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Abstract The SHL gene from Arabidopsis thaliana en-
codes a small nuclear protein that contains a BAH do-
main and a PHD finger. Both domains are found in
numerous (putative) transcriptional regulators and
chromatin-remodeling factors. Different sets of trans-
genic lines were established to analyze the physiological
relevance of SHL. SHL expression driven by the CaMV
35S promoter results in reduced growth, early flowering,
early senescence, and impaired flower and seed forma-
tion. Antisense inhibition of SHL expression gives rise
to dwarfism and delayed development. In-frame N-ter-
minal fusion of the SHL protein to f-glucuronidase
(GUS) directs GUS to the nucleus of stably transformed
Arabidopsis plants. Thus, SHL encodes a novel putative
regulator of gene expression, which directly or indirectly
influences a broad range of developmental processes.

Key words PHD finger - BAH domain -
Transcription factor - Nuclear localization - Arabidopsis

Introduction

Plant transcriptional regulators are characterized by a
multitude of structural motifs (Meshi and Iwabuchi
1995; Liu et al. 1999). These include various (putative)
zinc-containing motifs, among them the PHD fingers
(Aasland et al. 1995), which are characterized by a un-
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ique Cys4-His-Cys; pattern, spanning approximately 50—
80 amino acids. The arrangement of cysteine, histidine,
and other residues distinguishes this motif from the
similarly sized RING fingers (Saurin et al. 1996) and
LIM domains (Sanchez-Garcia and Rabbitts 1994). The
name “PHD finger” refers to the Cys-rich regions of the
two plant homeodomain proteins HAT3.1 of Arabidopsis
and Zmhoxla of maize (Schindler et al. 1993). Other
PHD finger-containing plant proteins are PRHP and
PRHA (pathogenesis-related homeodomain proteins
from parsley and Arabidopsis; Korfhage et al. 1994),
which may be involved in the transcriptional regulation
of pathogen defense-related genes. The function of an-
other plant PHD finger protein, ES43 from barley
(Speulman and Salamini 1995), however, is unknown. In
animals PHD fingers are also found in transcriptional
regulators, including members of the Polycomb and
trithorax group of proteins (reviewed by Kennison
1995). The Polycomb group (Pc-G) gene products are
transcriptional regulators which silence homeobox-con-
taining (HOM) genes and thus contribute to ensuring
the correct expression patterns at specific developmental
stages (Pirrotta 1997). Trithorax group (trx-G) genes
have been identified as suppressors of Pc-G mutants
(Kennison 1995). They activate and maintain HOM
gene transcription. The importance of plant homologs of
Pc-G genes has recently been highlighted by the devel-
opmental abnormalities caused by mutations in the
CLF, MEDEA, PKL, and FIE genes (Ohad et al. 1996;
Goodrich et al. 1997; Grossniklaus et al. 1998; Ogas
et al. 1999). In addition to PHD fingers, other domains,
such as the chromodomain (e.g. in PC) and the brom-
odomain (e.g. in TRX), are frequently found in the
products of Pc-G and trx-G genes. These domains are
present in proteins which (putatively) regulate tran-
scription by modulating chromatin structure (reviewed
by Varga-Weisz and Becker 1995; Kingston et al. 1996).
Accordingly, the WCRF180 protein from HeLa cells
and the ACF protein of Drosophila, which contain PHD
fingers and bromodomains, function in chromatin as-
sembly (Ito et al. 1999; Bochar et al. 2000). Further-
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more, PHD fingers are found in the transcriptional
corepressor KAP-1 (Friedman et al. 1996; Moosmann
et al. 1996), the developmental regulator AF10 (e.g.
Linder et al. 1998), and several other putative tran-
scription factors. By analogy to classical zinc fingers
(Takatsuji 1999), LIM domains, and RING fingers, the
PHD finger has been proposed to mediate protein-
protein, protein-DNA, or protein-RNA interactions
(Aasland et al. 1995).

The BAH (bromo-adjacent homology) domain is
found in eukaryotic DNA (cytosine-5) methyltransfe-
rases (Finnegan et al. 1998), the origin recognition
complex 1 (Orcl) proteins (Gavin et al. 1995), and sev-
eral proteins involved in transcriptional regulation. They
are supposed to be involved in protein-protein interac-
tions and mediate gene silencing (reviewed in: Callebaut
et al. 1999). The BAH module can be associated with
PHD fingers, and both domains are often found in close
proximity (e.g. in ES43 of barley, or ASH1 of Droso-
phila). The functional relevance of this domain organi-
zation, however, is unknown.

As in animals, DNA modifications, such as methy-
lation, are proposed to maintain transcriptional states in
plants (reviewed in Richards 1997). Maintenance of cy-
tosine methylation patterns in Arabidopsis is dependent
on the DDM1I gene product (Kakutani et al. 1995;
Jeddeloh et al. 1999). Further (putative) chromatin-
remodeling factors have been identified in plants (e.g.,
BSH, Brzeski et al. 1999; PKL, Ogas et al. 1999), as well
as other transcription factors that act as developmental
regulators (e.g., KNI, Sinha et al. 1993; HAT4, Schena
et al. 1993).

We describe here the characterization of the plant
gene SHL (for the short life exhibited by plants that
overexpress the SHL cDNA). Our interest in this gene
was triggered by the interesting domain structure of its
product. SHL encodes a short polypeptide with a pu-
tative nuclear localization signal (NLS), a BAH motif,
and a C-terminal PHD finger. Reverse genetic ap-
proaches were used to elucidate the function of SHL.
The pleiotropic phenotypic abnormalities observed in
transgenic Arabidopsis plants in which the expression of
the SHL gene was modulated indicate that SHL is
necessary for normal plant growth and development.
The primary structure of the protein, as well as the nu-
clear localization of a SHL-GUS fusion protein, point to
a potential function as a transcriptional regulator.

Materials and methods

Plant material

A. thaliana cv. C24 and transgenic plants (see below) were grown
for RNA isolation in half-strength MS medium (Murashige and
Skoog 1962), supplemented with 1% sucrose and solidified with
0.7% agarose, under a 16 h day (140 pE, 22 °C)/8 h (22 °C) night
regime. For phenotypic characterization, plants were grown in soil
(Einheitserde Typ GS90; Gebriider Patzer, Simtal-Jossa, Germa-
ny). After 7 days of stratification [16 h fluorescent light (120 nE),

20 °C/8 h dark, 6 °C, 75% relative humidity], established plants
were grown in long days [16 h fluorescent light (60, 120, or 180 nE),
20 °C, 60% relative humidity/8 h dark, 16 °C, 75% relative hu-
midity].

Generation of constructs and transgenic plants

The SHL cDNA was obtained as EST clone 181F3 (Accession No.
H37427; Newman et al. 1994) from the Arabidopsis Biological
Resource Center (Ohio State University, Columbus, Ohio). For
sense or antisense expression (35S-SHL or «-SHL, respectively), a
1100-bp Smal-HindIll cDNA fragment was inserted in either ori-
entation into the Smal site in the binary vector pBinAR (Hofgen
and Willmitzer 1990), between the CaMV35S promoter and the
OCS 3’ termination signal, after a fill-in reaction with the Klenow
fragment. To generate the SHL-GUS fusion the SHL cDNA was
inserted into the pBI121 vector (Clontech, Heidelberg, Germany).
To facilitate this, PCR was performed to add Xbal and BamHI
sites using the primers sense (TCTAGAATGCCCAAGCAA-
AAAGCTCC) and antisense (TGGATCCACCTGGTCGCT-
TAGTGTG). The PCR was done with Pfu DNA polymerase
(Stratagene, Heidelberg, Germany) to ensure high fidelity. Se-
quence analysis of the PCR product revealed 100% identity to the
SHL cDNA sequence. After digestion of the PCR product and the
vector with Xbal and BamHI, the SHL fragment was inserted
downstream of the CaMV35S promoter and in frame with the f-
glucuronidase coding region (35S-SHL-GUS). Transgenic lines
transformed with these constructs were selected using hygromycin
(35S-SHL and o-SHL) or kanamycin (35S-SHL-GUS).

RNA extraction and Northern analysis

Total RNA was extracted from plants at indicated times, frac-
tionated and blotted as previously described (Miissig et al. 2000).
To generate sense or antisense SHL probes, linear PCRs were
performed using the entire SHL cDNA as template together with
antisense or sense primers, respectively (sequences given above), as
well as [*>P]JdCTP. The conditions for linear PCR were: 94 °C for
3 min, followed by 10 cycles of 57 °C for 20's, 72 °C for 45 s, 94 °C
for 20 s). Hybridizations were performed overnight at 65 °C in
sodium phosphate buffer (0.25 M, pH 7.2) containing 7% SDS, 1%
BSA, and 1| mM EDTA.

Histochemical analysis

X-gluc (f-D-5-bromo-4-chloro-3 indolyl glucuronide) was used to
determine the localization of the enzyme activity of the SHL-GUS
fusion protein. Tissue samples were incubated at 37 °C in GUS
buffer (100 mM sodium phosphate buffer pH 7.2, 0.1% Triton X-
100, 2 mM K;[Fe(CN)g], 0.5 mg/ml X-gluc) for 2-15 h. After de-
tection of the blue color, chlorophyll was extracted with 80%
ethanol for 24 h at 37 °C. Nuclei were stained with DAPI according
to the manufacturer’s instructions (Boehringer, Mannheim, Ger-
many). The location of the blue precipitate was compared with that
of the DAPI-stained nuclei using bright-field or fluorescence optics.

Results

SHL-GUS localizes to the nucleus in transgenic
Arabidopsis plants

The SHL protein contains amino acid motifs charac-
teristic of nuclear proteins (Fig. 1). Several basic residues
within the N-terminal region (aa 3-21) may form an
NLS and direct SHL into the nucleus. The protein is
composed of two domains, an N-terminal BAH domain



(aa 28-131) and a C-terminal PHD finger (aa 141-187).
Their occurrence in specific classes of nuclear proteins
points to a role in chromatin-mediated regulation of
gene expression (Aasland et al. 1995; Callebaut et al.
1999).

To determine whether SHL is imported into the nu-
cleus, a SHL-GUS fusion protein was expressed in
transgenic Arabidopsis plants. The subcellular localiza-
tion of the fusion protein was determined by incubating
rosette and cauline leaf tissue with X-gluc. Nuclear
staining was clearly detectable in tissue samples of sev-
eral independent lines after 2-15 h exposure to the
substrate (Fig. 2, and data not shown), while only minor

Fig. 1A-C Primary structure of
the SHL protein. A The se-
quence encoded by the SHL

cDNA. The basic amino acids 1 MPEQEAFRKQ
of a putative nuclear localiza- 51 DARCSHAKVR
tion signal are underlined. B

Homology of SHL with the first 101 CKVHSFSSYT
BAH domain of PB1 (Nicolas 151 DDLMVQCEEC

et al. 1996) and the BAH
domain of ES43 (Speulman and
Salamini 1995). C Alignment of
the PHD-finger domains of
HAT3.1 (Schindler et al. 1993),
ES43, and SHL
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activity was observed in the cytoplasm. Thus, SHL di-
rects the GUS protein to the nucleus in Arabidopsis leaf
tissue.

Pattern of SHL mRNA expression

Northern analysis revealed prominent SHL expression
in roots, stems, rosette leaves, cauline leaves, and
flowers (Fig. 3). Low levels of SHL transcript were
detectable in siliques. Neither application of phytohor-
mones, such as gibberellins (GAj), 24-epibrassinolide or
abscisic acid, nor various stress treatments, such as

The amino acid sequence of SHL

LESYKLEKHTN KSIQEGDAVL MRSSEPGKFS YVARVEAIET
VEWYYRPEES IGGRRQFHGA KEVFLSDHFD FQSADTIEGK
KLDSVGNDDF FCRFEYNSTT GAFDFDRVTV FCKCEMPYNFE
SEWFHPSCIG TTIEEAKKFD NFYCEECSPEQ QONLHNSNST
FRSLEVTKSE NEKHTKRPG

B. Alignment of BAH domains of PB1, ES43, and SHL

PB1 951 KNSMYHVGEY BlYVEPAEANL QPHIVCIERL WEDS-ABEK-
ES43 24 spovIRPGEs f@xarpssl Erifiix 1B BancrEEany
SHL 19 1nkSIQEGEA EERssErcl BSIEERVEAE Broa-EEsHA

Consensus D WV E G
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ES43 64 RISy EeEeEy-n 0o o S
SHL 58 m EE= TGCREME WHERE =i S0 IFIr_
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PBL 1029 LFEEvlvrve efrE@crElr rREEDvyvCEE RysBr
ES43 104 EcEEVEvED: - EE- =BvFcRFEYQ SITGS
SHL 93 EEERxErEEs SEEEEosficy oFcrreEviE TTCEF
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C. Alignment of PHD finger domains of HAT3.1, ES43, and SHL
HATZ.1 204 ﬁm@sSKDLSVENDEIL!DGF!DRGMQYILEPPLRK"DIPP

ES43 147 5 R R < I < R
SHL 141 i-EE EEEMSETIEMPD
Consensus FC C D & e FH e

HAT3.1 248 DDEGWLECEEDCK
ES43 187 ---FETEEEEVAE
SHL 181 ---EEvEE=Esr0
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Fig. 2A, B Localization of a SHL-GUS fusion protein in
epidermal peels of cauline leaves of transgenic Arabidopsis plants.
A Detection of GUS activity under bright field (blue color). B
Detection of the nuclei by DAPI staining and epifluorescence. The
scale bar represents 10 pm

Fig. 3 Northern analysis of SHL expression. SHL expression in
different tissues of soil-grown, wild-type plants. R, root; F, flower;
RL, rosette leaf; CL, cauline leaf; St, stem; S, silique. The ethidium
bromide-stained gel is shown to demonstrate that equal amounts of
total RNA were loaded in each line

wounding, touch, wind, UV irradiation, heat, or cold,
resulted in reproducible changes in SHL expression in
wild-type plants (data not shown). The SHL mRNA is
detectable in seedlings, and throughout the adult vege-
tative phase as well as the adult reproductive phase.
This broad and constitutive expression pattern in dif-
ferent tissues is consistent with the pleiotropic altera-
tions observed in plants in which SHL expression is
modified (see below).

Modulation of SHL expression in transgenic plants

To investigate the physiological role of SHL, a series of
transgenic plants was created. At least 100 independent
first-generation (T1) plants per construct were obtained.
Selected plants were propagated by selfing to obtain

lines homozygous for the transgene. Third- (T3) or
fourth-generation (T4) plants were examined in detail
for phenotypic alterations.

SHL overexpression accelerates development
but reduces growth and fertility

Plants overexpressing SHL differed clearly from wild-
type plants. At least four out of a total of 20 indepen-
dent T3 lines displayed reduced growth and accelerated
development (Fig. 4). The severity of the phenotypic
abnormalities was correlated with the relative increase in
SHL mRNA levels. The highest transcript abundance
was found in lines 12 and 18, which displayed the most
dramatic alterations (see below). The leaves were re-
duced in number (Table 1) and size (Fig. 4). In addition
to the reduction in the growth rates of aerial organs,
root development was also retarded. The changes in
vegetative characteristics were accompanied by altera-
tions in reproductive traits. In the transgenic plants,
inflorescences became visible earlier than in the wild-
type plants (25.3+1.3 days after germination for line
#18 exposed to 180 pE illumination, 41.8 + 3.2 days for
wild-type plants; see also Fig. 4). Accordingly, siliques
began to form about 6 weeks after germination in the
transgenic line #18, in comparison to 9 weeks for the
non-transformed plants. The development of fewer
flowers resulted in reduced seed set in the transgenic
plants. The flowers which were formed, however, were
normal with respect to organ arrangement and number.
Senescence of vegetative leaves started around 4 weeks
earlier in the transgenic lines than in the wild-type.
Overexpression of a SHL-GUS fusion protein resulted
in developmental changes very similar to those observed
in the 35S-SHL plants (Fig. 5). Also in these cases, the
severity of the phenotypic alterations was correlated
with the levels of SHL-GUS RNA (Fig. 6B).

Table 1 Leaf numbers of 56-day-old transgenic plants

Line Leaf number®
180 nE 60 nE
a-SHL
#20 68.2+3.3 17 +£1.9
#25 63.8+12.5 248+1.6
#33 72.0+10.8 28.6t1.4
#39 87.3+6.8 27.8+3.1
35S-SHL
#8 46.2+3.8 143+1.9
#12 40.0+2.8 11.8+1.5
#18 12.0+2.4 94+14
#20 61.4+12.6 22.5+3.2
Wild type 90.5+10.2 30.0+4.1

# Leaf number refers to the total number of leaves in the rosette,
including those formed from axillary buds. Cotyledons and cauline
leaves were excluded. Values (means + SD) were calculated from a
minimum of five individual plants from each line, grown under
medium (180 nE) or low (60 pLE) light levels
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Fig. 4A-C Morphology of plants with modified SHL expression.
Wild-type, SHL-antisense, and SHL-overexpressing Arabidopsis
plants were grown in soil for 38 days (A), 53 days (B), or 36 days
(C) under low (60 LE) or medium (180 pE) light conditions. A, B
Top left to bottom right: plants from the overexpressing lines 8, 20,
12 and 18, wild-type, and antisense lines 20, 25, 33, and 39. C Left
to right: plants from antisense line 20, overexpressing line 18, and
wild type

Antisense inhibition of SHL expression results
in delayed development and impaired growth

SHL antisense expression resulted in a clear reduction in
SHL transcript levels in all lines analyzed (Fig. 6A).
Plants of strongly affected antisense lines exhibited a
stunted axis, small, dark-green leaves, a compact rosette
structure, reduced leaf expansion and lower leaf number
(Fig. 4 and Table 1). Although the organs were slightly
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Fig. 5 Morphology of 45-day-old Arabidopsis plants overexpress-
ing the SHL-GUS fusion construct. Top left to bottom right: wild
type, and transgenic SHL-GUS lines 1, 3, 12, 18, 13, 16 and 17

Fig. 6A, B Northern analysis (A)

of transgenic plants. A North- wt
ern analysis of antisense
(2-SHL) and overexpressing
(35S-SHL) lines. Total RNA
was isolated from 21-day-old
plants. SHL, SHL mRNA;
o-SHL, SHL antisense RNA.
The ethidium bromide-stained
gel is shown to demonstrate
that equal amounts of total
RNA were loaded in each line.
B Northern analysis of
35S-SHL-GUS transgenic
plants. Total RNA was isolated
from 14-day-old seedlings. The
ethidium bromide-stained gel is
shown to demonstrate that
equal amounts of total RNA
were loaded in each line. SHL,
SHL mRNA; SHL-GUS, SHL-
GUS mRNA

SHL

a-SHL

(B)

SHL-
GUS

SHL

o-SHL
20

reduced in length, root development was essentially
normal. Furthermore, antisense SHL expression pro-
vokes late flowering (49.4+2.9 days after germination
under light levels of 180 LE for line #20, in comparison
to 41.8+3.2 day for the wild type), and the transgenic
plants produced fewer flowers and seeds. The most
dramatically affected antisense lines failed to flower and
could not be propagated.

In summary, modulation of SHL expression affects
both vegetative and reproductive traits, indicating that
the gene product is necessary for wild-type ontogenesis.

Discussion
The SHL protein is largely composed of a BAH motif

and a PHD finger domain. A close homolog from bar-
ley, ES43 (Speulman and Salamini 1995), has been

35S8-SHL
25 33 39 8 20 12 18

e

3558-SHL-GUS wt
18 17 16 13 12 3 1




identified previously and displays 57.5% sequence
identity to SHL. Further SHL homologs in several other
higher plants have been identified as ESTs (e.g. from
tomato, Accession No. AW035325; cotton, AI726030;
rice, AF074797). SHL and its homologs are of special
interest due to the joint presence of the PHD finger and
the BAH domain. The function of this domain combi-
nation is unknown, even in the case of animal proteins
such as ASHI1 of Drosophila (Tripoulas et al. 1994).
Furthermore, no information was hitherto available on
the role of those genes in plants. SHL is a nuclear pro-
tein, as demonstrated by its ability to redirect the GUS
protein into the nucleus. Correspondingly, the BAH-
and PHD-finger domains are found in numerous (pu-
tative) transcriptional regulators and proteins involved
in chromatin modification (Aasland et al. 1995; Calle-
baut et al. 1999). To analyze the function of SHL, dif-
ferent sets of transgenic Arabidopsis lines with modified
SHL expression were created. These lines revealed a
requirement for SHL for proper vegetative and repro-
ductive development. SHL-overexpressing lines showed
reduced growth, early flowering and senescence, whereas
antisense lines showed delayed development. Similar
changes have been observed in plants with altered DNA
methylation (Kakutani et al. 1995; Finnegan et al. 1996;
Ronemus et al. 1996). In contrast to plants with modi-
fied SHL expression, however, METI antisense plants,
in which methylation levels are reduced (Finnegan et al.
1996), as well as the hypomethylation mutant ddml
(Kakutani et al. 1995), show homeotic transformations
of floral organs. This suggests that the plants with
modified SHL expression do not suffer from gross hy-
pomethylation of DNA. Correspondingly, no change in
cytosine methylation of Hpall and Mspl sites (CCGG)
in the centromeric repeat (Martinez-Zapater et al. 1986)
has been observed in a-SHL or 35S-SHL plants (data
not shown). However, it is possible that SHL plays a
role in the regulation of sequence-specific DNA methy-
lation or in the recognition of the methylation status of
the DNA.

Other (putative) chromatin-remodeling factors from
plants include MEDEA, FIE, CLF, PKL, and BSH.
MEDEA and FIE are Polycomb-group genes involved in
embryo development (Grossniklaus et al. 1998; Ohad
et al. 1999) and may interact to silence the transcription
of genes needed to initiate endosperm development
(Kiyosue et al. 1999; Ohad et al. 1999). CLF is required
for stable repression of a floral homeotic gene in leaves
and stems, and shows homology to the product of the
Pc-G gene Enhancer of zeste (Goodrich et al. 1997). PKL
belongs to the group of CHD3 proteins which are
characterized by PHD-finger domains. PKL regulates
the transition from embryonic to vegetative develop-
ment and might mediate gibberellin effects (Ogas et al.
1999). BSH is a member of the SNF5 gene family. SNF5
proteins are components of SWI/SNF complexes, which
may serve to destabilise DNA-histone interactions and
allow binding of transcription factors. Expression of
BSH in antisense orientation results in a bushy growth
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habit and in the development of infertile flowers (Brzeski
et al. 1999). Further proteins involved in DNA modifi-
cations, such as cytosine methylation and histone ace-
tylation, as well as factors involved in the recognition of
specific DNA sites, remain to be identified. Taking into
account the primary structure of the SHL protein, the
multiple developmental abnormalities seen in the SHL
antisense and overexpression lines, and the nuclear lo-
calization of the SHL-GUS fusion protein, it is con-
ceivable that SHL belongs to this group of nuclear
factors and may exert its effects through interaction
with, or modification of, chromatin. However, the phe-
notypic alterations observed in the transgenic plants
may also be due to defects in functions that are inde-
pendent of chromatin modification (e.g. biosynthesis of,
or responses to phytohormones) and may thus be of
secondary nature.

To elucidate further the function of SHL, gene ex-
pression profiling experiments using cDNA arrays are in
progress for wild-type, a-SHL, and 35S-SHL plants. The
information thus gained should provide more detailed
insight into SHL-dependent gene expression and provide
a means to place SHL in the context of other regulatory
pathways.
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