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ABSTRACT

ATP-dependent nucleosome remodeling plays a
central role in the regulation of access to chro-
matin DNA. Swi/Snf remodeling complexes char-
acterized in yeast, Drosophila and mammals all
contain a conserved set of core subunits com-
posed of homologs of yeast SNF2-type DNA-
dependent ATPase, SNF5 and SWI3 proteins. So
far, no complete Swi/Snf-type complex has been
characterized in plants. Arabidopsis contains a
single SNF5-type gene, BSH, which has been
shown to complement the yeast snf5 mutation.
Here we describe the characterization of
AtSWI3B, the smallest of the four Arabidopsis
homologs of SWI3. The gene encoding AtSWI3B
is expressed ubiquitously in the plant. AtSWI3B
is localized to nuclei and is associated mostly
with the chromatin and soluble protein fractions.
When expressed in Saccharomyces cerevisiae,
the cDNA encoding AtSWI3B partially comple-
ments the swi3 mutant phenotype. However, like
BSH, AtSWI3B is unable to activate transcription
in yeast when tethered to DNA. The analysis by
yeast two-hybrid indicates that AtSWI3B is cap-
able of forming homodimers and interacts with
BSH as well as with two other members of the
Arabidopsis SWI3 family: AtSWI3A and AtSWI3C.
The results of phage display screen using
recombinant protein, confirmed by direct yeast
two-hybrid analyses, indicate that AtSWI3B
interacts with FCA, a regulator of flowering time
in Arabidopsis. This interaction is through the
C-terminal region of FCA, located outside the
conserved RNA- and protein-binding domains of
this protein.

INTRODUCTION

In eukaryotes, chromatin remodeling is a critical step in
transcriptional regulation of genes and other processes that
require access to DNA. Remodeling is mediated by complexes
that covalently modify the core histones (1) and by complexes
using ATP to change the location or conformation of the
nucleosomes (2). ATP-dependent chromatin remodeling has
been characterized in such diverse organisms as yeast,
Drosophila and humans. The different ATP-dependent com-
plexes identified so far share a similar type of central
subunit—a DNA (or chromatin)-dependent ATPase. These
ATPases all contain the ‘SNF2_N’ domain and form a
characteristic subclass of the DEAD/H superfamily of nucleic
acid-stimulated ATPases (3). The current classification of the
ATP-dependent complexes is based on the type of ATPase
acting as the central catalytic subunit. The best known of these
ATPases belong to three main subfamilies represented by the
SWI2/SNF2, ISWI and Mi-2 types. While the Swi/Snf- and
Mi-2-type complexes are large assemblies composed of eight
or more subunits, the ISWI complexes are smaller and contain
only two to five subunits. The subunit composition seems to be
least variable in the case of the Swi/Snf-type complexes. The
yeast, Drosophila and human complexes of this type all
contain a minimal structural and functional core composed of
three proteins: the SWI2/SNF2 ATPase, SNF5 and SWI3. This
minimum core complex can remodel chromatin in vitro (4).
The composition of the ISWI- and Mi-2-type complexes is less
well conserved. In addition to the core proteins, the yeast
Swi/Snf complex contains a set of subunits, which were shown
by genetic analysis to be required for common functions
in vivo (5).

So far, no complete chromatin-remodeling complex has
been described in plants. However, examinations of the
databases (6) indicate that the existence of such complexes in
plants is highly probable. Our laboratory has been involved in
the systematic analysis of the components of putative plant
Swi/Snf-type complexes. In an earlier study we identified and
characterized the Arabidopsis BSH gene and established that it
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encodes the functional homolog of the yeast SNF5 protein, a
key subunit of the Swi/Snf-type complexes (7). An analysis of
the complete Arabidopsis genome sequence revealed that BSH
is the only homolog of SNF5 present (S.Kaczanowski and
A Jerzmanowski, unpublished results). Given the critical
function of the SNF5 subunit in organizing the core of the
Swi/Snf complex (8), this makes BSH an ideal marker of the
putative plant Swi/Snf complexes. In this report we describe
the characterization of a member of a small subfamily of
Arabidopsis homologs of the yeast SWI3 protein, another key
core subunit of the canonical Swi/Snf complex.

MATERIALS AND METHODS
Cloning of AtSWI3B c¢cDNA

The AtSWI3B cDNA was amplified by PCR with primers
SWI170NU, CAT GCC ATG GCC ATG AAA GCT CCC
GAT, and SWI170N2L, GCG GAT CCT GCC CAA GCT
CTT TCA GAT TC, designed on the basis of the correspond-
ing Arabidopsis cDNA sequence found in GenBank. PCR
conditions were as follows: 95°C for 5 min, 30X (56°C for
30 s, 72°C for 1 min 30 s, 95°C for 30 s), 56°C for 30 s, 72°C
for 4 min. The PCR product was amplified from cDNA
generated using a Gibco BRL RT SuperScript™ kit with a
total RNA isolated from Arabidopsis Col-0 ecotype using the
RNeasy kit (Qiagen). This product was then digested with
Ncol and BamHI and inserted into the expression vector
pQE60 (Qiagen). The resulting plasmid pQESWI3B was
sequenced on both strands using an ALF (Pharmacia) DNA
sequencer to confirm that the cloned fragment was free from
erTors.

Complementation of yeast swi3 mutant strain

A full-length AtSWI3B PCR product amplified from cDNA
with primers SWI3Compl2U, TCC CCC GGG GAT GGC
CAT GAA AGC TCC CGA, and SWI3CompllL, CGG GAT
CCT CAT TGA GTA TAA CCA TAT AAT, was digested
with BamHI and Smal and inserted into the pSI4 yeast
multicopy expression vector (kindly provided by Dr Iwona
Smaczynska) to produce the pSISWI3B plasmid in which the
expression of the cloned gene is driven by the CTA1 inducible
promoter. PCR conditions were the same as for the
SWII70NU and SWII70N2L primers. The cDNA in
pSISWI3B was sequenced on both strands using the ALF
sequencer. The phenotype of the yeast swi3 strain CY 165
(kindly provided by Dr Craig Peterson) after transformation
with the pSISWI3B, empty pSI4 or plasmid RS 313 SWI3
(kindly provided by Dr Craig Peterson), containing the yeast
SWI3 gene, was tested with an assay for HO:LacZ activity
using ONPG as a substrate for -galactosidase, as described in
Kaiser et al. (9).

Transcription activation assay

The full-length AtSWI3B cDNA was excised with BamHI and
Smal from pSISWI3B and inserted into pGBT9(DNA-BD)
(Clontech) resulting in the pGBTSWI3B plasmid. The
pGBTSWI3B plasmid was transformed into the Y190
(Clontech) yeast strain. The level of -galactosidase activity
was measured using the replica lift method as described in the
Clontech yeast protocols handbook. As controls, the Y190
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strain was transformed with pGBT9 alone and with plasmid
pCL1 to express the full-length GAL 4 protein.

Analysis of AtSWI3B expression by RT-PCR

RNA was extracted from roots, leaves, stalks and flowers of
Arabidopsis plants using the RNeasy kit and used for
generation of cDNA using Gibco BRL RT kit according to
the manufacturer’s instructions. The PCR was performed with
SWI3Compl2U and SWI3Compl1L primers with the condi-
tions described above. As a control, a fragment of the
Arabidopsis protein actin 2 (AA2G18780) cDNA was amp-
lified with primers ACT1, AGA GAT TCA GAT GCC CAG
AAG TCT TGT TCC, and ACT2, AAG GAT TCC TGG ACC
TGC CTC ATC ATA CTC, using the same conditions.

Production of anti-AtSWI3B antibodies

Recombinant AtSWI3BHis® protein containing amino acids
from 1 to 390 of AtSWI3B with six histidines fused to the C-
terminus was overproduced in Escherichia coli SG13009 cells
using the pQESWI3B plasmid and purified by selective
binding to NiNTA (Qiagen) followed by elution according to
the manufacturer’s protocol. The final preparation (~1 mg of
protein) was separated by preparative SDS-PAGE. The
recombinant protein was eluted from a stained band cut
from the gel, digested with trypsin and subjected to mass
fingerprinting using a QTof (Micromass) spectrometer. The
obtained mass fingerprint of peptides confirmed that the
overexpressed protein was AtSWI3B. Gel fragments contain-
ing pure AtSWI3BHis® were used as the source of antigen to
immunize rabbits. Anti-AtSWI3BHis® rabbit serum was
prepared by Eurogentec (Seraing, Belgium).

Isolation of nuclei and extraction of nuclear proteins

Arabidopsis nuclei were isolated according to Manzara and
Gruissem (10). Seventy-five grams of frozen plants was briefly
pulverized in a mortar and homogenized with 300 ml of buffer
containing 25 mM PIPES pH 7.0, 10 mM NacCl, 5 mM EDTA
pH 8.0, 250 mM sucrose, 0.15 mM spermine, 0.5 mM
spermidine, 20 mM 2-mercaptoethanol, 0.1% Nonidet P-40,
0.2 mM PMSF. The homogenate was filtered through one
layer of Myracloth (Calbiochem) over three layers of Nitex
(Tetco) nylon membrane (pore sizes 300, 100 and 56 pm) and
centrifuged in a Sorvall SLA-1000 rotor at 6000 r.p.m. for
20 min at 4°C. After discarding the supernatant the nuclear
pellet was washed three times with 20 ml of homogenization
buffer by resuspension and centrifugation in a Sorvall SA-300
rotor at 4500 r.p.m. for 10 min at 4°C. Finally, the pellet was
resuspended in 1 ml of a buffer containing 50 mM
HEPES-KOH pH 7.6, 100 mM NaCl, 5 mM MgCl,, 10 mM
KCl, 50% glycerol, 1 mM DTT and protease inhibitor cocktail
(Complete EDTA-free; Boehringer, Mannheim). In order to
extract nuclear proteins the suspension was incubated for
20 min at room temperature with 50 U DNase I (Roche,
Mannheim) and homogenized by passing through a syringe
needle.

Isolation of nuclear matrix by high- and low-salt
methods

The procedures were adapted from Reyes (11). For high-salt
isolation of nuclear matrix, nuclei were resuspended in CSK
buffer: 10 mM PIPES pH 6.8, 100 mM NaCl, 300 mM
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sucrose, 3 mM MgCl,, 1| mM EGTA supplemented with
protease inhibitor cocktail (Complete EDTA-free; Boehringer)
at one tablet for 50 ml of buffer, 1 mM PMSF, 1 mM DTT and
0.5% (v/v) Triton X-100. After 3 min at 4°C the nuclei were
separated from soluble proteins by centrifugation at 5000 g for
3 min. Chromatin was solubilized by digestion of DNA with
1 mg/ml of RNase-free DNase I (Roche) in CSK buffer for
15 min at 37°C. Ammonium sulphate was then added from a
1 M stock solution in CSK buffer to a final concentration of
0.25 M and after 5 min at 4°C, the samples were centrifuged
again. The pellet was extracted three times with 2 M NaCl in
CSK buffer by resuspension, incubation at 4°C for 5 min and
centrifugation. The remaining pellet containing nuclear matrix
was solubilized in urea buffer (8§ M urea, 0.1 M NaH,PO,,
0.01 M Tris—HCI pH 8). For low-salt preparation of nuclear
matrix, nuclei were stabilized in isolation buffer containing
3.75 mM Tris—HCI pH 7.5, 0.05 mM spermine, 0.125 mM
spermidine, 0.5 mM EDTA, 5 mM MgCl,, 20 mM KCI, 1 mM
DTT and protease inhibitor cocktail (Complete EDTA-free;
Boehringer) for 20 min at 37°C. DNA was then digested by
incubation at 37°C for a further 15 min in the presence of
1 mg/ml RNase-free DNase I. After centrifugation, nuclei
were washed with isolation buffer and extracted with the same
buffer supplemented with 25 mM 3,5-diiodosalicylic acid,
lithium salt (LIS) for 5 min at room temperature. Chromatin-
depleted nuclei were recovered by centrifugation and the
pellet was solubilized in urea buffer.

Protein characterization and immunoblot analyses

The characterization of protein samples by SDS-PAGE and
western blot analysis were as described previously (7). The
concentration of proteins in the samples was determined using
the Bradford procedure with the BioRad Protein Assay kit
(BioRad Laboratories, Inc.) according to the manufacturer’s
protocol.

Phage display analysis

AtSWI3BHis® recombinant protein was refolded and used to
screen for interacting heptapeptides using the Ph.D.-7™ Phage
Display Peptide Library Kit (New England Biolabs). All steps
were carried out according to the manufacturer’s instructions.

The DNA encoding heptapeptides in phage, which inter-
acted with AtSWI3BHis®, was sequenced and this was used to
search the SWISSPROT Database using Findpattern from the
GCG package.

Analysis of AtSWI3B interactions in yeast two-hybrid
system

Interactions with BSH, AtSWI3A, AtSWI3B and AtSWI3C. The
pGBSH (DNA-BD) plasmid containing full-length cDNA of
BSH was kindly provided by Katarzyna Olczak. The
AtSWI3A cDNA was amplified by PCR with primers
SWI3AU, TCC CCC GGG GGA AGC CAC TGA TCC
AAG C, and SWI3AL, CGG GAT CCT TTC ACG TAC GTA
TGA TCC C, designed on the basis of the corresponding
Arabidopsis cDNA sequence found in GenBank. PCR condi-
tions were as follows: 95°C for 5 min, 30X (59°C for 30 s,
72°C for 1 min 30 s, 95°C for 30 s), 59°C for 30 s, 72°C for
4 min. The AtSWI3C cDNA was amplified by PCR with
primers SWI3CU, TCC CCC GGG GCC AGC TTC TGA
AGA TAG AAG AG, and SWI3CL, ACG CGT CGA CTA

GTT TAA GCC TAA GCC GGA, designed on the basis of
the corresponding Arabidopsis cDNA sequence found in
GenBank. PCR conditions were as follows: 95°C for 5 min,
30X (58°C for 30 s, 72°C for 2 min 30 s, 95°C for 30 s), 58°C
for 30 s, 72°C for 4 min. The PCR products were amplified
from cDNA generated using a Gibco BRL RT kit with a total
RNA isolated from Arabidopsis Col-0 ecotype using the
RNeasy kit (Qiagen). These products were then sub-
cloned using Smal and BamHI restriction sites into vector
pGAD424 (GAL4-AD) (Clontech) to produce the constructs
pGADSWI3A and pGADSWI3C, respectively. The obtained
constructs were sequenced on both strands using an ALF
(Pharmacia) DNA sequencer to confirm that the cloned
fragments were error-free. The full-length AtSWI3B cDNA
was excised with BamHI and Smal from pGBTSWI3B and
inserted into pGAD424 (AD) (Clontech) resulting in the
vector pPGADSWI3B. The yeast strain Y190 was transformed
with plasmid pairs: pGBSH/pGADSWI3B, pGBTSWI3B/
pGADSWI3B, pGBTSWI3B/pGADSWI3A and pGBTSWI3B/
pGADSWI3C. As a control, Y190 yeast cells were trans-
formed with plasmids, pPGBSH, pGBTSWI3B, pGADSWI3A,
pGADSWI3B, pGADSWI3C and pCL1 singly. All trans-
formants were grown on a selection medium containing
100 mM 3-amino-1,2,4-triazole and the level of B-galacto-
sidase activity was measured by the replica lift method
described in the Clontech yeast protocols handbook.

Interactions with FCA. The cDNAs encoding the full-length
and C-terminal half of FCA were subcloned from plasmids
p226 and p227, respectively (kindly provided by Dr Caroline
Dean laboratory) into vector pGAD424 (GAL4 AD)
(Clontech) using EcoRI and Sall restriction sites, to produce
the constructs pGADFCA and pGAD227, respectively. A
truncated cDNA encoding FCA without the C-terminal region
was obtained by PCR using plasmid p227 as template, with
primers FCA-Ul, CCG GAA TTC ATG AAT GGT CCC
CCA GAT AG, and FCA-U2209, A CGC GTC GAC TCA
TGA TAT ATC ATT C. PCR conditions were as follows:
95°C for 5 min, 30X (57.7°C for 30 s, 72°C for 2 min 30 s,
95°C for 30 s), 57.7°C for 30 s, 72°C for 5 min. Interactions
between AtSWI3B and FCA were analyzed using the
Matchmaker GAL4 Two-Hybrid System (Clontech) according
to the manufacturer’s instructions.

The yeast strain Y190 was transformed with plasmid pairs
pGADFCA/pGBTSWI3B and pGAD227/pGBTSWI3B. As a
control, Y190 yeast cells were transformed with plasmids
pGADFCA, pGAD227, pGBTSWI3B, pCL1 singly. All
transformants were grown on a selection medium containing
100 mM 3-amino-1,2,4-triazole and the level of B-galactosi-
dase activity was measured by the replica lift method
described in the Clontech yeast protocols handbook.

Homology searches and phylogenetic analyses

The basic database used for the homology searches was a sum
of the protein sequence databases of SWISSPROT, SP-
TrEMBL and MIPS MATDB from March 2001. Low
complexity segments in the basic database were masked
using the GCG implementation of the SEG program (12). The
database was searched using the GCG implementation of the
SSEARCH and FASTA programs. Multiple alignments were
generated using the PILEUP program from the GCG package.



The alignments were analyzed and edited with the SeqlLab
color editor from the GCG package. The consensus maximum
parsimony trees were calculated using the PROTPARTS
program from the PHYLIP package (13). The maximum
likelihood trees and the likelihood ratio test of the molecular
clock hypothesis (14) were calculated using the PUZZLE
program (15).

RESULTS

The Arabidopsis genome contains a small family of
SWI3-type genes

An alignment of the sequences obtained by searching
databases with yeast SWI3 as the query revealed that the
majority of the SWI3 sequence is not evolutionarily con-
served. The most conserved domain is located in the central
region between amino acids 306 and 393. A search of the
databases (see Materials and Methods for a list of data-
bases) with the whole yeast SWI3 sequence revealed four
Arabidopsis proteins: AT2G47620, AT2G33610, AT1G21700
and AT4G34430, which we named AtSWI3A, AtSWI3B,
AtSWI3C and AtSWI3D, respectively. Another search per-
formed with just the conserved SWI3 domain as the query
sequence resulted in a list containing only three proteins from
Arabidopsis, AtSWI3A to AtSWI3C. This result was con-
firmed by a multiple alignment of the fourth putative
Arabidopsis homolog, AtSWI3D, with sequences containing
the main SWI3 domain. The fourth Arabidopsis sequence
contained a fragment with homology to a part of the conserved
sequence, but in general did not appear to be closely related to
the other proteins (results not shown). However, a survey of
the recent RIKEN Genomic Sciences Center cDNA sequence
release from January 2002 revealed that the protein annotated
as AT4G34430 in the MIPS database (AtSWI3D in this work),
which was deduced from the Arabidopsis genomic sequence,
is incomplete due to an error in assigning the start codon. The
correct sequence is longer and contains the complete con-
served domain of the SWI3-type proteins. The full AtSWI3D
protein has the GenBank ID AAL67003.

An alignment of sequences corresponding to the conserved
fragment between amino acids 306 and 393 of yeast SWI3
(with the variable region between amino acids 332 and 334
removed) was used to construct phylogenetic trees. Both the
maximum parsimony tree (Fig. 1A) and the likelihood tree
(not shown) had similar topologies. The critical statistical
significance obtained in a likelihood ratio test was 5.13%,
which is indicative of a molecular clock. The pairs AtSWI3A/
AtSWI3B and AtSWI3C/AtSWI3D occur in separate clusters,
it is however difficult to conclude which of them is more
related to the branches of yeast and animal SWI3 sequences.
The Arabidopsis SWI3 homologs within the clusters do not
show a high degree of sequence identity, which may indicate
non-redundant or only partly overlapping functions. All four
potential orthologs of Saccharomyces cerevisiae SWI3 share
characteristic motifs with the yeast protein, although only
AtSWI3C has a similar overall size to the yeast counterpart
(Fig. 1B). In an attempt to identify a homolog with a
potentially novel function we decided to characterize
AtSWI3B, the smallest member of the family, with a predicted
molecular weight of 47 595 Da.
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AtSWI3B is ubiquitously expressed in Arabidopsis

To analyze the expression pattern of AtSWI3B in Arabidopsis,
RNA, isolated from different organs of the plant, was used as
the template for the RT-PCR with primers specific for the full-
length coding sequence. PCR products of the expected size
were amplified from cDNA of roots, stalks, leaves and flowers
(Fig. 2), indicative of ubiquitous expression of AtSWI3B in the
plant.

Intracellular localization of AtSWI3B protein

The cDNA of AtSWI3B (annotated in MIPS database as
AT2G33610) was cloned by RT-PCR and its identity
confirmed by sequencing. This cDNA was cloned into an
E.coli expression vector and the recombinant protein was used
to obtain anti-AtSWI3B antibodies. To determine whether
AtSWI3B is a cytoplasmic or nuclear protein, protein extracts
were prepared from whole cells and from isolated nuclei.
Identical amounts (30 g) of protein from each type of extract
were separated by SDS-PAGE, western blotted onto a
membrane and probed with anti-AtSWI3B antibodies. The
detection of AtSWI3B in the nuclear—but not in the whole
cell—extract (Fig. 3A) suggests that it is a nuclear protein. To
investigate the possibility that a portion of the AtSWI3B pool
may bind to the inner nuclear skeleton, the nuclear matrix was
isolated by two different procedures. In the first, the soluble
proteins were removed by extraction with the buffer contain-
ing Triton X-100 and chromatin proteins were released by
DNase I digestion and extraction with 0.25 M ammonium
sulphate. After washing three times with 2 M NaCl the final
nuclear pellet was presumed to contain nuclear matrix proteins
and the proteins tightly associated with the nuclear matrix.
Supernatants from each extraction and the nuclear pellet were
analyzed by SDS-PAGE and immunoblotting. As shown in
Figure 3B, >50% of AtSWI3B was found in the chromatin and
soluble fractions while the remaining part was bound to the
nuclear matrix. To avoid the high-salt washes, which could
potentially induce precipitation of some of the soluble nuclear
proteins, an alternative method of nuclear fractionation was
used. The nuclei were stabilized in the isolation buffer
containing spermine and spermidine, digested with DNase I
and washed with the digestion buffer and then extracted with
the same buffer containing the detergent-like LIS (25 mM 3,5-
diiodosalicylic acid, LIS). The resulting pellet was considered
to contain the nuclear matrix. As shown in Figure 3C most of
the AtSWI3B is found in chromatin and in the soluble fraction.
No additional AtSWI3B is released upon LIS extraction. We
assume that part of the AtSWI3B signal in the nuclear matrix
fraction obtained by high-salt procedure (Fig. 3B) was due to
precipitation of soluble proteins and conclude that the
majority of AtSWI3B in the nuclei is not associated with the
matrix but occurs as a soluble and chromatin-bound form. The
remaining minor AtSWI3B pool is probably attached to the
nuclear matrix.

AtSWI3B partially complements yeast swi3 mutation but
is unable to activate transcription in yeast when tethered
to DNA

To determine whether AtSWI3B is a functional homolog of
the yeast SWI3 protein, the ability of the Arabidopsis gene to
complement the swi3 mutation in S.cerevisiae was tested. The
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Figure 1. The family of Arabidopsis proteins homologous to yeast SWI3. (A) Maximum parsimony tree for SWI3-type proteins. The tree is a consensus of
100 maximum parsimony trees based on sequences of SWI3-type proteins aligned as described in Materials and Methods. Percentage values on each branch

represent the corresponding bootstrap probability values obtained in 100 replicati

ons. Arabidopsis proteins were given tentative names: AtSWI3A, AtSWI3B,

AtSWI3C and AtSWI3D. (B) Distribution of conserved regions in Arabidopsis and yeast SWI3 proteins. Protein sequences were analyzed using the MEME

program from the GCG package. The lengths of the proteins are indicated in pare

characteristic phenotype caused by the swi3 mutation is loss of
the HO endonuclease activity required for the mating type
switch in yeast cells. In the yeast strain CY 165 carrying the
swi3 mutation the HO coding sequence has been replaced with
the lac Z gene encoding B-galactosidase. We transformed this
strain with multicopy expression vectors bearing either the
complete ySWI3 or the complete AtSWI3B. As a control of the
swi3 phenotype the CY 165 yeast strain was independently
transformed with the empty vector. Western blot analysis of
the SDS-PAGE separated proteins confirmed that AtSWI3B is
expressed in yeast (results not shown). The phenotypes were

ntheses.

analyzed by measuring the 3-galactosidase activity. As shown
in Figure 4, the enzyme activity was restored in the strain
transformed with the complete S.cerevisiae SWI3 gene. The
level of B-galactosidase activity in this strain was taken as
100%. Compared with this, transformation with the
Arabidopsis AtSWI3B gene resulted in 3-galactosidase activity
equivalent to 70% of the fully complemented value. These
results indicate that AtSWI3B is capable of partial comple-
mentation of yeast swi3 mutation.

In order to see whether AtSWI3B can activate a reporter
gene in yeast when tethered to DNA, a yeast expression
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Figure 2. RT-PCR analysis of AtSWI3B expression in Arabidopsis.
(A) RNA was extracted from different organs of the plant and used for
generation of the AtSWI3B cDNA. (B) Control showing actin gene expres-
sion, analyzed by RT-PCR, using the same preparations of RNA as in (A).

plasmid encoding the GAL4DB-AtSWI3B fusion protein was
prepared. Introduction of this plasmid into the yeast Y190
strain (Clontech), containing the GAL-dependent lacZ
reporter, did not result in any activation of lacZ transcription
as assayed by measurement of B-galactosidase activity (results
not shown). Expression of a full GAL4 protein in the reporter
strain resulted in considerable [-galactosidase activity.
AtSWI3B is thus unable to activate transcription in yeast
when tethered to DNA.

Direct yeast two-hybrid analysis indicates that AtSWI3B
interacts with Arabidopsis homolog of SNF5 and with
other Arabidopsis SWI3-type proteins

To determine whether AtSWI3B can be indeed the component
of the putative plant Swi/Snf-type complex we used the yeast
two-hybrid screen to seek evidence for its interaction with
BSH. The latter is the only Arabidopsis SNF5-type protein and
therefore a very likely component of a putative Swi/Snf-type
complex. The AtSWI3B interacted with BSH in our two-
hybrid analysis (Fig. 5A). AtSWI3B is also capable of forming
homodimers as indicated by the activation of B-galactosidase
activity in yeast expressing both AtSWI3B fused to GAL4
DNA-binding domain and AtSWI3B fused to GAL4 acti-
vation domain (Fig. 5A). We also confirmed the interactions
of AtSWI3B with AtSWI3A and with AtSWI3C (Fig. 5A).
Thus, AtSWI3B interacts not only with BSH but also with
other members of SWI3-type family and can form homo-
dimers (Fig. 5B).

AtSWI3B interacts with FCA

To identify other proteins interacting with AtSWI3B, phage
display analysis using the recombinant AtSWI3B protein was
employed. Phage presenting the heptapeptide PQLRQSR were
found to interact with AtSWI3B (results not shown). A search
of GenBank with this peptide as the query sequence yielded
the FCA_ARATH (Flowering Time Control Protein from
Arabidopsis thaliana) as a candidate interacting protein. The
FCA contains two RNA recognition motifs (RRM domains)
and the protein-binding WW domain (16). The Arabidopsis
genome encodes over 190 RRM-containing proteins, the
function of most of which is unknown (17). The WW domain
is found in a wide range of signaling proteins with both
cytoplasmic and nuclear localization (18). The fragment of
FCA with high homology to the heptapeptide interacting with
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Figure 3. AtSWI3B is localized to nuclei and associates predominantly
with chromatin and soluble nuclear protein fractions. (A) Identical amounts
of protein extracts prepared from whole cells or isolated nuclei of
A.thaliana plants were separated by SDS-PAGE and immunoblotted for
detection of AtSWI3B. Note the anomalous behavior of both recombinant
(lane marked AtSWI3Bhis®) and native AtSWI3B which migrate more
slowly than a protein of the predicted molecular mass of 47 595 Da.
(B) Arabidopsis thaliana nuclear matrix prepared by the high-salt method as
described in Materials and Methods. An equivalent aliquot from each step
of the extraction procedure was subjected to SDS-PAGE and immuno-
blotted for detection with anti-SWI3B antibody. (C) Arabidopsis thaliana
nuclear matrix prepared by the LIS method as described in Materials and
Methods. An equivalent aliquot from each step of the extraction procedure
was subjected to SDS-PAGE and immunoblotted for detection with
anti-AtSWI3B antibody.

AtSWI3B in phage display analysis is located close to the C-
terminus and outside the putative RNA- and protein-binding
domains (Fig. 6A). To see whether this region could be of any
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P galactosidase
specific activity

.

i ===
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Figure 4. ArSWI3B partially complements the SWI3~ phenotype of the
S.cerevisiae swi3 mutant. Yeast swi3 CY 165 strain was transformed with
expression vectors bearing the complete yeast SWI3 (ySWI3), the complete
AtSWI3B or with an empty vector (negative control). After growing the
transformed cultures in liquid medium to a concentration of 1-2 X 107
cells/ml, the specific activity of B-galactosidase was measured according to
Kaiser et al. (9) and expressed as nmoles of o-nitrophenol min~ mg
protein~!. The results are means from two independent measurements.

importance in FCA function the databases were searched for
proteins homologous to FCA. A simple search of the SP-
TrEMBL and SWISSPROT databases from September/
October 2001 revealed a great number of sequences with
homology to FCA. However, multiple alignment of those with
the highest homology showed that none of them had the FCA-
type domain arrangement. There were also no conserved
elements within the C-terminal parts. To identify proteins with
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a similar domain arrangement to that of FCA the databases
were then searched for sequences homologous to the follow-
ing fragments of FCA: (i) residues 211-291, corresponding to
the RNA-binding RRM2 domain; (ii) residues 292492, which
is a fragment linking the RRM2 and the GLN-rich domain;
and (iii) residues 591-624, corresponding to the WW domain
(all domains were according to SWISSPROT annotation). The
search with the RRM2 domain produced over 1000 homo-
logous sequences and that with a fragment linking the RMM?2
and GLN-rich region, 184 homologous sequences. The search
with the WW domain gave 82 homologous sequences. We
then looked for the proteins which occurred in both the group
identified by a search with the RRM2-GLN-rich domain linker
fragment and the group identified by a search with the WW
domain. Only two such proteins were found. One is FCA and
the other, annotated as Q9LLX3, is the abscisic acid-binding
protein (ABAP1) from barley (Fig. 6A). The alignment of
these two proteins shows remarkable similarity along the
entire length of Q9LLX3 including the region containing the
peptide interacting with AtSWI3B in the phage display assay
(Fig. 6B). Bearing in mind the evolutionary distance between
barley and Arabidopsis, it may be concluded that the C-
terminal most part of the FCA, located outside the WW
domain, is of functional importance.

As the fusion of AtSWI3B and the GAL4 DNA-binding
domain did not activate transcription in yeast, we were able to
test whether AtSWI3B interacts with FCA using the yeast two-
hybrid system. The cDNAs corresponding to the full-length
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Figure 5. Interactions of AtSWI3B with BSH and other Arabidopsis SW13-type proteins in yeast two-hybrid system. (A) The blue color of B-galactosidase fil-
ter assays shows two-hybrid interactions of AtSWI3B-AD with BSH-BD, AtSWI3B with AtSWI3B-BD and AtSWI3B-AD with AtSWI3A-BD as well as
AtSWI3B-BD with AtSWI3C-AD. (B) Schematic representation of AtSWI3B interactions with SNF5- and SWI3-type Arabidopsis proteins revealed by yeast

two-hybrid screen.
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Figure 7. Analysis by yeast two-hybrid assay of the interactions between
AtSWI3B and FCA. On the left are schematic representations of the
proteins used in the assay. The blue color of the replica lift shown on the
right is from [B-galactosidase activity and indicates interaction of the tested
proteins. See Materials and Methods for details.

FCA and to just the C-terminal half of this protein were
subcloned into pGAD424 (encoding the GAL4 activation
domain) resulting in plasmids pGADFCA and pGAD227,
respectively. These plasmids and the pGBTSWI3B plasmid
encoding AtSWI3B fused to the GAL4 DNA-binding domain

were used in two-hybrid tests. As shown in Figure 7, both the
full-length FCA and the C-terminal half alone are equally
capable of activating the expression of B-galactosidase from
the GAL-dependent lacZ reporter. Thus, FCA interacts with
AtSWI3B, probably via its C-terminal part as was suggested
by the phage display result. To verify the possibility that the
domain responsible for AtSWI3B binding is located in the C-
terminal most region of FCA, we performed yeast two-hybrid
test with a plasmid containing the FCA cDNA from which the
region encoding the putative AtSWI3B-binding domain had
been removed. As shown in Figure 7, the truncated FCA does
not activate the transcription of the B-galactosidase gene. We
conclude that AtSWI3B interacts with FCA and that this
interaction involves the C-terminal region of FCA, outside the
conserved RRM2 and WW domains.

DISCUSSION

In yeast, mutants in genes encoding the core subunits of the
canonical ySwi/Snf complex are viable, although they show
defects in mating-type switching and sporulation, are unable
to utilize sucrose as a carbon source and have a slow-growth
phenotype (19). Yeast have another Swi/Snf-type complex
called RSC which, unlike ySwi/Snf, is essential for mitotic
growth (20). Like ySwi/Snf, the RSC contains a core built of
homologs of SNF2 ATPase, SNF5 and SWI3 subunits. In
Drosophila the genes encoding homologs of Swi/Snf-core
proteins, the BRM (SNF2-type ATPase subunit), Snrl (SNF5-
type protein) and MOIRA (SWI3-type protein) belong to the
trithorax group and are required to maintain the pattern of
homeotic gene expression (21). In mammals there are at least
two classes of Swi/Snf-type complexes containing homologs
of the SNF2 ATPase, SNF5 and SWI3 proteins (22). Recent
studies of the effects of targeted disruption of genes encoding
these proteins in mouse have proved their critical role in
embryogenesis and in brain development (23,24). Brgl and
hBRM, representing two different classes of human SNF2-
type ATPase are involved in the control of cell growth
and proliferation through their interactions with the Rb
tumor suppressor proteins (25). In summary, the functional
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characteristics of proteins homologous to the core subunits of
Swi/Snf complex in different organisms indicate that they play
diverse regulatory roles and are critical for development. So
far, no functional homolog of the complete Swi/Snf complex
has been characterized in Arabidopsis. However, analysis of
the Arabidopsis genome reveals homologs of all three core
subunits of the canonical Swi/Snf complex (6; S.Kaczanowski
and A.Jerzmanowski, unpublished results). As regards the
SNF2-type ATPase and SWI3 subunit, there are a number of
putative orthologs (see below). Interestingly, the previously
characterized BSH protein encoded by a single copy gene has
turned out to be the only Arabidopsis homolog of the SNF5
protein. BSH was shown to be capable of partial comple-
mentation of the snf5 mutation in yeast (7). Plants with
targeted disruption of the BSH gene have yet to be analyzed
although a decrease in BSH content achieved by an antisense
strategy was correlated with some growth and developmental
aberrations (7).

Based on the alignment and homology analysis, we have
identified a small family of Arabidopsis SWI3-type proteins
consisting of four members: AtSWI3A, AtSWI3B, AtSWI3C
and AtSWI3D. In the phylogenetic tree these proteins form
two clusters, one grouping the shorter and the other the longer
homologs. Both yeast and human have different but highly
related subtypes of SWI3 (see Fig. 1A). The human subtypes
BAF170 and BAF155 coexist in two different SWI/SNF-type
complexes, Brgl and hBrm, respectively. However, it is not
known whether their function is completely or only partly
redundant (26). We decided to analyze first AtSWI3B, the
smallest of the Arabidopsis homologs of the canonical SWI3.

We have shown that the gene encoding AtSWI3B is
expressed ubiquitously in Arabidopsis. AtSWI3B has a
nuclear localization and is found predominantly in chromatin
and soluble protein fraction with only a small pool strongly
attached to the nuclear matrix.

To determine whether AtSWI3B interacts with BSH within
a putative Swi/Snf-type complex we used the anti-AtSWI3B
and anti-BSH antibodies to test the large molecular weight
protein complexes purified from Arabidopsis protein extracts
by multi-step chromatography. However, the results of these
experiments were not conclusive (data not shown). In contrast
to AtSWI3B, BSH was shown to be strongly attached to
nuclear matrix (K.Olczak, personal communication) and thus
the disintegration of the BSH-containing complexes during
extraction was highly probable. We showed that AtSWI3B
interacts with BSH in the two-hybrid system, which is a strong
indication that such interactions are also possible in
Arabidopsis. Interestingly, AtSWI3B also interacts with
other members of the Arabidopsis SWI3-type family
(AtSWI3A and AtSWI3C) and is capable of forming
homodimers. This may be an indication that the putative
Swi/Snf complexes in Arabidopsis contain at least two SWI3-
type subunits, which may form homo- or heterodimers. The
Drosophila homolog of SWI3 (MOIRA) was also shown to
participate in self-oligomerization (27).

The protein—protein interactions within the core of the Swi/
Snf complex are not well understood. However, there are data
on the interactions of the core subunits with non-core proteins
including cyclins (28), HIV-1 integrase (29), SNF11 (30) and
proteins with SET domain (31). These proteins, which are
probably involved in mediation of different functions of Swi/

Snf, may temporarily associate with the complex or may
represent its tissue- or organ-specific auxiliary subunits. In this
study, using the phage display screen we identified a seven
amino acid peptide interacting specifically with AtSWI3B. A
search of the databases for proteins with identical or highly
homologous peptides revealed an Arabidopsis protein, FCA,
which is known to be involved in the control of flowering time
(16). The peptide maps to the C-terminal most region of FCA.
Using the yeast two-hybrid system we confirmed that FCA
indeed interacts with AtSWI3. Furthermore, the interaction is
abolished upon removal of a small C-terminal region
containing the peptide identified by phage display analysis.
The sequence interacting with AtSWI3B is located outside the
conserved RNA-binding (RRM) and protein-binding (WW)
domains of FCA. A careful search of the databases for proteins
homologous to FCA revealed that there is at least one other
plant protein (the abscisic acid-binding protein from barley)
with a remarkably similar domain arrangement to that of FCA,
including conservation of the region containing the peptide
interacting with AtSWI3B. It is thus possible that the
functional role of the C-terminal sequence of FCA which is
suggested by our results is also conserved in other plant
homologs of this protein.

The molecular mechanisms underlying FCA function in the
control of flowering time are not known. FCA is a nuclear
protein (G.Simpson, personal communication). The presence
of RNA-binding RRM domains in FCA strongly suggests its
involvement in posttranscriptional regulation, perhaps in a
complex with other protein partners interacting via the WW
domain. The interaction with putative chromatin remodeling
factor AtSWI3B mediated by a region outside the main
conserved domain indicates a link between the FCA function
and chromatin-level regulation. One possibility could be the
targeting of RNA (bound via the RRM domains) to specific
chromosomal sites. Whether such targeting occurs in vivo and
whether it plays a role in the function of FCA in controlling
flowering time remain to be elucidated. FCA has been also
implicated in the regulation of FLC, a gene critical for
promotion of flowering (32). On the other hand, the
Arabidopsis VRN2 gene, which encodes a Polycomb-type
protein, and is involved in vernalization-dependent flowering
control, was shown to influence the chromatin state of the FLC
locus (33). Taken together, the data strongly suggest that
chromatin-based mechanisms may be used for integration of
different regulatory pathways controlling flowering.

Because of the existence in Arabidopsis of four homologs of
SWI3 with potentially overlapping function, the testing of the
in vivo role of the SWI3-type proteins in plants will require a
concomitant interference in the expression of all four
Arabidopsis SWI3-type genes.
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