solved in FHAZ2 (13)_and
FHA1 (14) of Rad53. Although the primary sequences of these
two FHA domains are divergent, their tertiary structures are
remarkably similar. The tertiary structure consists of a -sand-
wich containing two twisted antiparallel g-sheets and a short
a-helix at the C terminus.

In this study, we report a novel FHA domain-containing
transcription activator in plants, designated NtFHALl. The
FHA domains of NtFHA1 and the yeast Fhil forkhead tran-
scription factor have conserved functions in regulation of cell
growth and TRNA processing in yeast. Furthermore, the
NtFHA1 FHA domain is fully functional within Fhll to rescue
the phenotypes of slow growth and defective rRNA processing
in the yeast fhiI null mutant. These results indicate that Nt-

1 The abbreviations used are: FHA, forkhead-associated; KAPP, Ara-
bidopsis kinase-associated protein phosphatase; GFP, green fluorescent
protein; RFP, red fluorescent protein; NLS, nuclear localization signal.
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FHAT1 in plant cells may perform a function analogous to that
of Fhll in yeast, probably by associating with other transerip-
tion factors. This is the first functional analysis of the FHA
domain-containing transcription factors in plants.

EXPERIMENTAL PROCEDURES

FHA Domain Constructs—FHA domain constructs and site-directed
FHA mutants were generated by PCR and recombinant PCR (15) using
synthetic oligonucleotides, and the mutations were confirmed by DNA
sequencing. cFhl1A33 was generated by digestion of the ¢cFhll construct
(Fhil with its FHA domain replaced with the NtFHA1 FHA domain)
with SspBI and BssHII and subsequent self-ligation. This leads to
internal deletion of 33 amino acids that include 4 conserved residues of
the FHA domain without causing reading frame shift.

Yeast Strains and Culture—Experiments were carried out in the
EGY48 (MATaq, his3, trpl, ura3, LexA,,,-LEU2) and W303-1A (MATa,
ade2-1, canl-100, his3-11,15, leu2-3, trpl-1, ura3-1) genetic back-
grounds as indicated. For complementation assay, the FHLI gene was
deleted in a haploid with the W303 background (MATa, ade2-1, ura3-
52, trpl-1, lys2-801, his3-11,15). Start cultures for galactese-inducible
experiments were grown on selective medium containing 2% glucose.

For induction of protein expression, cells were grown in selective me- -

dium containing 2% glucose or 4% galactose and 2% sucrose. For growth
rate studies, aliquots were removed from the growing cultures, and
absorbances were measured at 600 nm. In synchronization experi-
ments, cells were diluted to 0.2 A units and treated twice for 2 h with 20
ug/ml a-factor. Cells were released from e-factor arrest by three washes
with selective medium containing 2% sucrose and 4% galactose and
resuspended in fresh medium.

Synchronization of Tobacco BY?2 Cells and Analysis of N(EFHA1 Gene
Expression—Cultured cells were achieved by a 24-h subculture of sta-
tionary phase cells (7 days old) in medium containing aphidicolin (5
mg/liter; Sigma), followed by extensive washes as described (16). Mi-
totic index was measured as described (16). Northern blot analysis was
carried out with 50 ug of total RNA for each lane as described under
“DNA and RNA Gel Blot Analyses”

Flow Cytometry—For cell cycle analyses, 1-ml aliquots were removed
from yeast cultures and fixed in 70% ethanol. 300 ul of cells (2-3 x 10°¢
cells) were washed with 50 mum sodium citrate (pH 7) and incubated for
3 h with 0.1 mg/m]l RNase A in 50 mM sodium citrate at 37 °C. Cells
were treated with 4 pg/ml propidium iodide, sonicated, and analyzed
using a BD Biosciences FACScan and CellQuest software.

Transcription Activaiion Analysis—For effector constructs, various
NtFHAI ¢DNA fragments were cloned into pLexA (CLONTECH) using
EcoRI and Xhol sites, generating in-frame fusions of the LexA DNA-
binding domain and the full-length or truncated open reading frames of
NtFHA1L. As a control, the DNA fragment containing the B42 activation
domain was PCR-amplified from the pB42AD plasmid (CLONTECH)
and cloned into pLexA using EcoRI and Xhol sites. To measure the
transcription activation, the effector constructs were transformed into
the EGY48 (p8,,-LacZ) strain, and the transformants were tested for
growth in Leu™ and for B-galactosidase activity. Three separate colonies
were assayed for each construct, and B-galactosidase activity was de-
termined as A 54 . ./h.

Subcellular Localization of the NtFHAI1-GFP Protein—The NtFHA1
cDNA corresponding to amino acid residues 1-209 was PCR-amplified
and cloned into the 326-GFP vector (17) using a BamHI site to generate
an NtFHA1-GFP in-frame fusion under the control of the cauliflower
mosaic virus 35 S promoter. As a control for nuclear localization, the
pNLS-RFP construct encoding a red fluorescent protein with a nuclear
localization signal (17) under the control of 35 S promoter was also
prepared. The pNtFHA1-GFP and pNLS-RFP plasmids were intro-
duced into Arabidopsis protoplasts by polyethylene glycol treatment as
described (17). Expression of the fusion constructs was monitored at
various times after transformation by fluorescence microscopy using a
Zeiss Axioplan fluorescence microscope, and the image was captured
with a cooled charge-coupled device camera. The filter sets (Omega
Optical Inc., Brattleboro, VT) were XF116 (exciter, 474AF20; dichroic,
500DRLP; and emitter, 510AF23) for GFP and XF33/E (exciter,
535DF35; dichroic, 570DRLP; and emitter, 605DF50) for RFP. The data

were processed using Adobe Photoshop software and presented in -

pseudocolor format.

DNA and RNA Gel Blot Analyses—For DNA gel blot analysis, the
genomic DNA isolated from tobacco leaves was digested with EcoRI and
HindIIl, electrophoresed on a 0.8% agarose gel, and blotted onto Hy-
bond-N nylon membrane (Amersham Biosciences). The probe was the
0.4kb PCR fragment corresponding to the C-terminal region of
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NtFHAL. Prehybridization and hybridization were carried out it
5% SSC, 5% Denhardt’s solution, and 0.5% SDS at 60 °C overnight. The
membranes were washed twice with 2xX SSC and 1% SDS at room
temperature and then washed with 0.1xX SSC and 0.1% SDS at 60 °C for
30 min.

For RNA gel blot analysis using plant tissues, total RNA was pre-
pared using TRIzol™ reagent (Invitrogen) following the manufactur-
er’s instructions. ~50 pg of total RNA were electrophoresed on an
agarose gel containing 5.1% (v/v) formaldehyde and blotted onto Hy-
bond-N nylon membrane. Prehybridization, hybridization, and washing
conditions were as described for DNA gel blot analysis. To extract total
RNA from yeast, yeast cells were grown to 0.8 A units; pelleted; and
resuspended in buffer containing 50 mm NaOAc (pH 5.3), 10 mm EDTA,
and 0.1% diethyl pyrocarbonate. Then 0.1 volume of 10% SDS was
added to the suspension and vortexed. After addition of an equal volume
of phenol and vortexing, the whole mixture was kept at 65 °C for 4 min,
rapidly chilled on ice, and centrifuged to collect the supernatant. The
supernatant was extracted twice with phenol/chloroform and ethanol-
precipitated to obtain total RNA. To detect pre-rRNAs in yeast, hybrid-
ization was performed using *?P-end-labeled oligonucleotide probes
ITS1-1 (5'-GAAACGGTTTTAATTGTCCTATAAC-3"), ITS1-2 (5'-TGT-
TACCTCTGGGCCC-8"), and ITS2 (5'-GGCCAGCAATTTCAAGTTA-
3’), which correspond to internal transcribed spacers, at 41 °C for 2 h
and washed with 2X SSC and 0.1% SDS at 41 °C for 1 h. Membranes
were analyzed using a PhosphorImager (Molecular Dynamics, Inc.).

Reverse Transcription-PCR—20 ug of total RNA isolated from plant
tissues were treated with 1 unit of RNase-free DNase (Promega) and 1
unit of RNase inhibitor (Promega) for 15 min at 30 °C and then purified
by phenol/chloroform extraction. The first-strand cDNA was synthe-
sized using 5 ug of DNase-treated RNA primed by oligo(dT) (50 pm)
using 200 units of Superscript II RNase H™ reverse transcriptase (In-
vitrogen), 20 units of RNase inhibitor, 500 uM each dNTP, and 10 mM
dithiothreitol. 0.1, 0.01, and 0.005 volume of 0.05 volume of the reaction
mixture were used for PCR amplification with 1 unit of Taqg DNA
polymerase (Promega), 100 uM each ANTP, and 100 pmol each of the
forward and reverse primers.

Protein Extracts and Immunoblotting—Protein extracts were pre-
pared by resuspending yeast cells in 10% trichloroacetic acid and vig-
orous vortexing in the presence of glass beads. Crude extract was
pelleted, washed with 1 ml of cold acetone, and pelleted again. After
resuspending the pellet in SDS sample buffer, 0.1 volume of 10 M NaOH
was added. The supernatant was obtained by centrifugation and boiled
for 10 min. Proteins were electrophoresed, transferred onto polyvinyli-
dene difluoride membranes, and probed with the monoclonal antibody
against the LexA DNA-binding domain (1:10,000 dilution;
CLONTECH). They were then reacted with secondary antibodies con-
jugated with horseradish peroxidase and ECL reagent (Amersham Bio-
science) for detection.

RESULTS

The NtFHA 1 Gene Encodes a Putative FHA Domain-contain-
ing Transcription Regulator in Tobacco—A ¢cDNA encoding a
protein of 209 amino acids with structural features of a tran-
scription factor was identified in Nicotiana tabacum (cv. xan-
thi). The ¢cDNA is 819 bp in length, and its predicted molecular
mass is 22,601 Da. Based on the predicted sequence, the pro-
tein contains ~59 amino acids (residues 30-88) that show
conserved structural features of the FHA domain in the N
terminus and the acidic region (residues 153—-185) as a putative
transactivation domain in the C terminus, but lacks any known
DNA-binding motifs (Fig. 14). The ¢cDNA clone was designated
NtFHAL

We searched the Arabidopsis data base for homologs of
NtFHAI and found two genomic sequences encoding highly
homologous proteins (GenBank™YVEBI accession numbers
AAF20220.1 and AAF20224.1). The corresponding cDNAs were
isolated from the Arabidopsis cDNA library by PCR and des-
ignated AtFHAI and AtFHA2. AtFHA] and AtFHA2 encode
proteins of 253 and 320 amino acids, respectively. The expected
molecular masses of AtFHA1 and AtFHA2 are 27,980 and
35,994 Da, respectively. Like NtFHA1, they contain the FHA
domain in the N terminus and the acidic domain in the C
terminus and lack any DNA-binding domain. The amino acid
sequence of NtFHA1 and comparison of the sequence with
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those of AtFHA1 and AtFHA2 are shown in Fig. 1B. The FHA
domain of NtFHA1 exhibits 91-94% sequence identity to those
of AtFHA1L and AtFHAZ, but the sequences outside the FHA
domain are not conserved.

The FHA domain of NtFHA1 also shows significant sequence
similarity to the FHA domain of Fhll, a forkhead transcription
factor in yeast. Schematic diagrams of yeast Fhll and NtFHA1
and alignment of the FHA domains of the two proteins are
shown in Fig. 1 (C and D, respectively). Yeast Fhll, consisting
of 936 amino acids, contains two large acidic domains at the N
and C termini and the FHA domain and a DNA-binding fork-
head domain in the center. The amino acid sequence of the
FHA domain of NtFHA1 shows 46% identity to that of Fhll.

Transactivation Activity of NtFHAI—We tested whether
NtFHA1 has the ability for transecription activation using the
yeast system. Various effector constructs were transformed
into the yeast strain that contains two reporter genes (LEU2
and LacZ) under the control of multiple LexA operators (Fig.
2A). As effectors, fusion proteins between the LexA DNA-bind-
ing domain and full-length NtFHA1 or its deletion mutants
were expressed under the control of ADHI promoters. Tran-
scription activation was monitored by B-galactosidase activity
and yeast growth in medium lacking leucine. The LexA DNA-
binding domain alone, used as a negative control, did not ex-
hibit any transactivation activity, whereas the positive control
LexA-B42, a fusion protein between the LexA DNA-binding
domain and the B42 activation domain, showed strong B-galac-
tosidase activity and growth in Leu™. Full-length NtFHA1 was
able to transactivate expression of the reporter genes, whereas
NtFHA1 deletion mutants such as LexA-Al, LexA-A2, and
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LexA-A3 did not show any detectable transactivation activity.
These results demonstrate that NtFHA1 is functional as a
transcription activator. '

Nuclear Localization of NtFHAI—Cellular localization of
NtFHA1 was examined by constructing the NtFHA1-GFP
fusion protein, the expression of which is controlied by the
cauliflower mosaic virus 35 S promoter. As a positive control for
nuclear targeting, RFP fused with a nuclear localization signal
(NLS) (17) was expressed under the control of the same pro-
moter. DNA constructs encoding NtFHA1-GFP and NLS-RFP
were simultaneously introduced into protoplasts isolated from
Arabidopsis seedlings. After incubation at 25 °C, expression of
the introduced genes was examined under a fluorescent micro-
scope with two different filters to capture the image of GFP and
RFP. After a 24-h incubation, the green fluorescent signal
completely overlapped with the red fluorescent signal in the
nucleus, exhibiting colocalization of NtFHAI-GFP and NLS-
RFP in the nucleus. This result demonstrates that NtFHAL1 is
targeted to the nucleus (Fig. 2B).

Genomic Organization and Expression of the NtFHAI
Gene—DNA gel blot analysis was performed with tobacco
genomic DNA digested with restriction enzymes (Fig. 3A). The
probe was the 0.4-kb PCR fragment corresponding to the
C-terminal region of the N¢(FHAI ¢cDNA. EcoRI digestion re-
sulted in three hybridizing bands, whereas HindIII digestion
showed four hybridizing bands. Considering that N. tabacum is
amphidiploid between Nicotiana tomentosiformis and Nicoti-
ana sylvestris, these results indicate that the tobacco genome
contains two copies of the NtFHA I-related sequences (Fig. 34).
We examined expression of the N¢(FHAI mRNA in plant tissues
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Fic. 2. Transcription activation and nuclear localization of
NtFHAL A, structures of six effector constructs and their transactiva-
tion activities. Full-length NtFHA1 (LexA-F) and its deletion mutants
were fused to the LexA DNA-binding domain. Transcription activation
was monitored by B-galactosidase activity and yeast growth in Leu™
medium. X-gal, 5-bromo-4-chloro-3-indolyl-8-p-galactopyranoside. B, in
vivo targeting of NtFHA1. Protoplasts were transformed with beth
NtFHA1-GFP and NLS-RFP fusion constructs, and localization of flu-
orescent signals was examined 24 h after transformation. Green and red
fluorescent signals indicate GFP and RFP, respectively. The GFP (left
panel), RFP (middle panel), and merged (GFP and RFP; right panel)
images are shown.

at different developmental stages using RNA gel blot analysis
and semiquantitative reverse transcription-PCR. In tobacco,
the 1.0-kb NtFHAI transcript was detected in all of the tissues
examined, with the highest level found in open flowers (Fig.
3B). During seed germination, the NtFHAI mRNA was de-
tected at 2 days of incubation in MS (Murashige and Skoog)
medium after 3 days of cold treatment, and the level decreased
at 3-5 days of incubation and then increased at 7-9 days of
incubation (Fig. 3C). During pollination, the N(FHAI mRNA was
detected in unpollinated ovaries just before anthesis at the level
that was maintained until 3 days after pollination, and the
mRNA level decreased from 5 days after pollination to a barely
detectable level at 7 days after pollination (Fig. 3D). The NtFHA 1
mRNA level fluctuated during the cell cycle in tobacco BY2 cells
(Fig. 3E). Suspension-cultured tobacco BY2 cells were synchro-
nized by a 24-h treatment with aphidicolin, an inhibitor of DNA
polymerases. After release from the aphidicolin block, mitotic
index and the N(FHAI mRNA levels were monitored during the
cell cycle. As controls, the histone H4 gene and the cyclin B1 gene
were used as markers of S phase and M phase, respectively. The
level of NtFHAI mRNA was maintained at a similar level
through S phase and G, phase until mid-M phase, and then the
transcript level decreased to a very low level during G, phase.
Overexpression of the NtFHA1 FHA Domain Causes a
Growth Defect in Yeast—To obtain clues to the function of the

FHA Domains of N¢(FHAT and Fhil Are Functionally Conserved
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Fic. 3. Genomic organization and expression of the NtFHAIL
gene. A, genomic DNA gel blot analysis. DNA gel blots were hybridized
with probes corresponding to the C-terminal region of NtFHAI. The
DNA size markers are indicated in kilobases. B, RNA gel blot analysis
of the N¢eFHAI mRNA in tobacco. Each lane represents 50 ug of total
RNA from seedlings (Se), roots (R), stems (St), leaves (L), young flower
buds (Y), and open flowers (F). The amount of EtBr-stained rRNA is
shown to verify equal loading of RNA in each lane. C, expression during
seed germination. The NtFHAI mRNA levels in water-imbibed seeds
for the indicated time (2-9 days) after a 3-day cold treatment were
measured by semiquantitative reverse transeription-PCR using the
NitFHA I-specific primers. As a control, the transcript level of actin was
examined. D, expression during early seed development. The NtFHA1
mRNA levels in ovaries before anthesis (0 days) and 1, 3, 5, and 7 days
after pollination were estimated by semiquantitative reverse transcrip-
tion-PCR. E, RNA gel blot analysis of N¢(FHAI mRNA expression dur-
ing the cell cycle. Tobacco BY2 cells were synchronized with aphidicolin.
Each lane contains 50 ug of total RNA. As controls for S phase and M
phase, histone H4 and cyclin B (CycBI) mRNAs were detected,
respectively.

FHA domain of NtFHA1, we overexpressed the domain using a
galactose-inducible system in yeast. The DNA construct con-
taining the NtFHA1 FHA domain fused to the LexA DNA-
binding domain for nuclear targeting or the construct contain-
ing the LexA DNA-binding domain alone as a vector control
was transformed into yeast (Fig. 44). Additionally, the FHA
domain constructs with alanine substitutions of the highly
conserved residues of the FHA domain (Mut34 and Mut55)
were also overexpressed (Fig. 4A). The transformed yeast
strains carrying the FHA domain or the vector showed normal
growth in medium containing 2% glucose that repressed ex-
pression of the constructs. However, in medium containing 4%

— 88 —



FHA Domains of NtFHA1 and Fhil Are Functionally Conserved

A GALlp  BD
vector
NtFHA1-FHA
FHA
Mut34 —m:z?—
Mut55 q
B Glucose (2%) Galactose (4%)
6 —e—Veckrs &  ~e—Vecho
—%—FHA —=—FHA
= 5 — L3 i el
L3 3 e WA
i 2
£ £
82 ‘E’ 2
3 3
1 ]
° ° et
€ 2 4 € B 101214 16 182022 M 0 2 4 6 8 10121416 182022
e ja giu () e o pat (h)
C Glucose Galactose
¢ & f & & &
& < & R & N
kDa — —
30
LexA-BD
23 -
47 f -tubulin

FiG. 4. Yeast growth phenotypes caused by overexpression of
the FHA domain of NtFHAL1. A, schematic diagrams of constructs for
overexpression. GALIp and BD represent the GAL! promoter and the
LexA DNA-binding domain, respectively. B, yeast cell growth. Yeast
strains containing the various constructs were grown for 24 h in 2%
glucose or 4% galactose and 2% sucrose. At 2-h intervals, aliquots were
removed, and cell growth was monitored by absorbance measurements.
C, Western blot analysis of FHA domain expression. 30 pg of total
proteins isolated from yeast cells grown to 0.8 A units in glucose or
galactose were subjected to immunoblotting with the monoclonal anti-
body (LexA-BD) against LexA DNA binding domain and the anti-B-
tubulin antibody.

galactose, the strain overexpressing the FHA domain exhibited
considerably slower growth kinetics than the vector control
(Fig. 4B). Overexpression of the FHA domain did not affect cell
viability because colony formation per A unit was very similar
for FHA domain and vector control cultures when plated on
glucose medium (data not shown). As shown in Fig. 4B, this
growth defect phenotype was dependent on the integrity of the
FHA domain, as it was abrogated by alanine substitution of
the highly conserved residues Arg-34 and Ser-55 (Fig. 4B). The
abrogation of the growth defect indicates that these residues
may be directly involved in the binding of a target protein that
is crucial for the growth defect phenotype in yeast. The corre-
sponding proteins for the FHA domain, Mut34, and Mutbs5
constructs were expressed at similar levels, as shown by im-
munoblot analysis using the anti-LexA antibody (Fig. 4C).
Slower G;-S Transition in NtFHA1 FHA Domain-overex-
pressing Yeast Cells during the Cell Cycle—To examine
whether the NtFHA1 FHA domain reduces cell growth in a
specific phase of the cell cycle, aliquots of liquid cultures were
analyzed by flow cytometry (Fig. 5). Aliquots were removed
from growing cultures expressing the vector control or the
NtFHA1 FHA domain before and 6 and 12 h after addition of
galactose. Before and 6 h after addition of galactose, when the
growth defect was not apparent, both cultures showed essen-
tially identical cell cycle profiles; the majority of cells had a 2n
DNA content (corresponding to G,/M). However, induction of
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Fic. 5. Cell eycle analysis of growth defects in FHA domain-
overexpressing yeast cells. A, 1-ml aliquots were removed from
growing vector control- and FHA domain-expressing cultures (W303-1A
background) in 4% galactose medium at the time points indicated and
analyzed by flow cytometry. B, vector control and FHA constructs
induced for 10 h in 4% galactose were diluted to 0.2 A units, synchro-
nized in G, by a-factor, and released into galactose medium. Aliquots
removed at the indicated times were analyzed by flow cytometry.
Asynch., asynchronized.

the NtFHA1 FHA domains for 12 h resulted in an increase in
cells with a 1In DNA content. To determine whether the accu-
mulation of cells in G, phase was the result of cell cycle arrest
or slower G;-S transition, FHA domain-overexpressing and
vector control cultures were synchronized in Gy using a-factor
and then released into fresh galactose medium. The majority of
control cultures shifted to G,/M within 120 min after a-factor
release. However, yeast cells overexpressing the NtFHA1 FHA
domain exhibited slower transition from G, to S phase after
release from a-factor compared with the control cells. Thus,
slow progression in the cell cycle is the reason for the growth
retardation phenotype of the FHA domain-expressing yeast
cultures. This result indicates that the FHA domain of NtFHA1
interacts with cellular components of yeast that influence pro-
gression of cell cycle.

FHA Domains of NtFHAI and Yeast Fhil Are Interchange-
able—The high sequence similarity between FHA domains of
NtFHA1 and yeast Fhil indicates a possibility that the FHA
domain of NtFHA1 may be able to interact with components
involved in Fhll function in yeast cells. Supporting this possi-
bility, overexpression of the constructs encoding either full-
length Fhll or the FHA domain of Fhl1, both fused to the LexA
DNA-binding domain, resulted in severe growth inhibition in
yeast in 4% galactose (Fig. 6A). We tested whether simultane-
ous expression of Fhll with the FHA domain of NtFHA1 fur-
ther amplifies the growth defect. In 1% galactose, growth of
yeast strains expressing either Fhll or the NtFHA1 FHA do-
main was partially restored, but the growth of the strain ex-
pressing both constructs was restored to much lower levels
(Fig. 6A). Thus, the FHA domain of the yeast Fhil transcrip-
tion factor also influences yeast cell growth when overex-
pressed. The polypeptides of Fhll and the NtFHA1l FHA
domain were detected by Western blot analysis using the anti-
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Fic. 6. Interchangeability between FHA domains of NtFHA1 and Fhil. A, schematic diagrams of constructs for overexpression and yeast
cell growth. Yeast strains containing various constructs separately or in combination were grown for 24 h in 2% sucrose and 1 or 4% galactose.
GAL1p, GALI promoter; BD, LexA DNA-binding domain. B, Western blot analysis of expression of Fhll and the FHA domain. 30 pg of total
proteins isolated from yeast cells grown to 0.8 A units in galactose were subjected to immunoblotting with the anti-LexA DNA-binding domain
antibody (LexA-BD) and the anti-$-tubulin antibody. The arrowhead and filled square indicate the Fhil protein and the FHA domain, respectively.
C, RNA gel blot analysis of FHLI mRNA expression. D, schematic diagrams of the chimeric Fhil construct (¢FHLI) for overexpression and

resulting yeast cell growth. Yeast strains containing various constructs separately or in combination were grown for 24 h in 2% sucrose and 1 or
4% galactose.

-90 -



FHA Domains of NtFHAI and Fhil Are Functionally Conserved

Glucose

Galactose

wt / vector

JhIIA [ vector
SHIA/pGALL::FHLI
1A/ pGALIL::cFHLI
1A/ pFHLI::FHL1
SHlIA/pFHLI::cFHLI
SHIA/pFHLI::cFHLIA33
Jhl1A/pFHLI:FHLI (l.c.)
SHIA/pFHLI::cFHLI (1.c)

Fic. 7. Complementation of the yeast fhll null mutation by
chimeric Fhll containing the NtFHA1 FHA domain. The FHLI
¢DNA, chimeric Fhll containing the NtFHA1 FHA domain (cFHLI),
and cFhll with a deletion of 33 amino acids (Fig. 1D) in its NtFHA1

FHA domain (¢cFHL1A33) were fused under the control of either the .

GALI or FHLI native promoter on a multicopy plasmid and introduced
into the fhll deletion mutant (W303 background). Complementation
assay was also carried out with Fhll and ¢Fhl1 under the control of the
FHLI promoter on a low copy plasmid (l.c.), pTS903CL (CEN, LEU).
Cultures were grown to 0.8 A units, and 10 ul were plated in a series of
10-fold dilutions on 2% glucose (left panel) and on 2% galactose and 2%
sucrose {right panel). wt, wild-type.

LexA antibody, and the results show that the Fhll protein was
expressed at similar levels in strains expressing either FHL1
and the vector or FHL1 and FHA, standardized by the levels of
B-tubulin (Fig. 6B). The FHLI mRNA levels were also similar
in these strains, being expressed at a higher level compared
with the strain that did not contain FHL (Fig. 6C). To test
whether the FHA domains of NtFHA1 can replace the corre-
sponding domain of Fhll, the construct for chimeric Fhll in
which its FHA domain was replaced with the NtFHA1 FHA
domain (cFhll) was introduced into yeast (Fig. 6D). Overex-
pression of cFhll resulted in growth retardation, similar to
Fhll expression. Simultaneous expression of chimeric Fhil and
the NtFHA1 FHA domain additively inhibited yeast growth
(Fig. 6D).

Complementation of the fhil Deletion Mutation by Chimeric
Fhl1 Containing the NtFHA 1 FHA Domain—We further tested
the functional similarity between the FHA domains of NtFHA1
and Fhll using a complementation assay (Fig. 7). FHLI is a
nonessential gene in yeast, but its inactivation greatly impairs
the growth of the mutant strains (3). The fhi1 deletion mutant
was constructed in the haploid W303 by replacing the open
reading frame of the FHLI gene with a HIS3 cassette. The
cDNA fragments encoding wild-type Fhll and chimeric Fhll in
which its FHA domain was replaced with the FHA domain of
NtFHA1 (cFhll) were fused with either the GALI promoter or
the native FHL1 promoter on a multicopy plasmid. These re-
combinant plasmids were introduced into the yeast fAlIA mu-
tant, and were examined whether expression of the chimeric
Fhll protein could rescue the slow growth phenotype of the
fhi1A mutant. Under the control of the GALI promoter, neither
Fhll nor c¢Fhll could restore the growth defect of the fhlIA
mutant when their expression was induced by 2% galactose.
This is probably due to the galactose-induced overexpression of
the Fhll protein, which has been shown to inhibit yeast growth
(Fig. 6A). However, expression of cFhll by the FHLI promoter
fully restored the growth of the mutant to a degree similar to
expression of wild-type Fhll on a multicopy plasmid (Fig. 7).
cFh11A33 (cFhll with an internal deletion of 33 amino acids,
residues 2658 (Fig. 1D), including 4 of 6 conserved residues of
the NtFHA1 FHA domain (Fig. 1)) could not complement the
fhi1A mutant phenotype when expressed under control of the
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Fic. 8. Pre-rRNA processing in yeast. The structure and major
sites of processing of the primary 35 S pre-rRNA are shown. The 5'- and
3'-external transcribed sequences (5'ETS and 3'ETS, respectively)
flank the ends of the mature 18 S, 5.8 S, and 25 S rRNA sequences,
which are separated by internal transcribed spacers ITS1 and ITS2.
The 35 S pre-rTRNA is cleaved in succession at sites A, and A, to
generate 32 S pre-RNA. The cleavage of 32 S pre-rRNA at site A,
separates the two processing branches that lead to formation of mature
rRNAs in the small and large ribosome subunits. The 20 S precursor is
cleaved at site D after export to the cytoplasm, generating mature 18 S
rRNA. The 27 SA, precursor undergoes processing via two alternative
pathways to form the long and short forms of 5.8 S rRNA, and 25 S
rRNA. The major pathway, which yields the 5.8 Sg form, proceeds
through cleavage of 27 SA, at site A; and B,, giving rise to 27 SA,,
followed by exonucleolytic processing from site A; to site B,g, which
generates 27 SBg pre-rRNA. In the minor pathway that leads to 5.8 S,
formation, 27 SB; pre-rRNA is generated by processing at sites B,; and
B,. The subsequent processing of both 27 SB precursors at sites C, and
C, gives rise to the mature 25 S rRNA and 7 S prerRNA. The 7 S
pre-tRNA is trimmed by exonucleases from the 3'-end to site E, yielding
mature 5.8 S rRNA.

FHL1 promoter, demonstrating that the NtFHA1 FHA domain
is eritical in ¢Fhll function for complementing the fhlIA mu-
tant phenotype. Interestingly, both Fhll and ¢Fhll could only
partially complement the slow growth phenotypes of the fhlIA
mutant to the same degree on a low copy plasmid, indicating
that FHI 1 gene expression is regulated by its position in the
genome. Taken together, these results further demonstrate
that the FHA domains of NtFHA1 and Fhll are interchange-
able for normal function of Fhll in yeast.

Defective rRNA Processing in FHA Domain-overexpressing
Yeast Cells—The Fhll protein is important for optimal growth
and rRNA processing in yeast, leading to a reduced steady-
state level of mature 25 8, 18 8, and 5.8 S rRNAs in the fhll
deletion mutant strain (3). We investigated whether the growth
inhibition by overexpressing FHA domains of NtFHA1 and
Fhll is related to impaired pre-TRNA processing in yeast by
examining the steady-state levels of mature rRNA and pre-
rRNA intermediates by Northern blot analysis (Figs. 8 and 9).
To assess the levels of mature rRNA, 15 or 1.5 ug of total RNA
were loaded per lane, and the membrane was hybridized with
probes corresponding to 25 S and 18 S rRNAs of yeast and, as
controls, with tRNAF" and actin probes (Fig. 94). Compared
with the vector control (wt/ vector), the wild-type yeast cultures
overexpressing the NtFHA1 FHA domain (w¢/pGALI1::FHA) or
the Fhil FHA domain (w¢/pGALI1:fFHA), the fRlIA mutant
complemented with vector (fhllA/vector), and the fAlIA mutant
complemented with chimeric Fhil with deletion of 33 residues
in the NtFHA1 FHA domain (fAlIA/pFHL1::cFHL1A33) all ac-
cumulated less amounts of 25 S and 18 S rRNAs (Fig. 94), as
quantified by the rRNA/tRNA and rRNA/actin mRNA ratios for
each rRNA (data not shown). The fhl1A mutant complemented
with cFhll ((hl1A/pFHL 1::cFHL]I) restored the amounts of 25 S
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Fic. 9. RNA gel blot analysis of pre-rRNA processing. A, total RNA was extracted from wild-type yeast cells overexpressing the vector
(wtlvector), the NtFHA1 FHA domain (wt/pGALI::FHA), or the Fhil FHA domain (wt/pGALI::fFHA) or from the fil1A mutant complemented with
vector (fhl1Afvector), the fhl1A mutant complemented with ¢Fhll (fAlIA/pFHLI::cFHLI), or the fhl1A mutant complemented with chimeric Fhll
with a deletion of 33 residues in the NtFHA1 FHA domain (fAlIA/pFHL1::cFHL1A33), all of which were grown in 2% galactose and 2% sucrose
medium to 0.8 A units. The RNA gel blots containing 15 and 1.5 ug of total RNA/lane were hybridized with probes of 25 S rRNA, 18 S rRNA, actin
(ACTI) mRNA, and tRNAP. B, the positions of the ITS1-1 (5'-GAAACGGTTTTAATTGTCCTATAAC-3"), ITS1-2 (5'-TGTTACCTCTGGGCCC-3"),
and ITS2 (5'-GGCCAGCAATTTCAAGTTA-3') oligonucleotide probes in the 35 S rRNA primary transcript are indicated. Northern blot hybrid-
ization was carried out using end-labeled ITS1-1, ITS1-2, and ITS2 probes corresponding to part of the ITS1 and ITS2 sequences of 35 S primary
pre-tRNA. 15 ug of total RNA were used for each lane. The unidentified pre-rRNA intermediate detected by the ITS1-2 probe is indicated by the

asterisk.

and 18 S rRNAs to the wild-type levels.

Three oligonucleotide probes to detect the accumulation of
yeast pre-rRNA intermediates were synthesized: ITS1-1 and
ITS1-2 (designed to bind to the internal transcribed spacer 1 of
yeast pre-TRNA) and ITS2 (designed to bind to the internal
transcribed spacer 2) (Fig. 9B) (18, 19). Total RNA was pre-
pared from wild-type cells expressing the vector control, the
NtFHA1 FHA domain, or the Fhil FHA domain or from the
fhl1A mutant or the fAl1A mutant complemented with cFhll or
cFhl1A33, all of which were collected from yeast cells grown to
0.8 A units in 2% galactose and 2% sucrose. When total RNA
(15 pg) of wild-type control cells was fractionated by agarose
gel electrophoresis and probed with 3?P-labeled ITS1-1, 2 major
band of 20 S pre-rRNA was detected (Fig. 9B) (18, 19). How-
ever, yeast cells overexpressing the NtFHA1 FHA domain or
the Fhll FHA domain and the fhlIA mutant exhibited high
accumulation of 35 8 pre-rRNA, but with much reduced ievels

of 20 S pre-rRNA, indicating that the rRNA-processing steps
from 35 S to 20 S pre-rRNA are significantly delayed in these
cells. Additionally, they accumulated the 23 S pre-rRNA, which
is considered an aberrant product formed by cleavage of 35 S
pre-TRNA at site A;, bypassing processing sites Ag—A,, often
observed when pre-rRNA processing is perturbed (18). The
fhl1A mutant expressing cFhil restored the accumulation of 20
S pre-rRNA to the wild-type levels, whereas ¢cFhl1A33 expres-
sion in the mutant resulted in accumulation of 35 S, 23 S, and
20 S pre-RNAs, a mixture of the wild-type and fhIIA
phenotypes.

With 32P-labeled ITS1-2, two major bands were detected
corresponding to 27 SA, prerRNA and an unidentified pre-
rRNA, the size of which is slightly larger than the 20 S RNA
(Fig. 9B) (18, 19). Overexpression of the FHA domains of
NtFHA1 and Fhll resulted in high accumulation of the 35 S
and unidentified pre-rRNAs, with no visible accuamulation of
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the 27 SA, RNA, indicating that rRNA processing is signifi-
cantly delayed (Fig. 9B). This pattern of pre-rRNA accumula-
tion was very similar to that of the fAil1A mutant. Expression of
cFhll under the control of the native FHL1 promoter in the
fhI1IA mutant restored the pre-rRNA accumulation pattern to
the pattern of wild-type, whereas expression of cFhi1A33 under
the control of the FHL1 promoter exhibited the same pattern of
pre-tRNA processing as the fhl1A mutant.

When the 3?P-labeled ITS2 probe was used, the wild-type
control showed bands corresponding to 27 SA/27 SBand 7 S
pre-rRNAs, with no visible detection of 35 S RNA (Fig. 9, A and
B) (18, 19). However, yeast cells overexpressing the FHA do-
mains of NtFHA1 and Fhl1 exhibited increased levels of 35 S
and 27 SA/27 SB pre-rRNAs and significantly decreased levels
of 7S pre-rRNA, similar to the pattern of the fAl1A mutation.
Expression of cFhll in the fAlIA mutant restored the rRNA-
processing pattern to that of wild-type, whereas the fhlIA
mutant complemented with ¢Fhil1A33 still showed the same

pattern of pre-RNA accumulation as the f2l1A mutant. Taken -

together, these results demonstrate that overexpression of the
FHA domains of NtFHA1 and Fhll results in the same rRNA-
processing defects as deletion of the FHL gene. In these cells,
RNA processing is defective in multiple steps, indicating that
FHL1 is involved in the general regulation of rRNA processing
rather than being involved in a specific step of processing.
Complementation of the fAlIA mutant by cFhll (but not by
cFhl1A33) demonstrated that the intact FHA domain is critical
for cFhil in controlling rRNA processing in yeast and that the
FHA domain of NtFHA1 functionally substitutes for the corre-
sponding domain of Fhll in yeast. These results also show that
the cellular levels of Fhll are critical for normal function. The
slow growth phenotypes of the FHA domain- or Fhll-overex-
pressing cells and the fhl1 deletion mutant are likely caused by
defective rRNA processing and reduced accumulation of ma-
ture rRNAs.

DISCUSSION

NtFHAI encodes a novel transcription activator in tobacco
that contains the FHA domain, a highly diverse protein-protein
interaction domain. There are two homologs of NtFHAI in
Arabidopsis, the FHA domains of which show 91-94% sequence
identity to the FHA domain of NtFHAL. In this study, we have
shown that the FHA domain of NtFHA1 shares the conserved
structure and function with the FHA domain of yeast Fhll,
regulating rRNA processing and cell growth in yeast, implying
that its function in plant cells is similar to the function of the
FHA domain of Fhll in yeast. The FHA domain was first
identified in a group of forkhead transcription factors and has
since been identified in many signaling proteins, including
proteins kinases, protein phosphatases, proteases, kinesins,
and zinc finger proteins in yeast and animals. This existence of
FHA domains in a wide variety of proteins suggests that they
are involved in many different cellular processes, although a
specific cellular target of these FHA domain-containing pro-
teins is largely unknown. In the plant kingdom, Arabidopsis
contains 15 FHA domain-containing open reading frames, of
which the biological function of only KAPP (7, 11) and zeaxan-
thin epoxidase (20, 21) has been characterized. Thus, the role of
the FHA domain in those open reading frames is entirely un-
known, except that the FHA domain of KAPP is involved in
phosphorylation-dependent binding to multiple plant receptor-
like kinases (12).

Our results demonstrate that overexpression of the FHA
domain of NtFHA1 causes a severe growth defect in yeast by
slowing down the G,-S transition in the cell cycle, similar to the
result of overexpression of Fhll, its FHA domain, or chimeric
Fhll containing the NtFHA1 FHA domain instead of its own.
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The growth defect phenotype is associated with defective rRNA
processing and reduced rRNA accumulation, as shown by the
RNA gel blot analysis using oligonucleotide probes correspond-
ing to internal transcribed spacers 1 and 2 (Fig. 9). The results
demonstrate that multiple steps of rRNA processing are defec-
tive in the FHA domain-overexpressing yeast cells, including
processing from 35 S to 20 S pre-RNA, from 35 S to 27 SA,
pre-rRNA, and from 27 SA4/27 SB /27 SB,; to 7 S pre-rRNA
and 25 S mature rRNA, and that these defects exactly match
those of the fRlIA mutant (Fig. 9). Our results are also consist-
ent with the results of Hermann-Le Denmat et al. (3), who
observed accumulation of 35 S and 27 S pre-rRNAs in the fRl1A
mutant by pulse-chase labeling. Based on our results, Fhil
seems to be involved in an overall regulation of rRNA process-
ing, controlling multiple steps. In addition, the defects we have
seen here do not lead to complete blockage of rRNA processing,
unlike many mutants in which accumulation of 35 S pre-rRNA
and the aberrant 23 S species is often associated with complete
depletion of 18 S and 25 S/5.8 S mature rRNAs (22-24). This
delayed as well as defective processing of pre-rRNAs appar-
ently contributes to the reduced accumulation of both 18 S and
25 S mature rRNAs and the slower growth,rate of the FHA
domain-overexpressing cells and the fhlZA mutant.

Chimeric Fhll driven by the native- FHLI promoter could
rescue the slow growth phenotype and defective rRNA process-
ing of the yeast fhlIA mutant, whereas deletion of 33 amino
acids containing 4 conserved residues of the FHA domain from
cFhll completely abolished the complementing activity. Thus,
the intact NtFHA1 FHA domain in ¢Fhll is absolutely required
for rescuing the fh{IA mutant phenotypes. These results also
demonstrate that the NtFHA1 FHA domain mimics the func-
tion of the FHA domain of Fhll in yeast, probably interacting
with cellular components involved in regulation of rRNA proc-
essing. The FHIL.1 gene was originally isolated as a multicopy
suppressor of RNA polymerase III mutations and later recloned
as a multicopy suppressor of a mutation of RNA polymerase III
transcription factor IIIC (3). Thus, the Fhll protein plays a role
in the control of RNA polymerase III transcription and rRNA
maturation, presumably by acting as a transcription regulator
of genes specifically involved in these processes.

Fhil was found to genetically interact with Ifh1, a 122-kDa
protein with no homology to any proteins in the data base (25).

‘Partial deletion of Ifthl led to a slow growth phenotype with

impaired pre-rRNA processing, similar to the fhl1 mutation. A
full deletion of Ifh1 was lethal, but growth was restored in a
strain deleted for both Ifh1 and Fhll. Thus, Ifhl is essential for
growth, but only in the presence of a functional Fhll protein.
Based on these data, a model was proposed in which Fhll is
converted from a transcription repressor to an activator upon
binding of Ifh1 (25). The phenotypes of yeast cells overexpress-
ing Fhil observed in this study are consistent with the model;
the growth defect phenotype may be caused by excessive pro-
duction of Fhll repressors when Ifh1 is limited.

We have shown that NtFHAL1 is targeted to the nucleus and
has a transactivation activity; yet NtFHA1, AtFHAI1, and
AtFHAZ2 lack an obvious DNA-binding domain in their se-
quences, which separates them from other forkhead transcrip-
tion factors in yeast and mammals. An intriguing possibility is
that NtFHA1 interacts with other protein molecules with a
DNA-binding domain to make a functional transcription com-
plex. Obvious candidates would be protein factors containing
the forkhead DNA-binding domain; however, no protein in the
plant data base has been identified to contain the forkhead
domain. Fkh2, a yeast forkhead transcription factor, forms a
transcription complex with the MADS box protein Mem1 to
control cell cycle periodicity of SWI5 and CLB2 gene expression
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(26, 27). Identifying interacting partners of NtFHA1 would give
an insight into understanding the function of this group of
plant transcription regulators.

The slow growth phenotype caused by overexpression of the
FHA domain requires an intact FHA domain because mutation
of the conserved residues of the FHA domain (Arg-34 and
Ser-55) abolishes the phenotype (Fig. 5). Furthermore, deletion
of 33 residues containing 4 conserved residues of the FHA
domain from c¢Fhll diminishes its ability to complement the
growth and rRNA-processing defects of the fhlIA mutant, in-
dicating that the FHA domain plays a critical role in the reg-
ulation of rRNA processing. Recently, overexpression of the
N-terminal FHA domain (FHA1) of Rad53 resulted in growth
retardation of yeast cells due to G, arrest of the cell cycle, and
the phenotype was abrogated by mutation of the conserved
residues (28). These residues were critical for phosphopeptide
binding of the Rad53 FHA1 domain, and replacement of the
RAD53 gene with alleles containing mutations in the FHA1
domain resulted in an increased DNA damage sensitivity in
vivo (28). Thus, the FHA1 domain contributes to the checkpoint
function of Rad53, possibly by associating with a phosphoryl-
ated target protein in response to DNA damage in G,. In the
same way, the conserved residues of the NtFHA1 FHA domain,
including Arg-34 and Ser-55, may constitute binding sites for
phosphorylated target proteins. The target proteins for the
FHA domains of Fhll and NtFHA1 are currently unidentified,
but components of the transcription machinery involved in
RNA polymerase III transcription and rRNA processing are
likely candidates, given the function of Fhll in those processes.

Reduced accumulation of mature rRNAs in FHA domain-
and Fhll-overexpressing yeast cells is a likely reason for de-
layed progression from G, to S phase during the cell cycle. It
will be interesting to probe the molecular mechanism by which
the defects in TRNA processing in these cells lead to delayed
G;-S transition. It is known that cells can delay or block cell
cycle transitions in response to perturbations in a variety of
intracellular processes, including ribosome biogenesis. How-
ever, the nature of the connection between the cell cycle and
ribosome biogenesis has remained unknown. Recently, overex-
pression of a dominant-negative form of Bopl (BoplA), a novel
nucleolar protein involved in rRNA processing and 60 S ribo-
some biogenesis, resulted in cell cycle arrest (29). Subse-
quently, it was found that the p53-dependent signaling path-
way connects BoplA-driven aberrant rRNA processing/
ribosome. biogenesis to cell cycle arrest (30). These results
provide clear evidence that the signal transmitted to the cell
cycle machinery is generated by a mechanism that monitors
ribosome production in the nucleolus. Plant cells likely possess
a similar checkpoint mechanism to respond to nucleolar stress
such as perturbations in ribosome biosynthesis. Although the
functions of NtFHA1 in plant cells remain to be revealed, the
conserved nature of the FHA domains of NtFHA1 and Fhil
indicates a possibility that NtFHA1 is involved in regulation of
RNA polymerase III transcription and rRNA processing in

FHA Domains of NtFHAT and Fhll Are Functionally Conserved

plant cells, possibly through assembly of a functional transcrip-
tion complex by interacting with other transcription factors.
Molecular analysis of transcription and rRNA processing in
transgenic or mutant plant cells in which NtFHA1 expression
is blocked would give a clear idea of NtFHA1 function in plants.
In addition, identifying the NtFHA1-interacting proteins may
yield a new insight into the action mechanism of NtFHAT.
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Abstract The NtDSKI ¢DNA encoding a novel chloroplast-
targeted protein kinase was identified in Nicotiana tabacum. It
contains the kinase domain at the C-terminus and a putative
regulatory domain at the N-terminus. The recombinant NtDSK1
underwent autophosphorylation of serine, threonine, and tyrosine
residues, indicating that NtDSKI encodes a functional dual-
specificity protein kinase. The NtDSKl-green fluorescent
protein fusion protein was targeted to chloroplasts. Furthermore,
the NtDSK1 protein was immunodetected in chloroplast frac-
tions isolated from tobacco seedlings. The NtDSKI mRNA
expression was developmentally regulated in different tissues,
including anthers and germinating seeds, and strongly stimulated
by gibberellin. The mRNA was rapidly light responsive during
seedling growth. NtDSK1 may play a role in a light-regulated
signaling process in tobacco. © 2001 Published by Elsevier
Science B.V. on behalf of the Federation of European Biochem-
ical Societies.

Key words: Chloroplast-targeted; Dual-specificity protein
kinase; Light- and gibberellin-stimulated expression;
NtDSK1; Tobacco

1. Introduction

Protein kinases comprise the largest known family of pro-
teins. Various cellular processes are controlled by phosphor-
ylation of proteins on tyrosine and serine/threonine residues,
carried out by protein tyrosine kinases and protein serine/
threonine kinases. Dual-specificity protein kinases are a group
of protein kinases which are able to phosphorylate both tyro-
sine and serine/threonine residues [1). In plants, characteriza-
tion of dual-specificity protein kinases that do not belong to
the MAP kinase kinase family is restricted to ADK1 from
Arabidopsis {2], PRK1 from petunia [3], and PKI12 from to-
bacco [4]. PRKI1 is a predominantly pollen-expressed recep-
tor-like kinase which autophosphorylates on serine and tyro-
sine {3]. PRK! has been shown to play an essential role in
pollen and embryo sac development in Petunia inflata [5,6).

*Corresponding author. Fax: (82)-42-860-4608.
E-mail: hyunsook@mail kribb.re kr

! EMBL accession number: AF106957.
2 Present address: Department of Horticulture, Washington State
University, Pullman, WA 99164-6414, USA.

PK12 is a member of the LAMMER kinases. PK 12 activity is
rapidly and transiently increased when plants are treated with
ethylene {4]. The PK12 kinase phosphorylates serine/arginine-
rich (SR} splicing factors in vivo to alter their activity and the
splicing of target mRNAs [7]. ADKI was isolated by screen-
ing an Arabidopsis expression library with anti-phosphotyro-
sine antibodies. ADK1 autophosphorylated serine, threonine,
and tyrosine residues and was also capable of phosphorylating
tyrosine residues on poly(Glu/Tyr) as a substrate. However,
the function of ADKI is unknown [2].

In this study, we attempted to isolate kinase ¢cDNAs that
are preferentially expressed in the tobacco anthers. As a re-
sult, 2 cDNA encoding a novel dual-specificity protein kinase
targeted to chloroplasts was obtained. The cDNA was desig-
nated NtDSKI (Nicotiana tabacum dual-gpecificity kinase 1).
This is the first dual-specificity protein kinase that is localized
in chloroplasts. NtDSKI mRNA expression was stimulated by
gibberellin (GA), by light, and during various developmental
processes including seed germination. The possible function of
NtDSK1 is discussed based on these results.

2. Materials and methods

2.1. Plant materials
Tobacco plants (V. rabacum cv. Xanthi) were cultivated in a green-
house under a regime of 16 h light and 8 h dark.

2.2. Autophosphorylation and phosphoamino acid analysis

A PCR product corresponding to the kinase domain (residues 294—
610) of NtDSK1 was obtained using Pwo DNA polymerase (Boehr-
inger-Mannheim, Germany). It was subcloned into the pET32a vector
(Novagen, USA) using BamHI/Sall sites. The construct was intro-
duced into Escherichia coli in order to express the kinase domain
fused to the C-terminus of thioredoxin. After purification using nickel
tesin (New England Biolabs, UK), the fusion protein was digested
with thrombin for 12 h at 4°C to remove the thioredoxin moiety.
Autophosphorylation assays and phosphoamino acid analyses were
carried out according to [8].

2.3. Subcellular localization of the NtDSKI-green fluorescent protein
(GFP) protein :
The NetDSKI cDNA corresponding to amino acid residues 1-610
was PCR-amplified using Pwo DNA polymerase to generate BamHI
sites at both the 5" and 3’ ends. This PCR-amplified DNA was cloned
into the CD3-326 plasmid using BamHI sites to generate pNtDSK1-
soluble modified (sm) GFP, which contained NtDSK1-smGFP in-
frame fusion under the control of the cauliffower mosaic virus 35S
promoter. The pNtDSK1-smGFP and control CD3-326 plasmids
were introduced into protoplasts prepared from Arabidopsis seedlings
by polyethylene glycol treatment as described in [9]. After 16 h incu-
bation, the protoplasts were viewed under a fluorescence microscope.

0014-5793/01/$20.00 © 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Biochemical Societies.
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2.4. Chloroplast preparation

Crude chloroplasts were prepared from tobacco seedlings as de-
sceibed in [10]. The day before chloroplast isolation, plants were
kept in the dark to deplete chloroplasts of accumulated starch grains.
The seedlings were harvested with cold grinding bufter (0.33 M sorbi-
tol, 50 mM HEPES-KOH, pH 7.3, 2 mM EDTA, and 0.1% bovine

A
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serum albumin (BSA)) on ice. The seedlings were homogenized with a
Polytron (Kinematica GmbH, Switzerland) set at 70% power by three
bursts of 5 s each. The homogenate was filtered through two layers of
Miracloth into precooled polycarbonate centrifuge tubes. Chloro-
plasts were pelleted by centrifugation at 3000 X g for 5 min. The super-
natant was removed and stored as the supernatant fraction. Chloro-
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Fig. 1. Structure and amino acid sequence comparison of NtDSK1i. A: Schematic representation of NtDSK1. B: Deduced amino acid sequence
of NtDSKI1 and alignment with related sequences. The NtDSK1 sequence is aligned with the kinase domain of SRK-910, TMK, and BRII.
The number on the right indicates the amino acid residues. Gaps are indicated by dashes (). Residues that are conserved among at least three
of the compared sequences are highlighted in reverse contrast letters. Arrowheads () indicate invariant residues in eukaryotic serine/threonine-

type kinases.
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plasts were gently suspended in the same buffer with a fine brush. The
volume was increased to 30 ml, the suspension was transferred to
sterile Corex tubes, and chloroplasts were pelleted at 3000Xg for
5 min. The chloroplast fraction was examined under a light micro-
scope. Protein concentration was measured by the Bradford method
{t1] using the Bio-Rad protein assay kit and BSA as the standard.

2.5, Immunoblotting

The NtDSK1-specific polyclonal rabbit antibody was prepared us-
ing the recombinant regulatory domain of NtDSK1 in Iyhyo Biotech
(Kwangju, South Korea). Immunoblotting was carried out as de-
scribed in [12]. Nitrocellulose membranes containing 10 pg each of
the total proteins from uninduced (UT) and induced (1) E. coli cells
that carry pMAL plasmid (New England Biolabs, UK) containing
NtDSK1 regulatory domain, or 70 ug each of proteins from chloro-
plast fractions and the supernatant containing non-chloroplastic ma-
tecials isolated from tobacco seedlings were prepared. The membranes
were blocked with 5% skim milk in Tris-buffered saline and 0.05%
Tween 20 (TBST), reacted with anti-NtDSK1 antibody (1:2000 dilu-
tion) in TBST, and washed with TBST. They were then reacted with
horseradish peroxidase-conjugated goat anti-rabbit [gG secondary
aatibody (1:5000 dilution; Amersham, USA), and the signal was de-
tected by ECL+Plus (Amersham, USA).

3. Results and discussion

3.1 Isolation of a ¢cDNA clone encoding a protein kinase in
N. tabacum

Reverse transcription-PCR with degenerate kinase primers
[8] and the subsequent screening of a tobacco flower cDNA
library with one of the PCR-amplified DNA fragments re-
sulted in isolation of a ¢cDNA clone, designated NtDSKI.
Among four independent clones obtained, the longest
cDNA was 2414 bp in length and encoded a protein of 610
amino acids with the structural features of a protein kinase
(Fig. 1A,B). Its predicted molecular weight was 68870 Da.
The N-terminal region of NtDSK1 (residues 1-293) contained
a novel sequence that did not show any significant sequence
similarity with proteins in the plant database. This region may
constitute a regulatory domain that modulates the kinase ac-
tivity of NtDSK1. The C-terminal region contained 12 con-
served subdomains of eukaryotic protein kinases (Fig. 1B).
Fifteen invariant amino acid residues for protein kinases
were conserved in the kinase domain of NtDSKI, with the
exception of one glycine residue that was replaced by alanine
in NtDSK! (Ala299 in subdomain I). The amino acid se-
quence of this clone was analyzed by SMART comparative
sequence analysis (http://coot.embl-heidelberg defsmart-103/),
and was predicted to encode a dual-specificity protein kinase.

The amino acid sequence of NtDSK1 and comparison of
the sequence with other plant kinases using the CLUSTAL W
multiple sequence alignment program (version 1.7: http://
dot.imgen.bom.tme.edu:933 1/multi-align/) are shown in Fig.
IB. The kinase domain of NtDSKI1 is most closely related
to the kinase domains of TMKI1 [13] from Arabidopsis (44%
identity), SRK-910 {14] from Brassica (37% identity), and
BRIL [15] from Arabidopsis (36% identity). BRIl and
TMK1 both belong to the group of LRR receptor-like kinases
that contain leucine-rich repeats in their extracellular domain,
while SRK-910 belongs to the SRK class of receptor-like ki-
nases that contain SLG-like sequences in the extracellular
domain.

3.2. NtDSKI encodes a functional dual-specificity protein
kinase
In order to determine if NtDSK 1 encodes a functional dual-
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Fig. 2. Phosphorylation of the recombinant kinase domain of
NtDSK1. A: Autophosphorylation. Top: autoradiography; bottom:
a Coomassie blue-stained gel showing relative amounts of the re-
combinant proteins. Normal (N) and mutant (M) forms of the ki-
nase domain are indicated. In the mutant kinase the essential ATP
binding site Lys320 was mutated to Asn. B: Phosphoamino acid
analysis of the autophosphorylated NtDSK1. The »?P-labeled kinase
domain was hydrolyzed with HCl and subjected to two-dimensional
thin-layer electrophoresis. The positions of phosphoserine, phospho-
threonine, and phosphotyrosine are indicated.

specificity protein kinase, an autophosphorylation assay was
performed with the recombinant kinase domain (residues 294—
610) of NtDSK1. After removal of the thioredoxin moiety by
thrombin, the resulting kinase domain was assayed for auto-
phosphorylation. A single 35-kDa band was detected by auto-
radiography (Fig. 2A), the position of which matched to that
of the kinase domain, as determined by Coomassie blue stain-
ing. In order to determine if autophosphorylation requires an
active kinase, the mutant form of the kinase domain, which
carries a mutation in the essential ATP binding site (Lys320 to
Asn), was prepared in the same way and was analyzed for
kinase activity. The mutation drastically reduced radiolabeling
of the 35-kDa band, indicating that autophosphorylation ac-
tivity is dependent on a functional kinase (Fig. 2A). To study
the specificity of kinase activity, the phosphoamino acid anal-
ysis was carried out (Fig. 2B). Major *?P-labeled spots corre-
sponded to the positions of phosphoserine, phosphothreonine,
and phosphotyrosine, indicating that NtDSK1 possesses dual-
specificity kinase activity.

3.3. Genomic DNA gel blot of NtDSKI

DNA gel blot analysis was performed with tobacco ge-
nomic DNA digested with restriction enzymes (Fig.. 3). The
probe was the 0.4-kb PCR fragment corresponding to the
C-terminal region of NtDSK1. With the probe, both EcoRI
and HindIlI digestion resulted in two hybridizing bands. Con-
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Fig. 3. Genomic DNA gel blot analysis of the NtDSK/ gene. Each
lane contains 10 pg of plant genomic DNA digested with restriction
enzymes. DNA preparation, prehybridization, hybridization, and
washing were carried out as described in {8]. DNA markers are indi-
cated 1o kb.

sidering that N. tabacum is amphidiploid between Nicotiana
tomentosiformis and Nicotiana sylvestris, these results indicate
that the tobacco genome contains a single copy of the
NtDSKI gene (Fig. 3).

3.4. NeDSKI mRNA accumulation is developmentally
regulated and strongly stimulated by gibberellin
Using RNA gel blot analysis, a 2.6-kb transcript was de-
tected at a low level in leaves, stems and flowers, but in roots
the transcripts were barely detectable (Fig. 4A). The size of
the transcript was consistent with the size of the isolated
¢DNA. During flower development, the NtDSKI mRNA

N
Fig. 4. Expression of the NtDSKJ mRNA. RNA preparation, pre-
hybridization, hybridization, and washing were carried out as de-
scribed in {8]. The 0.4-kb PCR fragment corresponding to the C-ter-
minal end of the NtDSKI cDNA was used as a probe. Each lane
contains 100 pg of total RNA. A: Expression in plant tissues at dif-
ferent developmental stages. (Tissue-specific expression) roots (R),
stems (S), leaves (L), and flowers (F); (expression during flower de-
velopment) stage 1, <1 cm buds; stage 2, 1-2 cm; stage 3, 2-3
cm; stage 4, 34 cm; stage 5, open flowers; (expression in floral or-
gans) sepals (S), petals (P), pistils (O), and anthers (A); (expression
during germination) mature seeds (S), 3-day cold-treated seeds (Co),
and water-imbibed seeds for the indicated time (3-7 days) after
3-day cold treatment; (expression after pollination) ovaries before
anthesis (0), and ovaries at 3, 7, and 30 days after pollination are
indicated. B: Expression of the NeDSKI mRNA in response to GA.
Top: young tobacco leaves were cut and their petioles were put iato
hormone solutions at 100 uM of auxin (2,4-D), abscisic acid (ABA),
GA (GA;), and cytokinin (BA) for 12 h. Control leaves were
treated with water in the same manner. Bottom: petioles were put
into GAj; solutton (100 uM) for indicated times.
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Fig. 5. Subcellular localization of the NtDSKI protein. A: Localization of the NtDSK1-smGFP fusion protein. B: Immunodetection of the

NtDSKI1 protein in the chloroplast fractions. Left: protein extracts

from uninduced (U) and induced (I) E coli cells that carry the pMAL-

NtDSK1 plasmid were subjected to immunoblotting with the NtDSKI antibody. The fusion protein between maltose binding protein and

NtDSK1 regulatory domain was detected only after induction. Righ

t: proteins of chloroplast (C) and supernatant (S) fractions prepared from

tobacco seedlings were subjected to immunoblotting with the antibody. The putative NtDSK 1 protein is marked with the arrowhead.

was most highly expressed in stage 4 (just prior to anthesis).
In stage 4 NtDSKI mRNA was predominantly expressed in
the anther. Mature seeds contained a barely detectable level of
the NeDSK! mRNA, but the mRNA levels increased after
3 days of cold treatment and kept increasing up to 7 days
of imbibition. Just before anthesis the ovaries contained a
low level of NtDSKI mRNA, but the level increased at
3 days after pollination, then decreased to a barely detectable
level at 30 days (Fig. 4A).

Next we examined changes in the NtDSKI/ mRNA level in
response to various stimuli (Fig. 4B). GA (GAj;) treatment
resulted in strong induction of NtDSKI expression. Abscisic
acid and cytokinin did not affect the transcript level signifi-
cantly, while auxin treatment reduced the mRNA level. GA;
at the concentration of 10-100 uM was effective in stimulating
NtDSKI mRNA expression (results not shown). GA3 (100
uM) treatment caused an increased tramscript level at 12 h
after treatment, which was maintained until 24 h after treat-
ment (Fig. 4B).

3.5. Localization of the NtDSKI protein in chloroplasts

Cellular localization of NtDSK1 was examined by con-
structing a fusion protein between NtDSK1 and a GFP
(NtDSK 1-smGFP). After transient expression of DNA con-
structs, encoding NtDSK1-smGFP or smGFP, an individual
protoplast was examined under a fluorescence microscope. In
contrast to the cytosol-localized staining pattern of smGFP,
fluorescence of the NtDSK1-smGFP protein was associated
with chloroplasts, indicating that NtDSKI is primarily tar-
geted to the chloroplast (Fig. 5A).

We further investigated localization of NtDSK1 in the chlo-
roplast using immunoblotting. Polyclonal rabbit antiserum
was raised using the recombinant regulatory domain of
NtDSK 1. After purification, the antiserum specifically recog-
nized the fusion protein between the maltose binding protein
and the NtDSKI regulatory domain from E. coli total pro-
teins, only after induction (Fig. 5B, left). Crude chloroplast
fractions and the supernatant containing non-chloroplastic
materials were prepared from tobacco seedlings. The antise-
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Fig. 6. Light-stimulated expression of NtDSKI. RNA gel blot analysis was carried out with RNA from 4-9-day-old tobacco seedlings grown
for indicated times after 3-day cold treatment under continuous fight (L), under dark (D), or grown under dark and then transferred to the
light for 1 h (D+L1). The 0.4-kb NtDSKI probe and the ribosomal DNA probe were used.

rum detected a single protein of approximately 65 kDa in the
chloroplast fraction (Fig. 5B, right), while a protein of ap-
proximately 120 kDa was detected in the supernatant. Preim-
mune serum did not-detect any signal (results not shown).
Based on the expected size of NtDSKI1 and localization of
the NtDSKI1-GFP protein in the chloroplast, the 65-kDa pro-
tein in the chloroplast fraction likely represents NtDSK 1. The
120-kDa protein detected in the supernatant may be a
NtDSK1-unrelated protein containing similar epitopes.

3.6. NtDSKI expression is rapidly stimulated by light

Using RNA gel blot analysis, NtDSKI mRNA levels were
examined in 4-9-day-old tobacco seedlings grown on MS me-
dia under continuous light, under dark, or grown under dark
and then transferred to the light for 1 h (Fig. 6). In 5-8-day-
old seedlings, the NtDSK! mRNA level was lower in dark-
grown seedlings than light-grown seedlings, but exposure to
light for 1 h after the dark-grown period increased the
NtDSKI mRNA level to the level of light-grown seedlings.
Interestingly, there was no visible difference in the mRNA
levels between light- and dark-grown seedlings at 4 days of
growth when cotyledons were not fully opened, and at 9 days
of growth. The results indicate that N¢DSKI expression is
rapidly stimulated by light, but to different degrees depending
on the growth stage.

Using NtDSKI-GFP fusion and immunoblotting with the
NtDSK1 antibody (Fig. 5A,B), it has been shown that the
NtDSK1 protein is targeted to the chloroplast. The number
and identity of the protein kinases and phosphatases localized
in chloroplasts are still unclear. NtDSK1 is the first dual-spe-
cificity protein kinase targeted to chloroplasts. In chloroplasts,
light-driven redox reactions provide signals for self-regulation
of photosynthetic electron flow, regulating energy transfer via
reversible phosphorylation of LHCII antenna [16]. More re-
cent data suggest that redox-controlled protein phosphoryla-
tion in chloroplasts has a much wider physiological signifi-
cance as exemplified by its involvement in the regulation of
gene expression and stress-related responses [17]. NtDSKI
mRNA accumulation is stimulated by light (Fig. 6) and
H,O0, treatment (Cho and Pai, unpublished) in tobacco seed-
lings, implicating a role of NtDSKI1 in light-induced stress
responses.

Alternatively, NtDSK1 may be involved in GA signal trans-
duction. GAs regulate various cellular processes, including
seed germination, internode elongation, mobilization of seed
reserves in cereals, seed development, and anthocyanin bio-
synthesis {18,19]. The expression patterns of the N:tDSKI
mRNA during plant development and upon GA treatment

indicate that expression of NtDSKI may be regulated by
changes of endogenous GA levels in tobacco. The GA content

. increases during seed germination and the initial stage of seed

development [18,20]. GA levels also increase in stamens prior
to anthesis in a number of species [21]. NtDSK1 may be an
example of a signaling component whose expression 1s upre-
gulated by the corresponding signals. GA response of plants is
influenced by light [22]. Previous studies have suggested that
light enhances both GA biosynthesis and tissue sensitivity to
GA in various plant species [22,23]. NtDSK! may mediate
cross-talk between light and GA signal transduction. Interest-
ingly, copalyl diphosphate synthase and ent-kaurene synthase,
the enzymes catalyzing the first step of GA biosynthesis, are
translocated into plastids [24]. It would be interesting to ex-
amine if NtDSKI has the ability to regulate GA biosynthesis
and/or signaling in response to light. Despite these possibil-
ities, in vivo functions of NtDSKI remain to be demon-
strated. Molecular genetic approaches, such as antisense
RNA techniques and dominant negative mutants, would be
direct approaches to determine the functions of NtDSK1. In
addition, identifying interacting signaling components may
also provide insights into cellular functions of NtDSKL.
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