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Preface

Microsporogenesis begins with the division of a diploid sporophytic cell, giving rise
to the tapetal initial and the sporogenous initial (pollen mother cell). The sporogenous
cell undergo meiosis, giving rise to a tetrad of haploid cells, that are released as free
microspores by the action of enzyme produced by the tapetum layer of the anther. These
uninucleate microspores undergo an asymmetric mitotic division, resulting in a pollen
grain containing two cells, a larger vegetative cell and a smaller generative cell that is
enclosed within the vegetative cell and finishes when pollen grain is released from the
anther. All these processes involve a complex program of spatially and temporally
regulated genes in the anther. It was estimated that about 25,000 diverse genes are
expressed in the tobacco anther, and approximately 10,000 of these genes encode
mRNA species that are anther specific (Koltunow et al., 1990). Studying the abundance
and the presence of anther specific mRNA at various stages of anther development has
provided valuable information on the temporal and spatial expression of anther genes
(Koltunow et al., 1990, Hihara et ai., 1996, Oldenhof et al., 1996). Anther development
can be divided into two general phases. During phase I, the morphology of the anther is
established, cell and tissue differentiation occur and microspore mother. cells undergo
meiosis to generate tetrads of microspores. During phase II, pollen grains and sperm
cells differentiate and tissue degeneration, dehiscence, and pollen grain release occur.

‘Recently, using Arabidopsis system, genetic approach for the isolation of genes
involved in microsporogenesis has been conducted successfully. Young et al., reported
the SPOROCYTELESS (SPL) gene, also known as the NOZZLE gene (Schiefthaler et al.,
1999), that is essential for sporogenesis in both male and female organs in Arabidopsis
(Young et al., 1999). spl mutation blocks the differentiation of primary sporogenous
cells into microsporocytes and anther wall formation. The SPL gene encodes a nuclear
protein related to MADS box transcription factor. SPL expression is restricted to
sporogenous cells and microsporocytes in anthers and to megasporocytes in the ovules.

From these findings, they suggested that development of anther walls and the tapetum



~ and microsporocyte formation are tightly coupled and SPL gene product likely functions
as a transcriptional regulator involved in early germline specification.

Also several genes that affect meiosis have been identified. These include
Arabidopsis sterile mutants defective in chromosome pairing and segregation: (asyl)
mutant, defective in meiotic synapsis (Caryl et al., 2000), difl/synl mutant, a
homologue of the yeast REC8/RADZ21 cohesin gene (Bai et al., 1999) and dmcl mutant,
defective in bivalent stabilization and chromosome segregation (Couteau et al., 1999).

One of the most effective approaches for understanding the molecular mechanisms
involved in microsporogenesis is to.isolate and characterize genes that are expressed
specifically in meiocytes. Previously, 18 meiosis-associated cDNAs were isolated from
microsporocytes of a monocotyledonous plant lily (Liliitm longiflorum) and their
corresponding genes designated as LIM genes (Kobayashi et al., 1994). Among the gene
products, LIM15 that takes part in meiosis-specific homologous chromosome
recombination has been well characterized (Kobayashi et al., 1993; Terasawa et al.,
1995). However, it has been shown that genes that are expressed in somatic cells play an
important role in meiotic progression. For example, a meiotic recombination checkpoint
was recently reported to be controlled by mitetie checkpoint genes in yeast (Lydall et al.,
1996). Although, the studies of specific genes provided much important knowledge,
these results suggest that it is also important to study gehes expressed in somatic cells
for the elucidation of the processes involved in microsporogenesis. |

Random cDNA sequencing can be used to isolate many functional genes, which are
expressed in a particular tissue or under a specific environmental condition. Recently, a
large number of cDNA clones were identified by random sequencing from plants
including maize (Keith et al., 1993), Arabidopsis thaliana (Hofte et al., 1993;
Newman et al., 1994), Brassica napus (Park et al., 1993) and rice (Uchimiya et al.,
1992; Sasaki et al., 1994).

In order to identify genes expressed at microsporogenesis, random sequencing was
carried out using a lily cDNA library made from zygotene stage microsporocytes. To
avoid redundancy of cDNA clones and to obtain novel sequence information efficiently,

a simple and versatile “self-hybridization” strategy was developed and single-run DNA



sequence data were obtained from 418 cDNA clones. Deduced amino acid sequences of
171 cDNA clones, which comprised 41% of the selected cDNA clones, showed
significant similarity to amino acid sequences registered in the database. These included
cDNA sequences for previously identified meiosis-associated genes. However, 59% of
the selected clones showed no significant homology to known gene products.
Interestingly, compared with the previously described random sequencing projects, the
ratio of cDNAs encoding novel protein was relatively high and some of the predicted
amiho acid sequence encoded by the cDNA exhibited interesting features (Morohashi et
al., 2000).

My major purpose of this thesis work is to identify and characterize novel
components that may be involved in microsporogenesis or meiosis in planté. In this
work, I chose five cDNA clones that contain putative nuclear localization signal(s) and
conducted a series of studies for the characterization of novel proteins that may be

involved in nuclear or chromosomal events during microsporogenesis in lily.



Part 1. Initial characterization of novel genes from L. longiflorum microsporocyte

cDNA library
Introduction

Gene expression is a multistep process involving chromatin. remodeling,
transcription, RNA processing, RNA export and translation. The sequestering of genetic
material in the nucleus by eukaryotic cells provides a powerful mechanism for the
regulation of gene expression through the selective translocation of proteins between the
nucleus and cytoplasm. The best-characterized mechanism for translocation across the
nuclear envelope is protein import, which depends on the classical nuclear localization
signal (NLS). Meiosis is characterized by two nuclear divisions following a single
round of DNA replication. Thus, the dynamics of nuclear function and chromosome
structure and behavior are markedly different than that observed during mitosis.
Although it is known that the nuclear behavior during microsporogenesis or meiosis is
unique, factors and genes involved in the nuclear event are ndt necessarily clear.

In the aim to better understanding meiosis and mechanisms involved in meiotic
nuclear events in plants, I examined several genes expressed during microsporogenesis
identified by self hybridization strategy from a cDNA library of zygotene stage
microsporocytes in L. longiflorum (Morohashi et al., 2000). In this section I conducted
studies of four cDNAs encoding novel gene product with deduced amino acid
sequences containing a cluster of basic amino acid residﬁes that may constitute a
nuclear localization signal. The developmental stage and tissue specific expression
patterns of these genes show that they are predominantly or specifically expressed
during microsporogenesis. I also investigated intracellular localization of these genes by

transient assay in onion epidermal cells using green fluorescent protein (GFP) tag.



Materials and methods

Plant materials
L. longiflorum cv. Hinomoto was used in this study. Flower buds were categorized
according to their length and determination of developmental stage was carried out
cytologically as previously described (Erickson, 1948). Anthers were dissecfed from
buds, frozen in liquid nitrogen and kept at -80°C. Developing microsporocytes were
extruded from corresponding buds, pooled and washed in White’s medium to remove
sporophytic contamination and kept'at -20°C. All samples were frozen in liquid nitrogen
and kept at -80°C.

RNA isolation, 5° RACE and RT-PCR

Total RNA was isolated from i_/arious tissues and anthers of corresponding stages by
using RNeasy kit (QIAGEN), and treated with RNase free DNase. 5° RACE was carried
out with 1.0 ug of zygotene to pachytene stage anther total RNA by using SMART
RACE cDNA amplification kit (Clontéch). Primers used for each clone were: M333R

| (5’-GGACGGAGAGGCAAGAATCAG-3’), M355R (5’-AACACATCGGTCATCTGT
GC-3%), M404R (5’-GCATTCCCCGCATAACACCAACA_-3’), M404R2 (5’-CAGCCT
GCATC TGCATCACCTGT-3’), M411R (5’-ACACTCACACATCCTACTCGC-3%),
M411R2 (5’>-GTTCACCCACATGATCCACCTGT-3’).

‘For RT-PCR following primers were used: M333F (5’-GACATCAACCCCACATG
TTGAT-3")M355F (5’-AGAGATGGACTCTGCT GCTAGG-3%), M355R, M404F (5°-
GTGGAGGATGAGAGGAGGGAGA-3’), M404R, M411F (5’-ACTAAAGGATACA
CCACAGC-3’), MA411IR, EFlaF (5-GAGGCAGACTGTTGCTGTCGG-3%) and
EF1aR (5-AGCAGACTGAAATGAAGATGC-3’). PCR conditions were 94°C, 30 sec;
55°C, 30 sec and 72°C, 1 min; 20 cycles. PCR products were separated on 1.2% agarose
gel, transferred to Hybond-N* membrane (Amersham). Labeling and hybridization were
carried out according to manufacturer’s protocol (Gene Images AlkPhos Direct labeling
and hybridization system, Amersham) and detected with chemiluminescent detection

reagent CDP-Star™ (Amersham). Hybridization was carried out overnight at 55°C.



Construction of GFP fusion and particle bombardment
pBlueScript/M333, pBlueScript/M355, pBlueScript/M404 were excised by Psil-
blunt/Kpnl, pBlueScript/M411 was digested by Sacl-blunt/Kpnl and the isolated
fragments were inserted into Bg/I-blunt/Kpnl site of 221-EGFP-C1 vector. Onion
epidermal cells were bombarded with 1.6 puM gold particles coated with each construct
or 221-EGFP-C1 as a control using PDS-1000/He particle delivery system (BioRad).
Samples were kept at room temperature for 8 hours and GFP localization was visualized
using a fluorescent microscope and then images were captured by 3CCD camera device

(Hamamatsu Photonics).
Results

Sequence analysis of M333, M355, M404 and M411 cDNA clones
The full length cDNA sequence was obtained by 5°-RACE using mRNAs obtained
from the whole anther at meiotic prophase.

The M333 cDNA (Fig. 1) encodes a predicted protein of 663 amino acids. The N-
terminal half (amino acid residues 71 to 330) of the predicted protein shows strong
homology to catalytic domain of the serine/threonine protein kinases. Database searches
revealed high homology to a tobacco NPK1 (nucleus- and phragmoplast- localized
protein kinase 1), which regulates lateral expansion of the cell plate at cytokinesis
(Nishihama et al., 2001). They share 48% identity and 60% similarity over entire length
with most co.nse'rved region within kinase domain (Fig. 2). Thus, M333 cDNA was
named LINPKL for Lilium longiflorum NPK1 like protein. Also significant homology
was found with putative protein kinases from Arabidopsis and rice. |

The M355 cDNA is 1201 bp in length with an open reading frame encoding 308
amino acids that shows significant homology to a putative protein predicted by the
genomic sequences of Arabidopsis and rice (Fig. 3). Because of the low abundance of
the M355 transcripts, I could not identify the exact size of the mRNA by RNA gel blot
analysis. Although its 5’-noncoding region of M355 mRNA did not contain in-frame
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Fig. 1. M333 cDNA and deduced amino acid sequence. Two putative NLSs are boxed. Putative

domain is underlined.
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Fig. 2. Amino acid alignment of the LINPL and tobacco NPK1 proteins. Identical and similar amino acid
sequences are boxed in black and gray, respectively. They share 48% identity and 60% similarity over

entire length. Sequences corresponding to protein kinase domain are underlined.
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Fig. 3. M355 ¢DNA and deduced amino acid sequence. Putative NLSs are underlined.
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~ stop codons, high similarity to Arabidopsis homologue suggests that the M355 cDNA
encodes a full-length protein. Secondary structure prediction revealed that it contains a
coiled coil region (153-184 aa residues).

The M404 cDNA is 1138 bp in length with an open reading frame encoding 219
amino acids that shows no similarity to previously reported proteins deposited in the
database (Fig. 4). Like M355, we could not confirm the size of M404 mRNA by RNA
gel blot analysis, but the presence of stop codons in all three ORFs suggests that the
cDNA encodes a full-length protein. |

T he‘ M411 cDNA encodes a predicted protein of 540 amino acids (Fig. 5). The
putative géne product of M411 cDNA showed high homology to Arabidopsis putative
protein. No significant homology was found between M411 and previously known
proteins, however, searches for functional motifs revealed‘sequence similarity to the
conserved region of a SPC97/SPC98 protein family (Knop et al., 1997), which are
spindle pole body components that form a complex with gamma-tubulin (Fig. 6). A
putative signal peptide sequence is also present at N-terminus of the protein.

In addition, searches for functional motifs within the amino acid sequence revealed
the presence of clusters of basic amino acid residues that may constitute nuclear

localization signals for all four clones.

Expression analySis of LINPL, M355, M404 and M411 mRNA

The expression pattern of each gene was examined with respect to‘ temporal
accumulation during microsporogenesis as well as tissue specificity. Because I could not
detect any discrete band by RNA gel blot analysis, I exploited RT-PCR for the detection
of mRNAs (Fig. 7). For M355 and M411, corresponding transcripts were detected in
anthers of all stages of microsporogenesis and mature pollen. Although higher
expression levels are detectable from whole anther and PMC samples, the M355 and
M411 mRNA are also detected from somatic tissues including callus, leaf, stem and root.
Therefore, the tissue specificity of M355 and M411 mRNA accumulation does not
appear to be tightly regulated at the level of transcription. On the other hand, LINPL and

14



TGCAGTGCTG
TCGCCGGCAC
CCTCCCTCCT
CCGCGTCAAC
TCCGICAAGA

CCCCTTCCGC
P S A
GCAGGTCTIC
Q VvV F
GAAACTGAGG
E T E E
GGGTGAGGGA
V R E
GGATGAGAGG
D E R

CAAGACTGCT
TCCAATGAAG
CTCATCGGGC
GCCCTCCACC
TCCAGAACAT
M
CGCCGCCGAC
A A D
GGCGATCTCG
G D L D
AGGAGACGCG
E T R
GGAGGAGGAG
E E E
AGGGAGAGGT

R F R W

AGGATGCTGG
R M L V
AGATGCAGAT
M Q0 I
TGGGGGGATG
G G M
GGGGATGATG
G D D G
ATCTAACTTIT
ATCAATTTGA
AARAAAARAAAR

TGATGCAGAT
M QO M
AGCGGGGATA
A G I
CCGAGCCAGG
P S5 QV
GGAAGAATGG
K N G
ATCTTGTTTA
ACATCTGAAA

AARAAARA

TCAGAGTCCA
CGCAAAAAAT
GCCCTCTCCA
ACCTCCGCGA
GCGCCACCAG
R H O
TTCGACTGGG
F D WD
ACCTCGATCC
L D P
GATGCTGGCG
M L A
GAGGATTGGG
E D W A
GGAGGAGGAG
R R R
GGAGCATGAG
E H E
CTCGCACGGC
L A R L
TTCTGCAAGG
L 0 G
AGCTCATTCA
A H S
GAATCTTGTA
TAAGATAATT

GACTCGAGTC
GGACCGGAGT
AGCTCCGCTC
CCCCGACTCC
TACCTTGGCG
Y L G V
ACGACGGCGT
D G V
CGATCTCGAT
D L D
BGGAGGGTGT
R-R V L
CGAGGGACTG
R D W
GGAGGAGAGG
E E R
AAACAGGTGA
K Q V M
TGGCGTGCCA
A C Q
TTTGCAGCAG
L 0 0
AGTGAGCACT

GCTATCCTCA
ACGAAGAATC
CCGTGAGAAA
TTCCCCTTCC
TGAAGCAARA
K 0 K
CAATATCTGG
N..I W
TCTGACGATG
S D D E
TGGAGCAGGG
E Q0 G
GCGGCGGAGG
R R R
AGGGAGGAGG
R E E E
TGCAGATGCA
Q M 0
GTTITTCGGG
F F G
GAGCAGGAGC
E Q E H
ATCTCTAGAA

S E H Y L *

CGGCATAGAA
GTTGGTGTTA

ATGTICTGAAT
TGCGGGGAAT

TCCCCTCCCE
CACCCTCATT
AAGTTTCTCC
TCTGGTCCTG
AATCCTCCGC
I L R
CCCAACTTCC
P N F L
AGGATGAGGA
D E E
GGAGGAGGCG
E E A
GAGCGGGAGA
E R E T
AGGAGATGGA
E M E
GGCTGAGGTG
A E V.
GCCGGGGCTEG
B G A G
ATTCACCGGG
S P G
TCACTGTAAG

GCTTGGATTT
GCAAATTATA

CCGCCGGTGA
ACCGAATACT
CCATCGCCGA
GCGCGACGTC
CCCTCTTCCT
P 5 5 §
TCCTCTACAA
LY K
ATTGGGGGTG
L G V
GCGAGGAGGA

A R R_R

CGGCGGTGGA
A V E
GTGGAGGGAG
W R E
TGTCAAGGTC
c o0 6 0
GCGGGGGTGA
G G D
AAGCTTGGTG
S L V
TTTGTGTCTC

TCAATGATGA
TAGTTATTTC

Fig. 4. M404 cDNA and deduced amino acid sequence. Two putative NLSs are underlined.
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GCAGTTGGTT
ATATTGGAGA
CTCTCCARAA
CGTTCGCGGA

ATGGCAGTCA
G S H
GTGTACTGAT
c T D
BAAGTTCTTAG
K F L A
CAAATAGGGA
N R D
GGAAGATAGC
E D §
GTTACTGTAT
v T VvV S
TCCGCCTTCC
R L P
TTTGTTGAAC
L L N
CTAGAACATC
"L E H L
CAGGTTTTCA
G F Q
AATCCTTTGC
I L ¢C
CITGCTTTITT
L A F Y
GGAAATTGAT
K L M
CITCCTGGCA
F L A
GTGTTACAGG
vV L Q E
TCGCCAAGCA
A K @
GCAATTTCTT
Q F L
ATCGCCAATA
I A N M
AATTTGTITCT
F V L
TCACCTGCTA
H L L
TTTCACAGTG
F H § A
TTCATGAGGC
H E &
AGCCAGTTTG
A 5 L
CTCATTTGGC
GACTGTCCCA
AAATTCARAG
ARAAAAAAA

Fig. 5. M411 cDNA and deduced amino acid sequence. N-terminus

AACATGTATC
ATATTTCGTG
TCCGATGACA
TAATGGGCGC
M_G__A

GAGATGAGTT

TCACRATCTG

GACAACCAAG

GTTGACCITG
L T L

GCCGTATCAT
GCTATGAGTC
ACACAATGAT
TCTGAGGTAT

S _E_V _F

TTGATAGGAG
AACTAACCARA
TCAAATGTAA
TTTTGATTTC
I T S

TAATGATTGC
AGACTTGRAG
AGCCAACAAG
CITGTTGGGT
LT G

ACTCCTTIGTG
TGGAAGTTAA
TCATGTAGAT
TTAATAGGTG
L I G D

TATATATCAG
I Y 0
TCAGCTAAGG
S A K E
CAGATACCAT
D T I
CTCAGATTCT
S D §
CGTGCTGAGA
R B E N
CCAGGGAACT
R E L
TCCACTARAT
P L N
TACARAACAG
Y K T A
TTCGAGTAGA
R V E
GGATAATGTA
D N V
TGGATTGATA
W I D N
ATATTARRAA
I K K
GGACGAACTT
D E L
GTTATTTTTG
V I F E
AATCCATCAG
s I R
ARATGAATTC
N E F
GGRATTGATG
G I D &
TGGAAGCACT
E 2 L
TGACAAAGCT
D K &
GTGGAACAGA
V E 0 K
CGTGGCTTGA
W L E
CTACCTTTTG
Y L L
ATGAATGCAT
M N & L
TGATTTGGTG
BGCTTTGRAG
CGAGTAGGAT

TACTTCAAGA
Y F K M
AAACTGGTGG
T G G
ATTGGGGAAG
L 6 K
GTTGACTTAA
vV D L XK
ATATACTAGA
I L E
ACTTGAAAAG
L E K
GATGGAAATT
D G N L
CTCCTGGATA
P G Y
AGATAACACA
D N T
CCTATGTCAG
P M S E
ATATCAAACT
I K L
ACAGGTGGAT
0 V D
GGTGTGTTAC
6 V L H
AGAAGCTGGA
K L D
AAACTCTGCT
N § a
GACGACGAGG
D D E A
CCCTTGATTT
L D L
ABAGAAGTAT
K K Y

TGTCCTCACC
S § P
GACTACACAG
T T O
ACAAATGTGG
T N V D
ARGAAATGGA
E M E
GACGAGTCTC
T 5 L
AACATATCTT
N I § ¢
TACGAGAGGC
R E A
TAATGGAACA
N G T
ABBACCTTGG
K T L E
AGTTTCTTCC
F L P
ABAGGATACA
K D T
CATGTGGGTG
H V G E
ATGCTGTTTA
A VY
TAAGGGAGAA
K G E
GATGTACTTC
D V L L
CAAATACAAC
N T T
GATGAAATTC
¥ K F
AATCAGGTCA

TCCAATCTCT
P I 5
ACCCCATTGA
T P L T
ACATTATGAR
I M K
AGACACTGCA
D T A
ATTAGAAGTT
I R S §
GTTGGAATGA
W N E
AATTTTTGGG
I F G
GACTATATTT
D Y I F
ABAAATTGTA
K L Y
TTTCCAGAAA
F 0 K
CCACAGCCTG
P Q P A
AACATATTTT
H I L
TTTACTGGGC
L L G
TCCTGGGATG
S W D D
TAAGTGCCCC
S A P
CAGCAATGTT
S NV
ACTTACABAG
T Y K V
TGGGCTTCTT

N O V M G F L

CGACTACACA
R L H K
CTTCCGGCAA
S G N
AGATGTTTCT
D Vv 8§
GAACATCATA
E H H N
CTTGCCTTGG
C L G
ACTCAACATA
L N I
AAAAATTGTT
K N C W
TTGGTTTTCA
G F 0
TCCGTTTCCA
P F P
AATAGCACCC
N § T L
CAATTATCAT
I I I
GTTGAAGCTG
L X L
TCAGGTGACC
S 6 D L
ACGAGTTTGA
E F E
GGATTCTTTG
D § L
ACTCCCCGCA
T P R K
TTCCGTGGCC
P W P
ATTGAAGGTC
L K V

AAATTGTCAT
I VvV M
CATCTGGTTC
I W F
GTTAAATGTG
vV K C &2
ACCCTAAATT
P K L
AARACCCTIGTT
N P V
TCTAGTAATT
S 8 N F
GGAGTTCAGA
s S D
ATTTAATGAA
F N E
ACTATTCTTIC
T I L P
TTGCCTCAAG
A S R
CCAGGAATGC
Q E C
ATGAGTGACT
M 8§ D W
TACTGCAGCA
L ¢ H
ATTGAATACT
L N T
GTTGTATCGG
v v 5 V
BAATTCAAARA
I 0 K
TCTTGACCTT
L D L
AAGCGTGCAA
XK R A K

CGGAGGTGGA
R R W M
AGCTCCTCCA
L L H
ACTCTGCACA
L C T
TCTATTCAGC
5 I 0 R
TGCCTTTCTA
P F Y
ACCAGAATCA
CTGCAGCTARA
GTGTGAGTGT

and bipartite NLS is underlined.

TGTGGAAGAG
W K S
CTTTGTTGAT
F V D
GGCATGGCGT
G M B S
GCCAGTGCTT
Qg C F
CTAAGAATCC

*
ACTACAACTA
ACGTCGACCG
TGTGCCIGTT
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CAAAAGCAGT
K § s
GCATTTCATC
A F H Q
CAGCARAGCTC
A 5§ S
TGTGGCTCCC
vV A P
TGTCTTTCAA

CTTCTACATG
ATACTTTAGA
TGTGTCCCGT

ACGGGACACA
T G H §
BATATGTCAT
Yy v M
CCTTGATGAG
L D E
GACAAGCTGT
DK L W
GCTCAATGTIG

TCTAGCAGTG
TATTACCTTT
ACGTCACTGA

GTTATAAGCA
Y K H
GGATAGGGTA
D R V
GTCATTGAAG
v I E V
GGGCCTTGAT
A L I
GGGCACTITC

GCAACTTGCT
CTGGGGGCGT
TGAAAAAAAA

70
140
210
280

20
350

43
420

66
490

90
560
113
630
136
700
160
770
183
840
206
910
230
980
253

1050
276
1120
300
1190
323
1260
346
1330
370
1400
393
1470
413
1540
436
1610
460
1680
483
1750
506
1820
530
1890
540
1960
2030
2100
2109

signal peptide is double underlined



M411 : 280: Y0 VD HVCELEAAL Kk 5T Ei GVAV! s FEAVIF:329
5pc97_Spc9s: 290:LYDAYSEASKY DLIBYELST HPK AR AR Y LB Ael0 LIDKAK :339
M411 : 330: xnxszswnnznan i 7 Envusaansn AKQNEFDDE:HS
Spc97_Spc98: 340:HEMKTPANLLSPHRMATEA AFNKNDIRRO DYGAVLKRL:389

M411 : 380:Amgnvnnngrnaxn%%xnPnﬂ:m@ﬂxng :429
Spc97_Spc98: 390:D..SNERLSSLLILEPVP(ID s S klr s LEYSQUDIBBAS 1RYF 7 Pdc ASL4L R4 : 437
M411 430:M6G TRk vio[arwuvksd. . ... ... s LiEEQRE: 471
Spc97_ Spc9s: 438:FREMNIEEvEHoMs AT Wlis EMPN SLERASRRL WIRJREE[]: 487
M411 : 472: DAFHQE] F: 494
Spc97_Spc98: 488: NLQY QFE 3:510

Fig. 6. Sequence comparison of the M411 to the to conserved domain presém in Spc97/Spc98 family

y-tubulin complex proteins. Identical and similar residues are boxed in black and gray, respectively.

M404 mRNA expression shows a discrete tissue- and stage-specific expression patterh.
As shown in Fig. 7, M404 mRNA accumulates at high levels during early stages of
microsporogenesis. LINPL mRNA expression is restricted to PMC and anther. Although
low levels of mRNA accumulation can be detected from somatic‘tissues, a PMC-
specific expression is also evident for M404. These results indicate that the LINPL and
M404 gene expression is associated with male meiosis and is predominantly expressed

in PMC.

Intracellular localization of LINPL, M355, M404 and M411 proteins tagged with
GEP _ _
Because amino acid sequences of four proteins indicated the presence of clusters of
basic amino acid residues that may constitute NLS, I tested the nuclear localizing
activity by fusing GFP and expressed in plant cells. Plasmid vectors expressing GFP
fusion proteins were constructed by fusing GFP at the amino terminus of each protein.
Plasmids were introduced into onion epidermal cells by microprojectile bombardment
and expressed under control of the CaMV 35S promoter. A plasmid construct that
expressed GFP alone, designated 221-EGFP-C1, was used as a control. As shown in Fig.

8, fluorescent microscopic observation of GFP signals revealed that GFP::M355 and
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YA Lep ZygPac D/DTet YP MP  Ca WA PMC Le St Ro

R

LINPL

SSeeecmes - @mEe . | M55

M404

M411

EFla

Fig. 7. RT-PCR analysis for mRNA accumulation pattern of LINPL, M355, M404 and M411. Reverse
transcription was conducted with 0.5 pg total RNA from anthers of indicated developmental stages and
different tissues. PCR was performed with specific primers for each clone. EFla was used as control. The
PCR products were separated on a 1.2% agarose gel, transferred to nylon membrane, and probed with
cDNA fragments corresponding to each of the amplified products. YA, young anther; Lep, leptotene
stage; Zyg, zygotene stage; Pac, pachytene stage; D/D, diplotene-diakinesis stages: Tet, tetrads; YP,
young pollen; MP, mature pollen; Ca, callus; WA, whole anther; PMC, pollen mother cell; Le, leaf: St,

stem and Ro, root.
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Fig. 8. Intracellular localization of GFP:LINPL, GFP::M355, GFP::M404 and GFP::M411 fusion
proteins. Onion epidermal cells transiently expressing (A) GFP::LINPL, (C) GFP::M355, (E) GFP::M404,

(G) GFP::M411. and (I) GFP alone (221-EGFP-C1 plasmid). GFP localization is visualized by
fluorescent microscopy 8 hours after bombardment. (B), (D), (F), (H), (J) are DAPI staining of each panel

on the left. Scale bar, 100 um.



GFP::M404 fusion proteins are targeted to the nucleus, whereas GFP::LINPL and
GFP::M411 fusion proteins are localized in the nucleus and also in the cytoplasm (Fig.
8). These results indicate that M355 and M404 proteins are localized to the nucleus
when fused to GFP.

Discussion

M333, M355, M404 and M411 clones were identified as cDNA clones from L.
longiflorum zygotene stage cDNA library without any selection for specific expression.

M333 cDNA encodes LINPL, a putative protein kinase of 663 amino acids. The
deduced sequence is closély related to a member of MAPK kinase kinase encoded by
NPK1 from tobacco. NPK1 protein accumulates in the equatorial.region of the tobacco
phragmoplast, suggesting involvement in formation of the cell plate. It was showh that
the NPK1 regulates lateral expansion of the cell plate at cytokinesis (Nishihama et al.,
2001). Because RNA gel blot analysis of LINPL showed meiosis specific expression
and based on the similarity to NPK1 gene, it is possible that LINPL also function in the
cell plate formation ét cytokinesis during meiosis.

Database searches of M411 deduced amino acid sequence revealed no homology
except putative protein in Arabidopsis. Some low degree of similarity was found with y-
tubulin complex proteins (GCP). The y-tubulin complex is necessary for microtubule
nucleation at the centrosome. M411 shows 47% similarity and 23% identity over 280
amino acid residues with GSPS from human and mouse (Murphy et al., 2001). This
region also corresponds to the part of the conserved domain in Spc97/Spc98 family
proteins. Members of this family are spindle pole body components such as Spc97 and
Spc98 in the yeast that form a complex with y-tubulin. Although the similarity is low, it
is possible that M411 might function in the y-tubulin complex structure and function in
L. longiflorum during microsporogenesis.

The predicted amino acid sequence of M355 exhibited significant similarity to
previously reported putative plant gene products from Arabidopsis and rice whose

functions are unknown. On the other hand, M404 shares no homology to previously
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described proteins deposited in database. The results of RT-PCR analysis show that the
M355 and M404 mRNAs are preferentially expressed during prophase I of
microsporogenesis. M355 mRNA can be detected at high levels throughout the
progression of microsporogenesis while M404 mRNA accumulation is more specific to
PMCs at early stages. These results suggest that the M404 is involved in earlly meiotic
events during microsporogenesis. On the other hand, because low levels of mRNA
accumulation are also observed in vegetative tissues, it is possible that both genes are
also expressed in vegetative tissue and involved in cellular events other then
microsporogenesis or meiosis. Together with the fact that the GFP::M355 and
GFP::M404 fusion proteins localize to the nucleus, data obtained in this study suggest
that M355 and M404 are nuclear proteins that may play a role in meiotic progression or
microsporogenesis. Since the mechanisms of nuclear protein transport during the
process of meiosis may be different from those of mitotic cells, it may be necessary to
test NLS activity of M355 and M404 in a cell undergoing meiosis. However, because of
. our inability to express high levels of GFP fusion proteins enough to be visualized by
fluorescent microscopy, I could not carry out GFP-tag experiments using meiotic cells.
On the other hand, the presence of typical NLSs of meiosis-associated proteins suggests
that the NLS sequence capable of mediating nuclear transport in mitotic cells is also
active in the meiotic nuclear transport system.

Because nuclear events during meiosis are unique, it is possible that specifically
expressed genes such as LIM genes (Kobayashi et al., 1994) are involved in nuclear or
chromosomal events during meiosis. Previous studies on LIM genes suggested that the
LIM15 protein that shows similarity to an E. coli DNA recombination protein, RecA, is
involved in meiosis and plays an important role in meiotic progression (Kobayashi et al.,
1993; Terasawa et al., 1995). Also, we have identified the nuclear localizing activity of
LIM5 and LIM13 gene products both of which harbor NLS and accumulate specifically
during microsporogenesis (Ogata et al., 1999). Since LIMS5 and LIM13 show no
“homology to previously described amino acid sequences deposited in the database, it is
speculated that they might be involved in the nuclear event unique to lily

microsporogenesis. Similarly, because no homology was discovered by the database
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- searches of the M404 amino acid sequence, available evidence suggests the possibility
that the M404 protein is unique to lily and that it is involved in events specific to lily
microsporogenesis or meiosis. On the other hand, the presence of putative homologous
genes in Arabidopsis and rice indicates that the M355 is a member of a ubiquitous
protein that may play a role in microéporogenesis.

The LIM genes have been identified as lily meiosis-specific genes specifically
expressed during prophase I of microsporogenesis (Kobayashi et al., 1994). The most
critical difference in the gene expression pattern of LINPL, M355, M404 and M411
compared to previously described LIM genes is the expression of mRNA in the young
anther stage. Because LIM cDNAs were selected from zygotene stagé cDNA by
subtracting cDNAs from young anther, a certain porﬁon of cDNAs for meiosis-
associated genes, including LINPL, M355, M404 and M411, would have been lost
during the process of the cDNA selection. Therefore, some of the meiosis-associated
genes involved in early stages of meiosis or microsporogenesis would not be identified
by the strategy exploited for the isolation of LIM genes. I consider it necessary to carry
out large-scale sequencing without the subtraction process for the identifying novel

meiosis associated genes.
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Part 2. Characterization of microsporogenesis-associated nucleolar protein LIRpf2.
Introduction

MS532 cDNA was identified from microsporocyte cDNA library as one of the weak
signal clones (Morohashi at al., 2000). Although several cDNA clones exhibit similar
characters, I chose to work on M532 for further characterization of the protein because
of its relatively high expression levels during microsporogenesis that may allow further
studies at protein levels. Initial sequence homology search indicated that the M532 may
be a member of an evolutionarily conserved protein, whose yeast hbmologue is required
for ribosome biogenesis: in pre-rRNA processing and assembly and localizes to the
nucleolus.

Ribosome biogenesis is a complex and tightly regulated process. The complexity of
ribosome biogenesis gives rise to many steps and opportunities where regulation could
take place. The regulation of pre-rRNA synthesis is a major control point in ribosome
biogenesis. Although the steps and mechanisms involved in processing pre-rRNA have
been extensively investigated, the overall regulation of and coordination between the
processing and assembly of pre-ribosomal particles is not well understood. Many of the
steps in ribosome biogenesis have been elucidated by studies in S. cereviciae, and most
of the ribonucleoprotein and protein factors required for these steps are conserved
throughout evolution (Venema and Tollervey, 1999).

Nucleolus is the site for ribosome biogenesis. In addition to being a site dedicated
for ribosome biogenesis, a new studies define mitotic and meiotic roles for the
nucleolus in cell cycle control and gene regulation acting as a sequestering compartment
for regulatory complexes (San-Segundo and Roeder, 1999, Shou et al., 1999).

In this part, I show that M532, named LIRpf2 for Lilium longiflorum Rpf2, is a
nuclear/nucleolar protein highly expressed during microsporogenesis. In order to obtain
information for protein functions, I conducted yeast two hybrid screening and identified

a novel lily zinc finger protein, as an interacting protein with LIRpf2.
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Materials and Methods

Plant materials ‘

L. longiflorum samples were prepared same as described in Part 1.

5° RACE and Northern analysis _

For 5’ RACE total RNA from anther of pachy'tcne stage was isolated using a
RNeasy kit (QIAGEN), and treated with RNase free DNase. 5° RACE was carried out
with 0.5 pg of total RNA by using 5°’RACE system (GIBCO BRL) with \LlRpr spécific
primers GSP1 (5’-GAATGTAGATCCTCC-3%), GSP2 (5’-CCACCAAGTCCATCGAG

| GGTCC-3’) and GSP3 (5-GTCGGAGAGCACAGTGCGTGAAG - 3’).

For RNA gel blot total RNAs from anthers of corresponding stages and tissues were
isolated according to the ATA (Aurine Tricarboxylic Acid) method (Kuhlemeier et al.
1988). 20 ug total RNA was separated on 1% agarose gel containing 18% formaldehyde
and 1xMOPS. After electrophoresis, the RNA was transferred to Hybond-N* membranes
(Amersham) and crosslinked. Labeling of LIRpf2 cDNA and hybridization were carried

out as described in Partl. Hybridization was carried out overnight at 55°C.

For AtRpf2 cDNA 3’and 5’ RACE the following primers wére used: AtM532/1 (5°-
GGTTGAAACTGGGAAGAAGACG-3’), MDB1 (5°-CT CTGTAATGACGGAACTC
TAC-3’), MDB2 (5’-CTTTGTTCC’ITCMGAGGTGC—3’), NMDB2 (5’-CGCCCGCA
AGGATTTAAAGTTC-3’). RNA gel blot for AtRpf2 was carried out as described

above.

Preparation of antibody and Western blot | )

The C-terminus portion of the LIRpf2 (amino aéids 179-312) was cloned into pET-
30b expression vector (Novagen). The construct was transformed into E.coli BL21
(DE3) pLysS. The His-tag fusion protein was prepared and purified according to the
manufacturer’s protocol (pET system manual, Novagen). Purified recombinant protein
was used to raise mouse polyclonal antibody. For the preparation of total protein

extracts, samples were powdered in liquid nitrogen, homogenized in 2xSDS sample
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buffer (0.1 M Tris-HCl, pH 6.8, 1.8% SDS, 18% (w/v) glycerol, 9% (w/v) B-
mercaptoethanol). The homogenate was then boiled for 5 min, centrifuged to remove
insoluble materials and supernatants were kept at —~70°C. The amount of protein was
estimated by Bradford’n method using Bio-Rad protein assay kit. Protein extracts were
séparated on 10% SDS-PAGE and electroblotted onto PVDF membrane (Millipore).
The mernbrane was blocked in TBST buffer containing 5% dry milk, washed 3 times
with TBST buffer and then incubated overnight with LIRpf2 antibody (1:1000) in TBST
buffer containing 1% dry milk. The membrane was then washed three times for 10 min,
incubated for 40 min in secondary antibody, anti-mouse IgG conjugated with alkaline
phosphatase (1:3000) in TBST containing 1% dry milk. The bound antibody was
visualized by using Immune-lite II chemiluminescent protein detection system
(BioRad). | |

Construction of fluorescent fusion proteins and particle bombardment

The Ncol-blunt/Sall digested fragment of LIRpf2 was inserted into 221-EGFP-C1
vector, which was digested with Xhol-blunt/Sall. Onion epidermal cells were
bombarded with 1.6 uM gold particles coated with 2 ug EGFP::LIRpf2 using PDS-
1000/He particle delivery system. For colocalization experiment, Ncol-blunt/BamHI
digested LRZ cDNA was fused to 221-Redi-C1 vector digested with Bgill-
blunt/BamHI. 2 pg of each GFP::LIRpf2 and RFP::LRZ were bombarded into onion
epidermal cells. The samplesWere kept overnight at room temperature and the GFP and

RFP were visualized as described in part one.

Cell fractionation experiment

L. longiflorum zygotene stage microspores were used to prepare nuclear and cytosol
fractions. Zygotene microsporocytes from about 50 buds were washed three times with
buffer B (20 mM Tris-HCl (pH 7.5), 10% glycerol, 0.2 mM ethyleneglycol bis (2-
aminoethyl ether) tetraacetic abid, 0.1 mM phenylsulfonylfluoride, 0.5 mM
dithiothreitol, 0.3 M sucrose and 10 mM MgCl,) and homogenized in 4 ml buffer B
with a glass homogenizer at 1000 rpm. The cell suspension was centrifuged at 4000 g

for 10 min at 4°C and the supernatant was used as cytosol fraction. The pellet was
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washed two times and resuspended in 1 ml buffer B, overlaid onto 30% percoll in buffer
B, centrifuged at 1500 g for 10 min at 4°C, washed two times and resuspended in buffer
B without sucrose and MgCl,. The resultant cell suSpension was used as nuclear fraction.
The amount of loaded nuclear and cytosol protein extracts were equilibrated to the
number of fractionated cells. The samples were separated on 15% SDS-PAGE and
immunostained as described above. Anti-LIRpf2 polyclonal antibody, anti-LIM10
polyclonal antibody (Takase et al., unpublished) and anti-histone H2B antibody
(generous gift from Prof. Tanaka, Yokohama City University) were used at dilution
1:1000.

Immunolocalization

Lily zygotene stage microsporocytes were fixed in 3% paraformaldehyde in 1xPBS
for 40 min. After several washes in PBS, microsporocytes incubated in cell wall
digesting solution (1% Macerozyme R-10, 0.1% Pectolyase Y-23, 0.1% Zymolyase in
0.3% sucrose) for 10 min. Then samples were blocked with 3% BSA in 1xPBS for one
hour and incubated with anti-LIRpf2 and preimmune serum diluted 1:100 in 0.1% BSA
in PBS. Primary antibody incubations were conducted overnight at 4°C. The fluorescein
isothiocyanate (FITC) labeled goat anti-mouse IgG (Biosource) serum diluted 1:100
was used as a secondary antibody and incubated for one hour at room temperature. The
preparations were counter stained with 1 pg/ml DAPIL. FITC and DAPI fluorescences

were viewed under UV and blue light irradiation using a fluorescence microscope.

Yeast two-hybrid screen and quantitative assay

Yeast two-hybrid screening procedure was carried out as described in Matchmaker
library construction and screening kit (Clontech). The C-terminal region of LIRpf2
(amino acids 139-312) was fused to DNA binding domain vector and used as a bait for
screening a cDNA library prepared from L. longiflorum pachytene stage anther. Yeast
cells were plated on selective media lacking histidine, leucine and tryptophan and
incubated at 30°C for 7 days. His* colonies were assayed for quantitative p-

galactosidase activity by luminescent p-galactosidase reporter system 3 (Clontech).
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Genomic DNA isolation and DNA gel blot analysis.

Genomic DNA was isolated from whole plant using CTAB method (Rogers et al.,
1988). 3.0 ug of genomic DNA was digested with EcoRI, Psf and Xbal. The DNA
fragments were separated on 1% agarose gel, blotted for two hours in 0.4N NaOH to
Hybond-N* membrane. The labeling and hybridization Was carried out same as

described in Northern blot analysis. Hybridization was carried out overnight at 55°C.

Construction of transgenic plants expressing anﬁsense AtM532.

Full length AtLIRpf2 cDNA was inserted in antisense orientation into pBI121 vector
and transformed by agrobacterium mediated transformation using the floral dip method
(Clough et al., 1998). Transgenic plants were selected on MS medium containiﬂg 30
ug/ml kanamycin and 250 pg/ml carbenicillin. After two weeks, resistant seedlings
were transferred to soil and grown in growth chambers under long day condition 16

hours light and 8 hours dark at 22°C.
Results

Analysis of M532 protein sequence

M532 cDNA was identified from L. longiflorum zygotene stage microsporocyte
¢DNA library by self hybridization strategy. Full length of M532 was obtained by 5°-
RACE and it is 1284 bp in length with an open reading frame encoding 312 amino acids
(Fig.9). The calculated molecular mass of the encoded protein is 35.4 kDa with a
predicted pl of 10. Database searches of the predicted M532 amino acid sequences
showed ﬁo strong homology to known proteins. However, a significant homology was
found with a protein family consists of evolutionarily conserved proteins from yeast to
human. The highest homology was found with rice and arabidopsis homologues with
69% and 62% identity, respectively. Rpf2 (ribosome production factor), is a recently
described yeast essential gene and shares 54% similarity and 31% identity with M532

27



CCTGAAGCAA
GGCTCCGACA
CCTCGCGGCG

ACAAGGTGCA
0 G A
ACTTATTCTC
L I L
TCACTTGAAA
H L K
TGAAAGTGGT
E S G
TGTGTTTGGT
V F G
TCATCATGTC
H H V
TTCGTACGAG
S Y E
TGAAGGCTTT
E G F
TAGAGGACAG
R G 0
AGCCATATCC
A I s
GACAARATATT
T N I
TCGTCATCGC
R H R
AGCTAAGAAG
A K K
CATTCCAGAC
I P D
GGAGCGACGT
E R R
CTCCAAGTGA
s K *
TTGGTGTTCT
GTATATACTT
CTTTTAAAAA

GTAARACCCT
ATCTGGCGAC
GCGATCCCAC

AGGGCTCTTG
R A L E
CATGGTACCA
H G T K
AGAGATAGCG
R D S A
GGGGAAACAC
G E T R
TCTCATTCCA
s H S K
TACGATCTCG
Y D L V
AAGAAGATAG
K K I A
GAGGGTGCCG
E G A A
GTCGTGGAAA
V V E N
TCGACTACCG
s T T V
CCGAGAATGG
P R M E
CTCCCTAATG
L P N D
ATGAAAAACG"
M K N V
CAACAGGTTG
0 Q9 V @
GATGCGAAGA
D A K N
TGCCTTTGTT

GCTTCAGCTT
CGTAGCTGAT
AAAARAAAAAA

AGCCGCCGCT
CGGAGAAGGC
AAGCTTTAAC

ARAAGCGTGC
K R A
AGACCAGCAA
T 5§ N
CCATAAAGTA
I X XY
GTCTGGAATT
L E F
AGAAGAGACC
K R P
TGGAAGTCGG
E V G
CACCAAAGAT
P K I
CAGAACTAAA
E L K
ATTTAAACCT
L N L
TATTCTTCAC
F F T
AGTTAGTGGA
L V E
ACAGCTTAAA
S L K
TTAACAAGGA
N K D
GAGGGATGGC
G M 2
ACACTCGGAA
T R K
GTCTTATCIG

TGGGATATCC
AATTCCTTAT
ARAA

CCCCAACGAG
GGTTCAGACC
AATGATGAAA
M M K
TCCTAAACTT
P K L
TGTATTGAAT
vV L N
CACCAAGAAG
T K X
TTTCTCCCTA
F S L
CGAAAACCTT
E N L
GGTTGAGAAA
vV E K
CGGATCAAAA
G S K
GCACTTGAAG
H L K
CGCTGGGATA
A G I
GCACTGTGCT
H C A
AGTTGGACCC
VvV 6 P
GAAAGAGGCA
K E A
TGCAGTGAAA
A V K
TTTGTCGAAG
L S8 K
GGGGGATCAA
G D Q
GTGCTGTAAT

AATCTAAGTG
ATTTTATCAT

K N

CACCGGGCCG
TCCGTTCTGC
GTAAAGACTC

'V K T P

GTTGAARATT
V E N F
ACCATCTTAA
T I L T
AATGAAAATA
N E N I
AAGAATGACT
D C
GTTCTTGGGA
vV L G R
TTCAAACCTA
F X P M
CCTTTCTTTG
P F F A
GAAGTGTTGC
E V L L
GATCGAGTTT
D R V F
CTCCGACTTA
L R L K
TCGATGGACT
S M D L
ATGAAAACTG
M K T V
GGAGAAGTAG
G E V G
GATGTTRAAG
D V K G
TTGAAGAAGA
L K K R
GTGTTGTAGG

AACTAATCAA
CCCTTTAGAA

TCGACTAGAC
TICCTCTATA
CCAAGACAAA
K T K
TCAAGAAGAC
K K T
CTCAAATTTA
0 I Y
TCAATCCTTT
N P F
GCAGTCTTTT
S L F
GGATGTATGA
M Y D
TGGAGTCATT
E § F
CTTTTATAGG
F I G
TTGATCTCTT
D L F.
TTGTATGCAC
v ¢ T
ARAGATCAGG
R S G

TGGTGGITCG

V V R
TCTCTCACCA
s B Q
GGAGGATCTA
R I Y
GACTGAAGAG
L K R
GAAGGACGGT
R T V
CTATACTGGT

TTACAGTGAA
GGTTTITTCTT

60
120
180

10
240

30

~300

50
360

70
420

90
480
110
540
130
600
150
660
170
720
190
780
210
840
230
900
250
960
270

1020
290
1080
310
1140
312
1200
1260
1284

Fig. 9. Nucleotide and deduced amino acid sequence of M532 gene. Putative NLSs are underlined.

Putative o’ —like RNA binding motif is written in bold letters.
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Fig. 10. LIRpf2 is a member of a conserved gene family. Sequence comparison of LIRpf2 with
homologous proteins from O. sativa Rpf2 (BAB32971), A. thaliana Rpf2 (BAB02781), M. musculus
Rpf2 (BAA95117), H. sapiens Rpf2 (BAB14983), C. elegans Rpf2 (AAF60765), D. melanogaster Rpf2
(AAF55514), S. pombe Rpf2 (CAB54156), and S. cereviciae Rpf2 (AAF60765). Putative o"’-like RNA

binding motif is underlined. Identical and similar residues are boxed in black and gray, respectively.
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216: 74 . longiflorum Rpf2

217: .sativa Rpf2
216: .thaliana Rpf2
212: .musculus Rpf2
201: .sapiens Rpf2
218: jif .pombe Rpf2

210: ¢ .elegans Rpf2
221: .cerevisiae Rpf2
181: .melanogaster Rpf2
254z 3¢ .cerevisiae Rpfl
245: .cerevisiae Imp4
210: .cerevisiae Brxl

303: .cerevisiae Ssfl

Fig. 11. Sequence comparisons of the " -like domains. LIRpf2 and family members, and S. cerevisiae
‘homologs of other four conserved proteins that possess 0”>-like domains are shown aligned. GenBank
accession numbers are S. cerevisiae Rpfl (AAB68926), S. cerevisiaue IMP4 (AAB95949), S. cerevisiae

Brx1 (CAA99087), and S. cerevisiae Ssfl (AAB68379).

over the entire length (Zuniga et al., 1999; Wehner et al., 2002). The Rpf2 protein is a
member of Imp4 superfamily that possesses a common RNA binding motif and required
for ribosome biogenesis (Wehner et al., 2002). This o”>-like RNA binding motif also is
well conserved in M532 sequence (Fig. 11). Based on the sequence homology to yeast
Rpf2, M532 clone was named as LIRpf2 for Lilium longiflorum Rpf2. Sequence
analysis revealed potential nuclear localization signals at positions 229 (RRHR) and 305

(KKRR).

Tissue specificity and temporal expression of LIRpf2 during anther development
The expression levels of LIRpf2 gene in various tissues and anthers at different

developmental stages were investigated. The results of RNA gel blot analysis indicated
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A Ca An PMC Le St Bu Ro

Fig. 12. Expression of LIRpf2 mRNA in different tissues (A) and during anther development (B). 20 pg
of total RNA of indicated tissues and anthers at different developmental stages were separated on
denaturing agarose gel and hybridized with alkaline phosphatase labeled M532 c¢cDNA as a probe.
Ethidium bromide staining shows equal amounts of total RNA were loaded. Ca, callus; An, anther; PMC,
pollen mother cell; Le, leaf; St, stem; Bu, bulb; Ro, root; YA, young anther; Lep, leptotene stage; Zyg,
zygotene stage; Pac, pachytene stage; D/D, diplotene-diakinesis stages: Tet, tetrads: YP, young pollen;

MP, mature pollen.

the presence of LIRpf2 transcripts with a size of approximately 1.3 kb in anther, pollen
mother cell and bulb. Although the highest expression level was observed in pollen
mother cell and anther, LIRpf2 transcript was also detected in tissues examined: callus,
stem and root (Fig. 12A).

Analysis of LIRpf2 gene expression during anther development indicated that
LIRpf2 mRNA is present at young anther stage, continued to be expressed throughout
the prophase I of meiosis with a gradual decrease and almost disappears with pollen
maturation (Fig. 12B). These results indicate that LIRpf2 gene is associated with

meiosis and predominantly expressed in anther tissue.
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Fig. 13. Immunoblot analysis of LIRpf2 protein. 5 ug protein lysate from microsporocytes of indicated
stages of development and different tissues was separated on 10% SDS-PAGE and detected with
polyclonal anti-M532 antibody. The molecular weight size markers are indicated in the left in kDa. Lep,
leptotene stage; Zyg, zygotene stage; Pac, pachytene stage; D/D, diplotene-diakinesis stages; Tet, tetrads;

Le, leaf; St, stem; Ro, root; Pi, pistil; Bu, bulb; Ca, callus

Accumulation pattern of LIRpf2 protein

To investigate the LIRpf2 gene product, I exploited the immunological approach
using antibodies against LIRpf2 protein. A plasmid DNA for the overexpression of
histidine-tagged LIRpf2 protein was introduced into E. coli and induced the expression
by the addition of 0.4mM IPTG. The recombinant protein was purified by Ni**-NTA
column chromatography and purified fraction was used as an antigen for anti-LIRpf2
polyclonal antibodies.

The tissue and developmental stage specific expression of LIRpf2 protein was
investigated by protein gel blot analysis with using LIRpf2 antibody. The antibody was
raised against recombinant LIRpf2 protein expressed in E.coli. Immunoblot analysis
revealed that the anti-LIRpf2 antibody specifically recognizes a protein of

approximately 40 kDa from total protein samples of prophase I of meiosis. No clear
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Fig. 14. Intracellular localization of GFP::LIRpf2 fusion protein. Onion epidermal cells were bombarded
with GFP::LIRpf2 construct (C and D)) and GFP (221-EGFP-CI1; A and B). Localization of GFP alone and
GFP::LIRpf2 fusion protein were visualized by fluorescent microscopy as shown in A and C. The same
cells stained with DAPI are shown in B and D. Larger images of the nucleus of C and D are shown in E

and F. Bars in A and C is 100 pm, and the bar in E is 10 pm.

signal was obtained from tissues examined including leaf, stem, root, pistil, bulb and
callus (Fig. 13). The calculated molecular weight of deduced amino acid of LIRpf2,

35.4 kDa, was close to the size of detected bands.
Intracellular targeting of the GFP::LIRpf2 fusion protein

In order to confirm the functionality of nuclear localization signals present in

LIRpf2 amino acid sequence, translational fusion of the LIRpf2 to GFP was constructed
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and tested in transient expression assays using onion epidermal cells. The 221-EGFP-C1
plasmid that expresses GFP alone was used as a control and localized throughout the
cytoplasm and in the nucleus (Fig. 14A). Localization of GFP::LIRpf2 fusion protein
was targeted to the nucleus (Fig. 14C). Furthermore, a specific subnuclear localization
of GFP::LIRpf2 was observed; a high accumulation was detected in the nucleolus (Fig.
14E). | |

Immunoblotting of LIRpf2 protein in subcellular fractions of miérosporocytes
Further 1 investigated the intracellular localization of LIRpf2 protein during
prophase I of meiosis using cell fractionation experiment. Microsporocytes from
zygotene stage buds were homogenized and fractionated nuclear and cytoplasmic
protein extracts were analyzed by using anti-LIRpf2 polyclonal antibody. The protein of
the same size in the gel blot analysis was detected only in the nuclear fraction (Fig. 15,
indicated with arrowhead). Also a band with a higher molecular weight was found in a
cytosolic fraction, which is considered as a nonspecific binding to polyclonal anti-
LIRpf2 antibody (Fig. 15, indicated with asterisk). The LIM10 protein that shows high
homology with cytoplasmic small heat shbck protein was detected from the cytosolic

fraction whereas the histone H2B signals were detected from nuclear protein extracts.

Immunolocalization of the LIRpf2 protein

- To examine the spatial distribution of LIRpf2 protein and to confirm the intracellular
and/or intranuclear localization obtained by transient expression of GFP::lIRpf2 in
onion cells, I conducted immunocytochemical experiment. Lily zygoténe stage
microspoprocytes were treated with anti-LIRpf2 polyclonal antibody and then stained

with FITC labeled anti-mouse IgG serum. In zygotene microsporocytes, LIRpf2 protein
| was highly accumulated in the nucleolus faintly stained with DAPI (Fig. 16 C, D). No
immunofluorescence signal was observed with samples stained with preimmune serum

(Fig. 16 A).
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Fig. 15. Subcellular distribution of LIRpf2 protein. Protein samples of total input (I), cytosolic (C) and
nuclear (N) fractions from lily microsporocytes were resolved on 15% SDS-PAGE. Zygotene stage
microsporocytes were homogenized and fractionated by centrifugation. Protein band signals were
detected using specific antibodies against LIRpf2, histone H2B (nuclear protein control) and LIM10

(cytosolic protein control), respectively. The size markers in kDa are indicated on the left.

LIRpf2 interacts with LRZ, a novel zinc finger protein from lily

In order to identify proteins that interact with LIRpf2, C-terminal portion of LIRpf2
was fused to GAL4 DNA binding domain (BD) and used as bait in a yeast two-hybrid
screen of pachytene stage anther cDNA library from lily. From a screen of
approximately 4x107 cells, one ¢cDNA was identified as a putative clone encoding an
interacting protein. The insert sequence encodes a protein of 140 amino acids. Analysis
of the protein sequence revealed a C2H2 Zn-finger domain and a nuclear localization
signal within Zn-finger domain (Fig. 17). The Zn-finger follows the general pattern C-
x2-C-x(12/16)-H-x5-H, and is different from the 'classical' DNA-binding C2H2 Zn-
finger. This type of zinc fingers is present in matrin, U1 small nuclear ribonucleoprotein
C and other RNA-binding proteins. However, other than the Zn-finger domain, database

searches revealed no homology to known proteins. These results indicate that the

55



Fig. 16. Immunolocalization of LIRpf2 on lily microsporocytes. Immunofluorescent images of squashed
zygotene stage microsporocytes using (A) pre-immune serum as a control and (C) anti-LIRpf2 antibody

and secondary antibody conjugated to fluorescein isothiocyanate. (B and D) DAPI staining of (A) and (B).

Scale bar, 50 pm.
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identified LIRpf2 interacting protein is a novel protein with C2H2 type Zn-finger and
NLS, and I named this protein as LRZ (lily Rpf2 interacting zinc finger protein). As
shown in the quantitative assay for B-galactosidase activity, the interaction of AD::LRZ
with BD vector only was about the same level with the negative control p53 and Lamin
C, whereas the level was much higher in the interaction of AD:::LRZ and BD::LIRpf2
(Fig. 18). Results also suggested that the LRZ protein is associated weakly with LIRpf2
comparing to the positive control interaction of p53 and SV40 proteins.

Next, I investigated the intracellular localization of LIRpf2 and LRZ proteins using
two different fluorescent tags. GFP:LIRpf2 and RFP:LRZ fusion proteins were
transiently expressed By cotransformation in onion epidermal cells. When introduced
alone RFP::LRZ fusion protein localizes to the nucleus, and when introduced together
with GFP::LIRpf2, LRZ protein colbocalizes with LIRpf2 in the nucleoplasm and
nucleolus (Fig. 19).

GGGAACATGG TGGCAAGGGA GAAAGCAAAG ATGGAGTACA ATGAATTAGT GCGTGCCCIC 60
G N MV AR E K A K M E YN EL YV R AL 20
GCAGGCTTCG CCAGGGAGAR GGACACGCGG GTGATTGAGA TGGAGGAGAA GAGGAAATTG 120
A G F A RET XK DT-R VI EM EEZEK RKL 40
GAGGAGGAGA AGCGACGAGA GGAGGAGGAA GTACGGAGGG CTGAGAGGGA GGAGGAGACG 180
E E E K R RE EEE V RRA ERE E E T 60
AGGAAGAGGT TGGAGCGGGT TTTGAGATGC GGAGAGGTGG AGGAGACTGA GGATAGTGAT 240
R K R L ERV L R C 6 E V E ETE D S D 80
GAGTTGTACT GTGTCGTGTG TAACCAAACT TTGAAGTCCG AGAAACAATG GAGGRAGCAC 300
E L Y 63 vV vV N 0T L K S E K Q W jL_x_Jél 100
AGGAAGTCGA AGAAGCACCA AGATAAGCTT GTTGGGTTGA AGATTTCTTT GAATATAAGG 360
R K S K K@®o » KL Vv eL K I S 1L N IR 120
GCTGAACCTG TCTTTCACCA GACCAGCAGC AATCCATATT GGGCATTGTT GGAAACAAGT 420
A E PV F HQ T S S NPJY W ALIL ETS 140
TAAGATTTGT ATGAATCCTC ATCTCTAATT GATTGTCTAG GTAGTACTTG TTTAAGATGT 480
*

AATAGAAATT AAATTCAGAA AATAGTTATT TTTTTCTATG TTGACTAAAA AARAAARAAAA 540
AAAAAAAAAA AAAAAAA : 557

Fig. 17. Nucleotide and deduced amino acid sequence of LRZ cDNA. A C2H2 type zinc finger motif is
shown in bold and the Cys and His residues of the zinc finger domain are circled. Putative NLS is

underlined.
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Fig. 18. LRZ interacts with M532 in a yeast two-hybrid assay. The B-galactosidase qﬁantitative assay of

p53 andvaV40 (positive control), p53 and pLaminC (negative control), binding domain (BD) only and

AD:LRZ, BD:M532 and AD:LRZ proteins. The f-galactosidase activity was quantified in liquid culture

assay using chemiluminescent Galacton-Star reaction mixture as a substrate. Error bars show SD (n=3).
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Fig. 19. LIRpf2 and LRZ proteins localize in the nucleus when cotransformed in onion epidermal cells.
(A) Intracellular localization LRZ protein fused to red fluorescent protein dsRedl. (B) Colocalization of
GFP:: LIRpf2 and RFP::LRZ proteins. Equal amount of plasmids were bombarded into onion epidermal
cells and observed under fluorescence microscopy after overnight incubation at room temperature. Under
each photo, enlarged view of nucleus is shown. When GFP and RFP colocalize, the merged image appears

in yellow. Scale bars are 100 um and 10 um for whole cell and nuclear image capture, respectively.
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Cloning and characterization of Arabidopsis LIRpf2 homologue

Because LIRpf2 sequence showed high homology to a putative ORF predicted by
the Arabidopsis genomic sequence, I carried out an isolation and characterization of the
LIRpf2 homologue of Arabidopsis, AtLlRpr, and cloned a 1.2 kb cDNA corresponding
to AtLIRpf2. Predicted amino acid sequencé of AtLIRpf2 shows high homology to
LILIRpf2, sharing 77% similarity (Fig. 9). DNA gel blot analysis and search of the
completed sequence of the Arabidopsis genome shows AtLIRpf2 gene exists as a single
copy gene (Fig. 20). Expression analysis shows that AtLlRpr is expressed at high
levels in reproductive organs. However, unlike lily, AtLIRpf2 expression was also high
in root. In an attempt to reveal pOSsible function of AtLIRpf2 in Arabidopsis growth and
development, I generated transgenic plants expressing antisense AtLIRpf2. A full length
of AtLIRpf2 cDNA was inserted in antisense orientation in pBI121 vector and expressed
under the control of CaMV 35S promoter. From the screening of three indépendent
transformations I obtained about 50 independent transgenic lines. From these, six lines
exhibited dwarf phenotype (Fig. 21). The growth of these antisense lines was delayed
when conipared with wild type. Antisense expfession of AtLIRpf2 did not cause any

other visible phenotypic changes.
Discussion

LIRpf2 cDNA was isolated from zygotene stage microspofocyte cDNA library by
self-hybridization strategy that was efficiently used to isolate many novel meiosis-
associated genes (Morohashi et al. 2000). The results of RNA gel blot analysis indicate
that LIRpf2 mRNA is expressed at prophase I of meiosis, however low level mRNA
accumulation was also observed in vegetative tissues. On the other hand, using anti-
LIRpf2 antibody a specific 40 kDa protein was detected from total protein samples of
prophase I stage of meiosis but not from vegetative tissues examined. These results

indicate that the temporal as well as spatial expression of LIRpf2 is not necessarily
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Fig. 20 Characterization of AtRpf2. A. Tissue specific expression of AtRpf2. Total RNA was isolated
from floral bud (FB). open flower (OF), leaf (Le), stem (St), root (Ro) and silique (Si). 20 pg of total
RNAs were electrophoresed on 1% agarose/formaldehyde gel and probed with alkaline phosphatase
labeled AtRpf2 cDNA. EtBr staining of rRNA is assessed as a loading control. B. DNA gel blot analysis
of AtRpf2 gene. Genomic DNA was digested with EcoRI (E) Pstl (P) and Xbal (X). An arrowhead shows
the position of weak hybridization signal that is consistent with the presence of Xbal site within the
sequence. C. Genomic structure of AtRpf2 sequence. Exons (dark boxes) and restriction sites are

indicated.
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Fig. 21. Antisense expression of AtRpf2 gene results in a dwarf phenotype. Full length AtRpf2 cDNA was
cloned in antisense orientation into pBI121 vector and expressed under the control of CaMV 358
promoter. Four antisense lines are shown in comparison to wild type plant. Other two antisense lines

showing similar phenotype is not shown.

regulated at the level of transcription and suggest a possible involvement of post-
transcriptional regulation in LIRpf2 expression. Previous studies on specific gene
expression in plants focused mainly at the level of transcription or mRNA accumulation,
however, the results obtained in this study point out the importance of post-
transcriptional regulation that regulate a specific control of gene function.

I studied the intracellular localization of LIRpf2 protein by cell fractionation of
microsporocytes with anti-LIRpf2 antibody. The LIRpf2 protein was detected in nuclear
fraction of microsporocytes. In immunocytochemical experiment using anti-LIRpf2
antibody in microsprocytes and transient expression in onion epidermal cells using GFP
tag, LIRpf2 protein was found to be highly accumulated in the nucleolus. These results
suggest that LIRpf2 is a nuclear/nucleolar protein associated with meiosis or

microsporogenesis.
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In a yeast two-hybrid screening, a novel protein with Ul-like zinc finger was
identified as an interacting protein with LIRpf2. Zinc finger proteins are a class of
regulatory proteins that participate in a variety of cellular activities such as development
and differentiation. In addition, it is known that many zinc fingers mediate binding to
" DNA, RNA or protein. The binding properties depend on the amino acid sequence of
the finger domains and of the linker between fingers. A specific C2H2 Zn-finger, named
U1-like C2H2 zinc finger, with general pattern C-x2-C-x12,16-H-x5-H, is conserved in
matrin and several RNA-binding proteins such as human Ul small nuclear
ribonucleoprotein (snRNP) C, yeast pre-mRNA splicing factor and mouse spliceosome
associated protein. Except matrin, all other proteins with Ul-like Zn-finger are
considered to be involved in spliceosome assembly and splicing. In U1 snRNP-C, Zn
finger like motif is essential for the binding to Ul snRNP particles (Nelissen et al.,
1994). The presence of a Ul-like C2ZH2 Zn-finger in LRZ protein points to a possibility
of involvement of LRZ protein in basic or alternative splicing of pre-mRNAs. Because
no homologous gene was found by the database search, the LRZ may be involved in
nuclear events unique to lily microsporogenesis. | |

| 'LlRpf2 is an evolutionarily conserved protein from yeast ho human. There have
been a few reports on S cerevisiae homologue of LIRpf2, Rpf2. Rpf2 is an essential
geﬂe in yeast‘involved in ribosome biogenesis (Zuniga et al., 1999, Wehner et al., 2002).
Studies with Rpf2 indicate that it is a nucleolar RNA binding protein required for
maturation, processing and assembly of the large ribosomal subunit rRNAs. Based bn
these data, it was suggested that Rpf2 is required to coordinately regulate assembly of
the large ribosomal subunit. Rpf2 protein with other four yeast essential gene products
Rpf1 (Wehner et al., 2002), Imp4 (Lee and Baserga, 1999), Ssf1 (Fatica et al., 2002) and
Brx1 (Eisenhaber et al, 2001) constitute Imp4 superfamily which possess a common
RNA binding motif similar to DNA binding motif of the E.coli 70 transcription factor
and plays a central role in many different steps in the production of ribosomes.

Intracellular localization studies of LIRpf2 protein revealed that LIRpf2 localizes to
the nucleus with higher accumulation in the nucleolus, indicating LIRpf2, like Rpf2, is a

nucleolar protein. The relatively high degree of sequence similarity between LIRpf2 and
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Rpf2, the presence of conserved RNA binding motif and the identical intracellular
localization suggest a functional similarity between LIRpf2 and Rpf2.

Ribosome biogenesis is a complex and tightly regulated process. Although the steps
and mechanisms involved in processing pre-rRNA have been extensively investigated,
the overall regulation and coordination between the processing and assembly of
preribosomal particles is not well understood. The involvement of a large number of
cellular components and of multiple steps provides numerous opportunities for
coordinétion and regulation. ,

Antisense expression of AtRpf2 is resulted in dwarf phenotype and growth
retardation in Arabidopsis. Dwarf phenotype has been exhibited in a wide variety of |
mutant Arabidopsis plants. Mutants defective in brassinosteroid biosynthesis or
perception display severe dwarfism (Mussig et al., 2001). One such mutant is bin-5,
which is defective in AtSPO11-3. Unlike all the other SPO11 homologs that are
involved in meiosis, BIN5 /AtSPO11-3 plays an essential role during somatic
development (Yin et al., 2002). Gibberellin (GA) response mutants also comprises
dwarf mutants: gai (GA insensitive) (Peng et al., 1997), sly (sleepy) (Ogas et al., 1997)
and pkl (pickle) (Steber et al., 1998). Also in Arabidopsis mutant defective in plastid
ribosomal protein PRPL11, the overall size and growth rate reduction was observed
(Pesaresi et al., 2001).

Mutations in genes encoding the structural components of ribosomes have been
described in various organisms and it causes growth arrest and delay. In addition to this,
mutations in ribosomal protein result in defects in the development of the organism. In
Drosophila Minute mutant, defective in ribosomal protein RPS5 géne, is characterized
by semi-dominant phenotypes, such as delay in larval development, smallet body size
and recessive embryo lethality (Lambertsson, 1998). In the Arabidopsis Miﬂute like -1
(aml-1) mutant, growth retardation, floral and vascular defects, and the recessive
embryo lethality were observed; analogous to defects observed in the Drosophila
Minute mutants (Weijers et al., 2001).

Although, the fertility was not affected in antisense AtRpf2 plants, the observed

dwarf phenotype in several independent lines, might be caused by the defect in
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ribosome biogenesis due to the reduced levels of the AtRpf2 protein. Because AprfZ is
a single gene in Arabidopsis, it is possible that the AtRpf2 is involved in ribosome
biogenesis in both vegetative and reproductive organs. On the other hand, lily LIRpf2 is
specifically expressed and play a role in restricted tissues.

The results presented in this work and the available evidences suggest that the
LIRpf2 protein may be involved in ribosome biogenesis during early stages of

microsporogenesis or meiosis in lily.
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