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SBP-domain proteins are plant-specific putative transcription factors. They
all contain the highly conserved 76 amino acid residue SBP-domain, shown
to bind specifically to related motifs in the Antirrhinum majus SQUA
promoter and the orthologous Arabidopsis thaliana AP1 promoter. The
structural basis for this sequence-specific binding of DNA are two Zn-
finger like structures formed by the coordination of two zinc ions by
conserved cysteine and histidine residues. Amino acid exchanges of the
cysteine residues involved revealed that each of the Zn”*-coordinating
structures is essential for DNA binding. By random target-site selection
studies, it is shown that the palindromic GTAC core motif is essential for
efficient DNA binding with additional nucleotides preferred by different
SBP-domain proteins. Despite their different functions and origin from
plants at different evolutionary distances, the mode of DNA binding is
conserved from the single-cell algae Chlamydomonas reinhardtii to the moss
Physcomitrella patens and higher plants. At the C-terminal end of the SBP-
domain, a putative bipartite nuclear localization signal is located, which
overlaps with the DNA-binding domain, in particular with the second
Zn**-binding structure. By immunolocalization of SPL3 and transient
expression of SBP-green fluorescent protein fusion proteins in plant cells, it
is shown that this nuclear localization signal is functional. Exchange of a
highly conserved serine next to the nuclear localization signal by aspartate,
which may mimic phosphorylation, resulted in a decreased nuclear import
(SPL8), while DNA binding in vitro was abolished completely. In contrast,
exchange by alanine increased nuclear import and left DNA binding intact.
This suggests that the function of SBP-domain proteins is also regulated by
post-translational modification on the levels of nuclear import and DNA
binding.
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Introduction

multicellular higher plants. Since they are not
present in prokaryotes, fungi or animals, they

SBP-domain proteins form a diverse family of
putative transcription factors, which are defined by
harboring a highly conserved domain of 76 amino
acid residues, the SBP-domain. They are found in
all green plants, from single-cell Chlamydomonas to

Abbreviations used: NLS, nuclear localization signal;
miRNA, microRNA; CuRE, copper response element;
DAPI, 4,6-diamidino-2-phenylindole; GFP, green fluor-
escent protein.
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seem to be specific for plant development. SBP-
domain proteins were first isolated from Antirrhi-
num majus in an in vitro approach to identify
regulators of the MADS-box gene SQUAMOSA
(SQUA) by their ability to bind to its promoter.
Therefore, they were called SQUA promoter-bind-
ing proteins (SBP).'

In Arabidopsis thaliana, the SBP proteins are
encoded by a heterogeneous family of 16 genes
(SPL-genes), which can be divided in subfamilies on
the basis of sequence, size and gene structure. The
largest genes (SPL1, SPL7, SPL12, SPL14 and SPL16)

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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are expressed constitutively, while the mid-sized
and small genes are upregulated mainly in flower
development.”™ More hints that the smaller SPL
proteins are involved in the process of flowering
come from the findings that over-expression of
SPL3 results in early flowering,” and SPLS insertion
mutants result in aberrant pollen sack development
in Arabidopsis.” SPL14, which with a length of 1035
amino acid residues belongs to the large proteins,
was reported to play a role in plant pathogen
response (sensitivity to fumonisin Bl) and in
development of the plant architecture, especially
in leaf morphology.® Beside these Arabidopsis SPL
genes, only one other SBP-box gene, LIGULELESS1
(LG1) from Zea mays, has been reported to exhibit a
mutant phenotype, i.e. lacking the ligule at the
boundary between blade and sheath of the leaf.”

Recently, the SPL genes attracted attention
because the smaller ten genes, except SPLS, contain
the only miRNA target sites for miRNA156 and
miRNA157,® which provides a means to down-
regulate them simultaneously, as shown recently in
constitutive MIR156 over-expressor transgenic
plants.’

To fulfill their role as transcription factors, the
SBP proteins have to be imported into the nucleus
and eventually to bind in a sequence-specific mode
to DNA. Both functions seem to be covered by the
SBP-domain. For the A.majus SBP1 and SBP2
proteins and the putative Arabidopsis orthologues,
it was shown that they bind, besides a defined motif
in the SQUA-promoter, to a similar sequence in the
AP1 promoter, the presumed Arabidopsis SQUA
orthologue. Using truncated versions of the
respective proteins in in vitro DNA-binding
studies led to the finding that the SBP-domain is
necessary and sufficient for sequence-specific DNA
binding."?

The structures of the SBP-domains of SPL4 and
SPLY7 in solution were resolved recently by NMR."
The domain contains two, non-interleaved Zn?*-
coordinating structures, which are formed by eight
conserved cysteine and histidine residues. Model-
ing of the bound SQUA-promoter motif to the
structure of the SBP-domain suggested that the
DNA-binding domain covers almost the whole
SBP-domain and that mainly the basic amino acid
residues, arranged to form a positively charged
face, are involved in general and specific DNA
binding. The stoichiometry of DNA binding was
shown to be 1:1.

Regulation of subcellular compartmentalization
generally represents an important level of control-
ling the function of a protein. In the case of a
transcription factor, this concerns in particular its
nuclear import with the help of a nuclear localiz-
ation signal (NLS). Here, the most common
regulation mechanism is masking the NLS by
post-translational modification close to the NLS.
By this, efficient binding of importin a to the NLS is
prevented and nuclear import is disturbed."" > The
nuclear import of the SBP-domain proteins seems to
be promoted by the SBP-domain. Its C-terminal end

harbors two clusters of basic amino acid residues
and fits perfectly the consensus sequence for an
NLS of the bipartite type.'*'?

Here, we have analyzed the structural base of
the DNA-binding activity and the functionality of
the putative NLS by making use of SBP-proteins
carrying amino acid exchanges in the SBP-domain.
DNA binding was monitored by electrophoretic
mobility-shift assays (EMSAs) and subcellular
localization investigated by transient expression of
SPL proteins in plant cells. The DNA sequence
specificity was analyzed in more detail by random
oligonucleotide selection assays. By this, we could
confirm the palindromic tetranucleotide GTAC to
be essential for DNA binding by SPL1, SPL3 and
SPL8. By employing the AP1 promoter motif and an
SBP target sequence from Chlamydomonas, together
with SBP-domains from Arabidopsis, Physcomitrella
and Chlamydomonas produced in Escherichia coli, we
demonstrate that DNA binding and sequence
specificity of SBP-domains is conserved from
single-cell algae to higher plants.

The SBP-domain structure has been discussed
only with respect to DNA binding, despite the fact
that the SBP-domain harbors a putative NLS."
Here, we show that this NLS is functional and that
some of the amino acid residues, which were
discussed on the basis of the domain structure to
be important for general and sequence-specific
DNA binding, are essential also for nuclear import.
This structural and functional overlap of the DNA
binding and nuclear localization domains is under-
lined by the finding that both functions may be
regulated by modification of the same conserved
serine residue close to the NLS. Besides regulating
transcription of the genes by their promoters and
control of the transcripts by miRNAs, here another,
post-translational level of regulating SBP protein
activity seems to exist.

Results and Discussion

The SBP-domain has been highly conserved
during plant evolution

SBP-genes exist only in green plants, from single-
cell algae to the most highly developed plants.
There is sequence information for more than 160
full-size SBP-domains in electronic databases. In all
cases, the SBP-domains are very similar, with a high
or absolute conservation at certain positions, as
demonstrated in Figure 1. Here, 166 sequences from
52 species were aligned. Maize Liguleless1 and its
presumed orthologue in rice were left out, because
glycine inserted at position 40 had resulted in a gap
in the alignment. The best-conserved amino acid
residues are cysteine (at positions 4, 9, 26, 45, 48 and
64) and histidine residues (at positions 29 and 52)
used to coordinate two zinc ions. Similarly well
conserved are the basic amino acid residues
supposed to be involved in general and specific
DNA binding,'” and in nuclear translocation of the
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Figure 1. Sequence conservation in the SBP-domain. (a) The 166 SBP-domain sequences from 52 species were aligned
and the sequence conservation at a particular position expressed as a stack of letters using the program WebLogo
(WebLogo.berkeley.edu).>> The overall height of each stack indicates the sequence conservation at that position
(measured in bits), whereas the height of symbols within the stack reflects the relative frequency of the corresponding
amino acid. Cysteine residues are in yellow, basic amino acid residues involved in DNA binding and nuclear localization
are in blue, acidic amino acid residues are in red, and threonine and serine are in green. The numbering is according to
the numbers in the NMR structure.'® (b) Shown are the amino acid sequences of the SBP-domains used in DNA-binding
assays: SPL1, SPL3, SPL7, SPL8 from Arabidopsis, PpSBP1 from Physcomitrella and CRR1 from Chlamydomonas. The
asterisk (*) at the end of the SPL3 sequence indicates its natural stop. The conserved basic amino acids of the NLS are
shaded dark grey, while the two Zn-coordinating structures (Zn-1 and Zn-2) with the involved cysteine and histidine

residues are in light grey.

proteins (at positions 61, 62, 74, 75, 76 and 77).
Among other well-conserved residues is serine 63,
which is identified by the prediction program
NetPhos 2.0 as a very likely phosphorylation site.

SBP-domain proteins recognize and bind
specifically to the GTAC core motif

Knowledge of their optimal DNA-binding
sequence is very helpful to identify candidate target
genes of transcription factors. From previous work,
it is known that SBP1 and SBP2 from A.majus,'
Arabidopsis SPL3,> SPL4 and SPL7,' and birch
BpSPL1'® bind in vitro sequences encompassing a
ten nucleotide motif found in common with the
A. majus SQUA and the orthologous Arabidopsis AP1
promoters. To investigate which nucleotides are
really needed for binding, and if there are different
sequence specificities among different SBP proteins,
we performed random oligonucleotide selection
based on EMSAs. Since we were not able to keep
whole proteins under physiological conditions in
solution, and since it was known that the SBP-
domain alone is sufficient for sequence-specific
binding, we used recombinant SBP-domains for
the DNA-binding assays. The SBP-domains of
SPL1, SPL3 and SPLS, representing three major
subclasses of the SPL genes, were expressed in
E. coli with extensions of about ten residues on both
sides, except for SPL3, which naturally terminates
two residues behind the SBP-domain (Figure 1(b)).
The peptides were purified by affinity chromato-
graphy making use of a His, tag.

First, the minimal DNA motif size still bound
with full efficiency by the SBP-domains was
determined. For this we used the AP1 promoter-
derived binding site. Without any loss of binding
strength by the SPL1 SBP-domain, the DNA could
be shortened to a 15 bp fragment (AP1-15, sequence
in Figure 3(a)), which was used as positive control
in all EMSAs unless stated otherwise. Removing
one more base-pair from both sides still had no
effect, but further shortening from either side
resulted in consecutive loss of binding strength
until at 10 bp DNA-binding was lost completely
(not shown). As judged from the gels, the unbound
DNA substrate was still double-stranded, but it was
not clear if essential nucleotides of the binding
motif were lost or the DNA molecule was just too
short to be bound by the SBP-domain.

On the basis of this finding, a random primer
selection experiment was carried out using 62 nt
long oligonucleotides containing a random central
string of 16 nucleotides flanked by defined ends for
PCR amplification and cloning. Three consecutive
rounds of DNA binding, recovering the protein—
DNA complexes from EMSA gels and amplification
of bound DNA by PCR were done before cloning
for sequencing. At that stage, more than 50% of the
DNA was bound by the proteins. In all, 96 clones
from SPL1 and SPL3 binding were sequenced, both
resulting in a high preference for a GTAC core
motif, which is contained also in the bound AP1
promoter motif. Unfortunately, one nucleotide of
this motif (G or C) was provided in more than 50%
of the sequences by the fixed sequences flanking the
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Figure 2. SBP-domains bind to the GTAC core
sequence. A random primer selection experiment was
carried out with oligonucleotides (see Materials and
Methods), containing a random central string of 16
nucleotides with GT at positions 7 and 8. Three
consecutive rounds of DNA binding, recovering the
protein-DNA complexes from EMSA gels and amplifi-
cation of bound DNA by PCR were done before cloning
and sequencing. The 67 sequences from SPL3 and 73
sequences from SPL8 binding were aligned, and the
sequence conservation at a particular position expressed
as a stack of letters using the program WebLogo
(WebLogo.berkeley.edu).32 The overall height of each
stack indicates the sequence conservation at that position
(measured as content of information in bits), whereas the
height of symbols within the stack reflects the relative
frequency of the corresponding nucleotide.

random part of the oligonucleotides, thus prevent-
ing us from learning more about the distribution
frequency of adjacent nucleotides.

In order to locate the binding motif in the middle
of the random stretch of nucleotides, and with the
knowledge that the GTAC seemed to be essential
for binding, we performed a second experiment
with oligonucleotides containing GT at positions 7
and 8 of the random part and three consecutive A or
T nucleotides as first nucleotides in the fixed
sequence (Figure 2). This time, the GT was again
completed to the palindromic GTAC core motif for
SPL3 (67 sequences analyzed) and SPL8 (73
sequences) with a high preference for at least one
more C at the 5’-end of the motif for SPL3 (83%
versus 32% for SPL8) (Figure 2). No more con-
clusions concerning a preference for specific
nucleotides at other positions in the binding site
could be drawn, except a slight preference for A or
T nucleotides flanking the core motif. Binding
assays with selected sequences from this experiment
confirmed that SPL3 was indeed more selective.
While the SBP-domains of SPL1 and SPL8 bound to
the same sequences with similar efficiencies, SPL3
bound only to a subset (not shown).

With the help of the program Patmatcht the
Arabidopsis genomic sequence (“GenBank whole

T http:/ /www.arabidopsis.org/cgi-bin/patmatch/
nph-patmatch.pl

genome” and “Locus Upstream Sequences-
1000 bp”) was searched for the GTAC and the
CGTAC motif, and statistics performed in order to
find significance (frequency and distribution rela-
tive to translation start) for this binding motif. It is
remarkable that in the genome both motifs are
under-represented by a factor of about 2, but as a
dimer with a spacing of up to 30 bp the palindromic
tetramer appears roughly 25 times more frequent in
the promoter regions than expected. For the
pentamer CGTAC, the situation is more compli-
cated, because now the motif has an orientation,
and anyway the tetranucleotide is included.

For the motifs, we established long candidate
gene lists, which will be compared to gene lists
derived from other experiments with the aim to
identify target genes, like crosslinked-chromatin
immunoprecipitation (X-CHIP)'” or transcript pro-
filing in response to SPL gene activation. Thus, in
the promoters of putative target genes, derived
from microarray hybridization with RNA isolated
after SPL8 induction, the GTAC motif was signifi-
cantly over-represented compared to a random
gene list (S. Schwarz & P.H., unplublished results).
In the case of other DNA-binding proteins known to
interact with SBP-domain proteins, identified for
example by yeast two-hybrid-analysis, promoter
regions of putative target genes can be searched for
the combined presence of both binding sequences.

DNA-binding by the SBP-domain proteins has
been conserved during evolution

SBP-domain proteins, some of which are
suggested to be transcription factors involved in
plant development,”® are found in all green plants,
in single-cell Chlamydomonas with relative little
differentiation during development, as well as in
highly complex organisms like trees. Because the
SBP-domain is extremely well conserved in all of
these otherwise heterogeneous proteins, the ques-
tion arises of whether the biological function of this
domain in all plants is related and to what extent
the biochemical mechanisms are the same.

To compare the DNA-binding specificity of SBP
proteins from evolutionarily very distant plant
species, we chose, beside SPL1, SPL3, SPL7 and
SPLS, representing different subfamilies of the SPL
proteins from Arabidopsis, an SBP-domain protein
from Chlamydomonas CRR1,'® (this information was
generously provided before publication by Janette
Kropat and Sabeeha Merchant, UCLA, USA) and
one from moss Physcomitrella PpSBP1 (our unpub-
lished results). The SBP-domains of these proteins,
to the extent indicated in the alignment in Figure 1,
were expressed in E. coli, purified and subjected to
DNA-binding assays. Increasing amounts of the
peptides were incubated either with the Arabidopsis-
derived 15bp AP1 promoter fragment or with a
copper response element (CuRE) from Chlamydo-
monas that, except for the GTAC tetranucleotide,
exhibits no homology to the API1 substrate
(Figure 3). In in vivo expression studies of this
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(€)  Ppeptide bound/free DNA
AP1-15 CuRE
60nM 300nM 60nM 300nM

SPL1SBP 162 453 011 1.98
SPL3 SBP 2.86 4.21 0.09 0.48
SPL7 SBP 021 102  0.06 0.30
SPL8 SBP 4.80 4.91 0.94 2.36
CRR1 SBP 034 064  0.06 0.18
PpSBP1 SBP 421 4.1 0.26 1.62

Figure 3. Conservation of sequence-specific DNA
binding during evolution. Recombinant SBP-domains
from different species (SPL1, SPL3, SPL7 and SPL8 from
Arabidopsis, PpSBP1 from Physcomitrella and CRR1 from
Chlamydomonas) were analyzed for DNA binding using
radio-labeled DNA substrates (a) AP1-15 from Arabidop-
sis, and (b) Cyc6 CuRE from Chlamydomonas, the
respective sequences containing the GTAC core motif
(bold) are indicated: 10 ng (60 nM) and 50 ng (300 nM) of
each peptide was used for EMSA. The first lane (S)
contains DNA substrate without protein. (c) The binding
efficiencies from (a) and (b) are quantified by the ratio of
bound to free DNA for both substrates (AP1-15 and
CuRE) at peptide concentrations of 60 nM and 300 nM.

CuRE had been shown to be essential for a
graduated response, mediated by CRRI1, to the
concentration of Cu in the growth medium."

As shown in Figure 3, all SBP-domains bound to
both DNA substrates, but with different efficiencies.
In general, it can be stated that for all peptides,
binding to the AP1-derived motif was stronger than
to the CuRE. Additionally, the peptides that bound
strongest to the AP1 DNA also bound best to the
CuRE. An exception from this was SPL3, which
was, together with SPL1, SPL3, SPL8 and PpSBP1,
among the best binders to AP1-15, but apart from
them among the weak binders of the CuRE. This
reflects the higher level of sequence selectiveness
observed in the random primer selection experiment.

Interestingly, SPL7 and CRR1, the two SBP-domains
with the least similarity to the other peptides, but
the greatest similarity to each other, exhibited a
significantly lower affinity to both DNAs.

The relatively weak binding of CRR1 to its own
putative target might be due to the fact that, here,
interaction has to function in a graduated mode. In
this mechanism, a second CuRE in the same
promoter is probably involved,'” which was
bound also in EMSAs, but with an even lower
level of efficiency (not shown).

SBP-domain binding to DNA is Zn?"-dependent
and established by two Zn®* -binding structures

The alignment of SBP-domains shows that a
number of conserved Cys and His residues are
spaced in a way known from Zn?*-coordinating
structures, which, among other possible functions,
may bind DNA.* The NMR structure of the SBP-
domain revealed that indeed two Zn-finger like
structures are formed: Zn-structure 1 is formed by
the amino acid residues C4, C9, C26 and H29
(numbers according to Figure 1 and numbering in
the published NMR structure),‘10 and Zn-structure 2
is formed by C45, C48, H52 and C64. However, it
has not been shown whether Zn>" is really needed
for DNA binding, or if both Zn**-binding struc-
tures are involved.

To prove the requirement of Zn>* for DNA
binding, the SBP-domain of SPL1 was depleted of
Zn*" using EDTA. Simply adding EDTA to the
protein did not impair DNA binding, a hint that, if
required for DNA binding, the 7n*" is bound
tightly in the molecule. This was found also with
the SBP proteins from A. majus' and SPL14, when its
binding to genomic DNA was tested.® Addition of
EDTA to the native protein was sufficient to disturb
the formation of the Zn-structures in SPL4 and
SPL7,"° but the consequences for DNA binding
have not been tested. In our hands, denaturation
with 8 M urea in the presence of EDTA removed the
Zn**. After renaturation by dialysis, the proteins
treated with or mock-treated without EDTA, were
submitted to EMSA. While the peptide treated with
EDTA did not bind DNA, the peptide without
EDTA treatment still bound the DNA with the
original level of efficiency (Figure 4). Addition of
Zn®" to the depleted peptide restored DNA
binding, while Mg®>* had no effect. This demon-
strates clearly the Zn”>*-dependency of DNA
binding by SBP proteins.

To get more information about the involvement of
the single Zn-structures in DNA-binding, amino
acid residues in the SPL1-SBP-domain participating
in the coordination of the zinc ions were exchanged
for alanine and the respective polypeptides tested
by EMSA (Figure 5). For Zn-structure 1, the
exchange of C9 or H29 resulted in almost complete
loss of DNA binding. Only at higher concentrations
of protein could some DNA binding be detected. In
Zn-structure 2, exchange of the outer C45 or C64
impaired DNA binding completely, as judged from
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Figure 4. Zn-dependence of DNA binding by SBP-
domain proteins. (a) Increasing amounts (2 ng, 10 ng, and
50 ng) of native peptide SPL1-SBP was denatured with
8 M urea, mock-treated (lanes 4-6) or treated with 50 mM
EDTA (lanes 7-9), renatured by dialysis and submitted to
EMSA. Also shown is radio-labeled AP1-15 substrate
without peptide (—) and DNA binding of native
untreated peptide (2ng and 10ng, lanes 2 and 3). (b)
Zn2+-depleted peptide (50 ng) was preincubated with
increasing concentrations of Zn**(10 pM, 100 pM and
1000 pM; lanes 3-5) or Mg>* (lanes 6-8) and analyzed by
EMSA.

the §el, but exchange of H52, also participating in
Zn** coordination according to the NMR structure,
led to a reduction in binding efficiency to only about
half. This could mean that the structure is still
stabilized to some extent by the three remaining
cysteine residues and other intramolecular forces.
This result underlines the uncommon character of
this second Zn-structure, which contains a very
short middle and an unusually extended
C-terminal knuckle. In summary, the data pre-
sented demonstrate that the integrity of both Zn-
structures together is needed for efficient DNA
binding.

Other amino acid residues involved in DNA
binding

The NMR structure of the SBP-domain shows
that all conserved basic amino acids form a
positively charged surface involved in binding the
negatively charged DNA. Modeling the API
recognition sequence to the structure provided
further insight into the role of single amino acids
in general and sequence-specific DNA binding."’ To
get more experimentally based information about
the interaction with DNA, we analyzed additional
SBP-domain mutant peptides. Truncation of the
SPL1 SBP-domain at position 74, which removes the
basic amino acid residues R75, R76 and K77 close to
the C-terminal end of the domain, led to a complete
loss of DNA binding. Exchanging single conserved
basic amino acid residues, like H20A (in SPL1)
within Zn-structure 1, R50Q (in SPL1), which is
encoded by the codon generated upon splicing of
the conserved intron in the SBP-box, and R62Q (in
SPL1 and SPL3), which belongs to the first basic
cluster of the bipartite NLS, had only little effect on

the apparent binding strength in EMSAs (Figures 5
and 6). Whether the mutations relaxed the sequence
specificity could not be deduced from those
experiments.

Sequence conservation in proteins is often a sign
for functional importance of the respective region.
The finding that destroying Zn-structure 1 at the
N-terminal end of the SBP-domain as well as
removing basic amino acids from the C-terminal
end of the SBP-domain both abolished DNA
binding, indicates that the DNA-binding domain
encompasses the whole SBP-domain. Thus, the
boundaries of the conserved SBP-domain seem to
have been determined by the evolutionarily con-
served mechanism of DNA binding to an also
conserved DNA-binding site.

With respect to DNA binding, we also tested
mutations in serine S63, an evolutionarily highly

(a) sPL1-sBP

C9A H20A H29A C45A H52A C64A

-

——— o —

wt R50Q R62Q 74tr
§ —/ —/@ _— —]

————

W =

- —

(b) Peptide bound/free DNA

60nM 300nM
SPL1 SBP wt 355 7.51
SPL1 SBP C9A 0.09 0.12
SPL1 SBP H20A 1.61 2.58
SPL1 SBP H29A 0.11 0.19
SPL1 SBP C45A 0.08 0.09
SPL1 SBP H52A 097 1.72
SPL1 SBP C64A 0.08 0.08
SPL1 SBP R50Q 3.73 5.02
SPL1 SBP R62Q 1.66 3.15
SPL1 SBP 74tr 0.02 0.02

Figure 5. DNA binding of SPL1 SBP-domain carrying
selected amino acid exchanges. (a) Recombinant peptides
of the SPL1 SBP-domain carrying substitutions in the
indicated amino acids (in the one-letter code and position
in the SBP-domain) were analyzed by EMSA using AP1-
15 as DNA substrate. Beside the amino acid exchanges, a
peptide truncated behind R74 (74tr) was tested. Increas-
ing amounts, 2ng (12nM), 10ng (60nM) and 50 ng
(300 nM) upper panel, and 10ng (60 nM) and 50 ng
(300 nM) lower panel, of the respective peptides were
used in the assays. Lanes labeled (S) contained DNA
substrate without protein. (b) The binding efficiencies
from (a) are quantified by the ratio of bound to free DNA
for peptide concentrations of 60 nM and 300 nM.
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conserved residue and a possible target for post-
translational modification (see below in the context
of nuclear import). In SPL3 and SPL8 (which were
also tested for nuclear import), S63 was changed
either to alanine, thus destroying the putative
modification site, or to aspartic acid, which may
mimic a phosphorylated serine. The resulting
peptides were analyzed by EMSA using again
AP1-15 as substrate. For both SPL3 and SPLS,
S63A was still proficient in binding DNA, indicating
that the serine as such is not needed for DNA
binding. Conversely, the S63D exchange resulted in
complete loss of DNA binding by both SBP-
domains (Figure 6). From our current knowledge,
we cannot say whether the introduction of a
negative charge at this position impaired DNA
binding merely by repulsion of the also negatively

(a) spL3-sBP

wt D58A  R62Q
$ — ] —1 _—"]

— -

S63A S63D

- w e

(b) spPLs-sBP

wt S49A
s __—1 _—

i ——
L e ——

S63A S63D

(c)

Peptide bound/free DNA
60nM 300nM
SPL3 SBP wt 0.61 3.1
SPL3 SBP D58A 022 0.91
SPL3 SBP R62Q 012 1.13
SPL3 SBP S63A 023 1.47
SPL3 SBP S63D 0.02 0.02
SPL8 SBP wt 0.74 3.1
SPL8 SBP S49A 1.22 351
SPL8 SBP S63A 092 3.10
SPL8 SBP S63D 0.02 0.02

Figure 6. DNA-binding analysis of SPL3 and SPL8 SBP-
domains carrying selected amino acid exchanges. Increas-
ing amounts, 2ng (12nM), 10ng (60nM) and 50 ng
(300 nM) of the (a) SPL3 and (b) SPL8 SBP-domains
containing amino acid exchanges (indicated in the one-
letter code and position in the SBP-domain) were assayed
by EMSA using AP1-15 as DNA substrate. Lanes labeled
(S) contain DNA substrate without protein. In (c) the
binding efficiencies from (a) and (b) are quantified by the
ratio of bound to free DNA for peptide concentrations of
60 nM and 300 nM.

charged DNA, or if the mutation has structural
consequences leading to loss of DNA-binding
activity. In any case, this result suggests strongly
that phosphorylation of 563 will also lead to a loss
of DNA binding.

The SBP-domain contains a functional nuclear
localization signal

To fulfill their role as transcription factors, SBP-
domain proteins have to be translocated into the
nucleus. The nuclear import is usually initiated by
binding of 1mport1n o to a certain amino acid
sequence, the NLS."' Close to its C terminus, the
SBP-domain contains a bipartite NLS, which,
together with or even as part of the DNA-binding
domain, has been conserved during evolution. Two
basic amino acid residues (K61 and R62 for all SPL
proteins) are followed by an 11 residue spacer and a
second block of four basic amino acid residues
(RRRK; RRKR in SPL7), thus 1perfec’tly fitting the
consensus sequence described.'* At least the short
SPL proteins from Arabidopsis do not contain a
second candidate NLS, as judged by sequence
analysis. The others, especially the large SPL
proteins with more than 1000 residues, contain
some additional basic regions, which also might
promote nuclear import, functioning as monopar-
tite NLS. It has been reported for the maize SBP-
domain protein LIGULELESS (LG1) that it still is
imported into the nucleus when the SBP-domain
was removed.” The nuclear localization has been
demonstrated also for full-length SPL14, which
belongs to the large ]groteins, but the functional
NLS was not mapped.

To test the functionality of the SBP-NLS, the
subcellular distribution of SPL3 was investigated by
immunolocalization using purified SPL3-directed
antibodies. We compared floral stigmatic tissues
from wild-type Arabidopsis plants with transgemc
plants over-expressing SPL3 ectopically.> While no
SPL3 protein was detectable in wild-type cells, clear
nuclear signals were obtained for the plant over-
expressing SPL3. Here, in contrast to the wild-type
cells, the high SPL3 content in the nuclei together
with the bound antibody also resulted in a strong
quenching of the nuclear 4,6-diamidino-2-pheny-
lindole (DAPI) staining (Figure 7).

To further investigate the functionality of the SBP
NLS, we performed nuclear import experiments in
tobacco BY-2 protoplasts with transiently expressed
SPL proteins. For these experiments we chose SPL3,
SPL4 and SPL5 because of their small size.
Especially SPL3, with only 131 residues, consists
mainly of the SBP-domain and virtually no
extension at its C terminus. Additionally, we
analyzed with respect to nuclear import, SPL9,
SPL15 and SPL8, the only SPL gene with a described
mutant phenotype’ at the time we performed the
experiments. For these studies, we destroyed the
putative NLS by C-terminal truncations, which
removed the C-terminal basic cluster or the
complete NLS. Both types of mutations were
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Figure 7. Immunolocalization of SPL3 in Arabidopsis.
Transverse sections of stigmatic tissue of Arabidopsis Col 0
(A and B) and plants ectopically over-expressing SPL3 (C
and D) were probed with an affinity-purified antibody
raised against SPL3. Sections were mounted with DAPI to
localize nuclei and analyzed by bright field (A and C) and
fluorescent light microscopy (B and D). Notice that in D
the DAPI signal is quenched.

expected to result in less efficient nuclear import
compared to wild-type.

The proteins were expressed as N-terminal
translational fusions to two copies of green
fluorescent protein (2X GFP) driven by the consti-
tutive CaMV S35-promoter. Unfortunately 2 X GFP,
despite not being a nuclear protein itself and with a
molecular mass of about 54 kDa, tends to enter the
nucleus to a certain extent, thus resulting in a
background nuclear signal, even if no functional
NLS is contained in the protein to be tested. Because
of this, efficiency of nuclear import had to be judged
by comparing the intensity of fluorescence in the
nucleus with that retained in the cytoplasm.

Nuclear import was monitored 20 h after trans-
formation of tobacco protoplasts. In the transient
expression assays, the small SPL proteins SPL3,
SPL4 and SPL5, and the midsized SPL9 fused to
GFP were imported efficiently into the nucleus with
little fluorescence left in the cytoplasm. SPL15 was
imported with the highest level of efficiency
(Figure 8); SPL8 behaved differently. While having
been expressed well, its nuclear import was clearly
less efficient. When C-terminally truncated versions
of SPL8 were analyzed, truncation after position 65
in the SBP-domain (SPL8 65tr), which removes the
second basic cluster of the NLS, and after position
14 (SPL8 14tr), which removes almost the whole
SBP-domain, import efficiency dropped to that of
GFP alone. Truncations of SPL3 omitting the
complete second part of the NLS (SPL3 66tr) or
the three C-terminal residues of the second part
(SPL3 74tr, not shown), respectively, also resulted in
a clear decrease in nuclear translocation compared

to that of the wild-type, but with some import left
(Figure 8, Table 1). Together with the immunoloca-
lization of over-expressed SPL3, these results
clearly demonstrate the functional relevance of the
SBP-domain NLS.

The function of SBP-domain proteins is also
regulated at the level of nuclear import

For many cases, it has been described that
covalent modification of nuclear proteins,
especially close to the NLS, can El)revent or promote
their import into the nucleus.'>'**' Analyzing the

Figure 8. Nuclear import of SPL proteins fused to GFP.
Constructs encoding SPL::2XGFP fusion proteins were
transformed into tobacco protoplasts for transient
expression. After 20 h, GFP distribution in the cells was
examined by fluorescence microscopy. Proteins analyzed
were: GFP (A), SPL3 wt (B), SPL3 66tr (C), SPL3 C64A (D),
SPL4 wt (E), SPL5 wt (F), SPL8 wt (G), SPL8 65tr (H), SPL8
14tr (I), SPL8 S63D (K), SPL8 S63A (L), SPL8 C64A (M),
SPL8 SBP (N), SPL9 wt (O), and SPL15 wt (P). Notice that
the nuclear import of the SPL3 and SPL8 constructs is
quantified in Table 1.
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SBP-domain for possible post-translational modifi-
cation sites identified 563 as a very likely target for
phosphorylation (program used, NetPhos 2.0).%

To investigate the possible effect on nuclear
import of a modification at serine S63, it was
replaced in both SPL3 and SPLS8 either by alanine
(S63A) to prevent potential modification, or by
aspartic acid (S63D) to mimic phosphorylation of
the serine residue by the size of the side-chain and
the charge. This approach has been applied
successfully to study the regulation of nuclear
import of other protems ! The modified SPL3 and
SPL8 proteins were again expressed transiently in
tobacco BY-2 protoplasts as translational fusions to
GFP. While SLP8 S63D, which mimics phosphoryl-
ation of S63, stayed preferentially in the cytoplasm,
SPL8 wild-type, which might be phosphorylated at
563, was imported to a moderate level. SPL8 S63A
with the putative phosphorylation site destroyed
was imported best and was found predominantly in
the nucleus (Table 1 and Figure 8). This result
suggests, that phosphorylation of S63 (or another
kind of modification) negatively influences nuclear
import of SPLS.

For SPL3, this mechanism does not seem to apply.
Here, SPL3 S63A and SPL3 S63D were imported
with the same high level of efficiency as the wild-
type protein (not shown). An even better import
was achieved when just the SBP-domain of SPLS8
(M179-T269 in the native protein) was fused to 2 X
GFP (Figure 8 and Table 1). Because the S63A and
563D mutations in this construct exhibited similar
high-level import efficiencies (not shown), this
negative regulation seems to depend on sequences
outside the SBP-domain.

We also analyzed if formation or non-formation
of Zn-structure 2, which overlaps with the NLS,
has consequences for nuclear import. Therefore,
we tested for SPL3 and SPL8 cysteine to alanine

Table 1. Constructs encoding SBP-domain proteins fused
to 2XGFP under the control of the strong constitutive
CaMV 35S promoter were transformed into tobacco
protoplasts for transient expression

Pos. in

Construct Ratio N/C n Figure 8
GFP control 14402 15 A
SPL3 wt::GFP 11.24+34 16 B
SPL3 66tr::GFP 55+17 15 C
SPL3 C64A::GFP 26.3+14.3 10 D
SPL8 wt::GFP 7.6x+17 23 G
SPL8 65tr::GFP 1.840.2 22 H
SPL8 14tr::GFP 1.6+0.2 23 I
SPL8 S63D:: GFP 4.0+0.7 22 K
SPL8 S63A::GFP 10.6£1.7 21 L
SPL8 C64A::GFP 8.7£1.8 22 M
SPL8 SBP::GFP 21.6+10.3 21 N

After 20h GFP distribution in the cells was monitored by
confocal laser scanning microscopy as described in methods. In
the Table are listed behind the examined constructs, the average
ratio of GFP-intensity in the nuclei versus cytoplasm (N/C) with
the standard deviation, the number of cells examined (1), and the
position of a representative cell in Figure 8.

exchanges at position 64, which on one hand is
essential for Zn-coordination and on the other hand
is situated next to the critical S63. In both proteins,
the C64A exchanges resulted in an increase of
import efficiency (Figure 8 and Table 1). For SPLS,
this increase was only moderate compared to wild-
type but it was very strong for SPL3. To exclude a
positional effect, the experiment was repeated with
SPL3 C45A, which also impairs Zn-structure 2,
leading to the same outcome (data not shown). This
result might be explained by the finding that the
NLS has to be in an extended conformation for
efficient binding by importin 0,2 and formation of
the Zn-structure disturbs this interaction. Another
possibility is that C64 itself might be modified, for
example by glutathionylation. Thus, NF-kappa B
and AP-1 carry a DNA-binding site containing a
well-conserved cysteine residue, flanked by basic
amino acids. The DNA-binding act1v1t1es of both
are modulated by SH-modifying agents.>*® The
difference between SPL3 and SPL8 might reflect the
overall better import of SPL3 wild-type and its
mutants with impaired NLS.

Overlap of the DNA-binding domain and the NLS

The boundaries of the SBP-domain are deter-
mined and conserved during evolution by the
amino acid residues that are essential for binding
DNA. Thus, eliminating C10 or H29 of the Zn-
structure 1, which starts with C3 at the N terminus
of the domain, as well as a three-residue truncation
of the NLS (R75-K77) at the C terminus of the
domain abolished DNA binding. The latter altera-
tion also decreased nuclear import severely, indi-
cating that the NLS is physically included in the
DNA-binding domain, and that certain residues are
needed for both functions.

Despite the fact that all basic amino acid residues
participate in the formation of the posmvely
charged surface directed towards the DNA,"? single
amino acid exchanges, with the exception of the
Zn-coordinating histidine residues, do not seem to
harm DNA binding in vitro. In contrast, single
mutations in the Zn-coordinating cysteine and
histidine residues destroy DNA binding, probably
because they lead to larger structural changes.
Interestingly, eliminating Zn-structure 2 by a C64
to alanine exchange affects nuclear import posi-
tively. This opposite effect on DNA binding and
nuclear import indicates that these are mechan-
istically independent processes, ruling out the
possibility that nuclear localization of SBP proteins
results simply from passive diffusion into the
nucleus and retention by binding to the DNA.

Another single amino acid residue affecting both
functions is S63, which is predicted to be a target for
phosphorylation. Exchange to aspartate, mimicking
phosphorylation, abolished DNA binding of SPL3
and SPL8 completely, and reduced nuclear import
in the case of SPL8. In contrast, S63A left DNA
binding intact, while nuclear import was enhanced.
In the context that both functions overlap, this could



594

Functional Dissection of the SBP-domain

mean that the ultimate function of these transcrip-
tion factors, to bind to a specific locus in the
genome, is prevented by phosphorylation of S63
and, if phosphorylation occurred in the cytosol,
nuclear import might be reduced by masking the
NLS. Functional overlap of the DNA-binding
domain with the NLS suggests also that as long as
importin a is bound to the NLS, DNA binding is
prohibited.

Materials and Methods

Production of recombinant SBP-domain proteins

For the expression of Hise-tagged peptides in E. coli, the
DNA fragments encoding different SBP-domains were
cloned into vector pET1la-his, which is a modified
version of pET11a.””* The fragments were generated by
PCR using cDNAs as templates and proof-reading Pwo
DNA polymerase (peQlab). The following primers with
indicated restriction sites (underlined) were used for the
amplification of the respective fragments encoding the
peptides aligned in Figure 1(b):

SPL1 (accession number AJ011629)

sense, Sacll: TTC TCC CCG CGG CCT GCC AAG AAG ACC
AAA TCC GGA,

antisense, Kpnl: TCC TCC GGT ACC CTA GTT AGC GCC
AGG TTC GGG ATT TGT.

SPL3 (accession number Y09427)

sense, Bng: CTCCAGA TCT CTG GTT CCG CGG GGT AAA
GCT ACA AGT AGT AGT GGA GT,

antisense, BamHI: TCC TCC GGA TCC TTA GTC AGT TGT
GCT TTT CCG CCT.

SPL7 (accession number AJ011612)

sense, Bng: TTT TCC AGA TCT CTG GTT CCG CGG GTT
CGC GGC GGG TCG GGC GTG GC;

antisense, BamHI: TAA TCC GGA TCC TCA TTG TTC TGC
AGC AAC ACC TCC TTT ATC.

SPL8 (accession number AJ011642)

sense, BamHI: TCC TCC GGA TCC CTG GTT CCG CGG
ATG GCG AAC TCG CTG AGC ACG;

antisense, BamHI: TCC TCC GGA TCC CTA GGT GGC GGA
GGC TGA TTG GTG ACA.

PpSBP1 (accession number AJ968320)

sense, Sacll: TCC TCC CCG CGG GCA GGT TCA CCT GGT
TTC CAA GT,

antisense; Kpnl: TCC TCC GGT ACC TCA TGA AGT AGA
GGC ATT TAG TTG TGG.

CRR1 (accession number AY484394)

sense, Sacll: TCC TCC CCG CGG GTG GGT GAC GAC ACC
GGC GCC ATG,

antisense; KpnI: TCC TCC GGT ACC TCA CGC AGC GCG
GCC CTT GGC CTG CTC.

Fragments were digested with the indicated restriction
enzymes and ligated into the vector cut with BamHI or
Sacll/Kpnl and transformed into E. coli BL21 Codon Plus
(DE3) RIL (Stratagene).

For transient expression in tobacco protoplasts, SPL
genes were cloned behind the 35S promoter in-frame in
front of the GFP gene. DNA of SPL3, SPL4 (accession
number AJ011631), SPL5 (accession number AJ242960),
SPL8, SPL9 (accession number AJ011638), and SPL15
(accession number NM_115654) were amplified by PCR
using sense primers, which had a 25 nt homology to the
5'end of the open reading frames and contained the start
codon ATG embedded in the cloning site Ncol. The

antisense primers consisted of 25 nt homologous to the
3'ends, omitting the stop codons. An extra C nucleotide
had to be inserted in front of the Ncol cloning site to keep
the frame, resulting in an extra alanine between the
protein of interest and GFP. The fragments were digested
with Ncol and ligated into expression vector pGJ619
also cut with Ncol. The constructs were amplified in
E. coli DH5a.

Mutagenesis

Mutagenesis in all cases was carried out by inverse
PCR, using back-to-back primers pointing outwards,
one carrying the mutation and the other carrying the
wild-type sequence. In this way, DNA fragments of
the whole plasmid were produced, linearized at the
point where the 5-ends of the primers meet. Pwo
polymerase was used to yield blunt-ended fragments
and high-level sequence accuracy. The fragments were
5'phosphorylated with phage T4 polynucleotide kinase
and recircularized by ligation before amplification in
E. coli DH5a.

Expression and purification of SBP-domains

For expression in E. coli, the plasmids were transformed
into strain BL21 Codon Plus (DE3) RIL (Stratagen), which
contains a plasmid carrying extra genes for rare
tRNAs in E.coli. The cells were grown in 500 ml of
LB medium with 100 pg/ml of ampicillin and 87 pg/
ml of chloramphenicol to an absorbance at 600 nm of
0.8. After induction of protein expression with IPTG
(ImM final concentration), the cells were grown at
37°C for another 2h. The cells were harvested by
centrifugation and resuspended in 15ml of lysis
buffer (50 mM Tris (pH 7.5), 300 mM NaCl, 1 mM
EDTA, 10 mM B-mercaptoethanol, 10% (v/v) glycerol).
After one freeze-thaw cycle (—80°C) the cells were
disrupted by sonication and the lysates cleared by
centrifugation at 30,000¢ for 30 min.

A sample (10 ml) of cleared lysates containing the His-
tagged proteins were mixed with 1 ml of Ni-NTA agarose
(Qiagen) and incubated for 1 h at 6 °C with slow shaking.
The slurry was placed into a column and washed twice
with 10 ml of lysis buffer containing 10 mM imidazole.
The protein was eluted with lysis buffer containing
250 mM imidazole and stored at —20 °C.

Electrophoretic mobility-shift assays (EMSA)

EMSA was used to identify protein-DNA complexes.
Two DNA substrates (AP1-15 and Cyc6 CuRE, indicated
in Figure 3) were prepared by slowly hybridizing the
(5’-**P)-end labeled upper strand to a twofold excess of
unlabeled lower strand in TE containing 10 mM MgCl,.
Various amounts of protein were incubated with 100 fmol
of labeled DNA at room temperature in 10 pl of binding
buffer (50 mM Tris-HCl (pH 8.0), 1mM EDTA, 1 mM
DTT). After 15 min, 2.5 pl of loading buffer (40 mM Tris
(pH7.5), 1mM EDTA, 25% glycerol, 0.05% (w/v)
bromphenol blue, and 400 ug/ml of bovine serum
albumin) was added to each sample. The mixtures were
immediately loaded onto a native 10% (w/v) polyacryl-
amide gel and run at room temperature for2.5hat7 V/cm
in 0.5X TBE electrophoresis buffer. Bands on the gel were
visualized by phosphorimaging.
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Zn2"-depleted protein

To deplete SPL1 SBP from Zn>*, purified protein at a
concentration of 1 mg/ml was denatured by adding urea
powder to a final concentration of 8 M. A sample (100 pl)
of denatured protein was than dialyzed on floating
membranes (pore size 0.025pm; Millipore Cat. no.
VSWP02500) twice for 30 min, first against 20 ml of lysis
buffer containing 20 mM EDTA, 2 M urea, and then the
same buffer without urea. As a positive control, protein
was treated in the same way but without EDTA. The
proteins were than used in EMSAs.

Random oligonucleotide binding assay

The random primer selection experiment was carried
out using 62 nt oligonucleotides containing a random
central string of 16 nucleotides (or GT at positions 7 and 8)
flanked by defined ends for PCR amplification and
cloning: GGTCAGTTCAGCGGATCCTGTCG...16 XN...GAGG
CGAATTCAGTGCAACTGCG or GGTCAGTTCAGCGGATCCT
GTTT...6 XN.GT.8 X N...AAAGCGAATTCAGTGCAACTGCG.
To make double-stranded [*?P]DN A-substrate, 20 pmol of
oligonucleotide was primed with an antisense oligonu-
cleotide to the 3’ fixed sequence of the 62mer. This primer
was elongated by Klenow enzyme using standard
conditions with [P?P]dCTP included in the reaction.
After precipitation in ethanol this substrate was used
for the first of three consecutive rounds of DNA binding
by SBP-domains, recovering the protein-DNA complexes
from EMSA gels by elution and amplification of bound
DNA by PCR, using primers to both defined terminal
sequences of the 62mer under labeling conditions. After
the third round, the amplified DNA was cloned for
sequencing into TOPO-TA vector (Invitrogen) according
to the supplier’s protocol.

Immunolocalization of SPL3

The immunolocalization experiment was carried out as
described.”

Transient expression of SBP-domain proteins in plant
cells

Protoplasts from tobacco BY2 suspension cultures were
used for transient expression assays. Experiments were
done as described,®° but downscaled to allow for handling
and cultivation of the cells in 2 ml Eppendorf tubes.

Quantification of nuclear import

SBP-domain protein GFP fusion constructs were
expressed transiently in tobacco BY-2 protoplasts and
imaged in a confocal microscope (Leica TCS SP2). The
digital images were recorded such that all pixel values
remained within the dynamic range. For relative quanti-
fication of nuclear versus cytoplasmic fluorescence signal,
the average pixel values over the cytoplasm and the
nucleus were determined using the image processing
program Imageﬁ.31 At least ten different transformed
protoplasts were evaluated for each construct.

t http:/ /rsb.info.nih.gov /ij/
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