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GRAS proteins belong to a plant-specific protein family with many members and play essential roles in plant growth and
development, functioning primarily in transcriptional regulation. Proteins in the family are minimally defined as containing the
conserved GRAS domain. Here, we determined the structure of the GRAS domain of Os-SCL7 from rice (Oryza sativa) to 1.82
Å. The structure includes cap and core subdomains and elucidates the features of the conserved GRAS LRI, VHIID, LRII,
PFYRE, and SAWmotifs. The structure is a dimer, with a clear groove to accommodate double-stranded DNA. Docking a DNA
segment into the groove to generate an Os-SCL7/DNA complex provides insight into the DNA binding mechanism of GRAS
proteins. Furthermore, the in vitro DNA binding property of Os-SCL7 and model-defined recognition residues are assessed by
electrophoretic mobility shift analysis and mutagenesis assays. These studies reveal the structure and preliminary DNA
interaction mechanisms of GRAS proteins and open the door to in-depth investigation and understanding of the individual
pathways in which they play important roles.

INTRODUCTION

GRAS proteins form a large plant-specific protein family named
for the first three identified members, GIBBERELLIC ACID
INSENSITIVE (GAI), REPRESSOR of GAI, and SCARECROW
(SCR). The importance of this family has beenmade clear through
a number of functional studies (Di Laurenzio et al., 1996; Peng
et al., 1997; Silverstone et al., 1998), and a remarkable number of
GRAS proteins have been identified in more than 294 embryo-
phyta species (Finn et al., 2010; Sun et al., 2012). Most of these
proteins play key roles in the transcriptional regulation and sig-
naling transduction related to plant growth and development
(Bolle, 2004; Achard et al., 2006). Examples include Arabidopsis
thaliana DELLA in gibberellin (GA) signaling during regulation of
plant growth (Peng et al., 1997; Sun and Gubler, 2004; Murase
et al., 2008), Medicago truncatula NSP1-NSP2 in DNA promoter
regulation for nodulation signaling (Kaló et al., 2005; Smit et al.,
2005; Hirsch and Oldroyd, 2009), Arabidopsis SCR-SHR in reg-
ulation of radial patterning for root and shoot (Pysh et al., 1999;
Helariutta et al., 2000; Nakajima et al., 2001), Lilium longiflorum
SCL in auxin andstress-induced signaling (Morohashi et al., 2003;
Sánchez et al., 2007), At-PAT1 in phytochrome light signal
transduction and plant defense (Bolle et al., 2000; Torres-
Galea et al., 2006), At-LAS in axillary meristem development
(Schumacher et al., 1999; Greb et al., 2003), and Petunia hybrida
HAM in shoot meristem maintenance (Stuurman et al., 2002).

GRAS proteins are of great interest in plant science due to their
important and diverse biological roles.
By phylogenetic analysis, the GRAS family can be divided into

more than 10 subfamilies, of which SCL4/7 is one important
subgroup (Sun et al., 2012). In Arabidopsis, SCL4 and SCL7 have
similar expression levels under normal growth conditions; how-
ever, under stress conditions, SCL7 is upregulated while SCL4 is
downregulated, indicating that SCL4/7 members could function
as transcription factors in response to environmental stresses
(Kilian et al., 2007). Populus euphratica SCL7, an ortholog of At-
SCL7, is localized in the nucleus, and overexpression of Pe-SCL7
in transgenic Arabidopsis improved its salt and drought tolerance
(Ma et al., 2010). A recent study demonstrated that Helianthus
annuus GRAS, a GRAS-like protein in the same major clade with
SCL4/7, could alter the gibberellin content and axillary meristem
outgrowth, indicating SCL4/7 members also play a role in axillary
meristem development (Fambrini et al., 2015).
Based on sequence similarity and domain structure analyses,

GRAS proteins contain a highly divergent N-terminal domain and
acharacteristicC-terminal domaincommonlyknownas theGRAS
domain. The N-terminal domains have a highly variable sequence
including intrinsically disordered regions (so-called unfoldome),
which may facilitate molecular recognition with different inter-
acting partners and contribute to divergent biological functions of
theGRAS family (Uversky, 2010). Themajor characteristic domain
of GRAS proteins is the C-terminal GRAS domain, which exhibits
considerable sequence similarity between GRAS proteins.
The GRAS domain is typically composed of;380 amino acids

and contains five highly conservedmotifs. The two leucine heptad
repeat motifs (LRI and LRII) directly flank the VHIID motif named
after the most prominent residues (Supplemental Figure 1). It is
suggested that the LR motifs and VHIID motif could be important
for protein or DNA interactions. In most members of the GRAS
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protein family, several additional amino acid motifs are invariant,
including the PFYRE motif designated after the conserved
amino acids and the C-terminal SAW motif characterized by
three sequential units: W (X)7 G, L-W, and SAW (W (X)10 W)
(Pysh et al., 1999).

Though GRAS proteins have been studied for more than
a decade, with their transcription factor activity being at the heart
of “green revolution” (Peng et al., 1999), the mechanism of GRAS
proteins isstill unclear.Astructural descriptionofGRASproteins is
needed to clarify controversy around their functional mechanism
(s) and decipher their mode of action in plant-specific physiology
processes. The only structure of GRAS proteins determined to
date is the GAI N-terminal DELLA domain (residues 11 to 113) in
complex with GA3-bound GID1A (Murase et al., 2008). Structural
characterizationof theGRASdomainwithhighlyconservedmotifs
has been unavailable. The elucidation of the molecular mecha-
nisms of GRAS proteins has accordingly been hampered by the
lack of structural information.

Here, we report the crystal structure of the GRAS domain of Os-
SCL7, a GRAS protein from rice (Oryza sativa). The structure
demonstrates the overall structure of the GRAS domain with
a Rossmann fold core subdomain and an additional cap sub-
domain.Thisstructure reveals the featuresof thedistinct conserved
LRI, VHIID, LRII, PFYRE, and SAW motifs to atomic resolution. In
addition, the structure reveals the dimerization mechanism, which
will be significant for many GRAS proteins functioning as a dimer.
Furthermore, our computationally modeled structure of the
Os-SCL7/DNA complex provides preliminary insight into the
mechanisms underlying howGRASproteins interactwithDNA.
To validate the protein-DNA interactions suggested by the model
of Os-SCL7/DNA, the DNA binding properties of Os-SCL7 mu-
tants was examined in vitro by electrophoreticmobility shift assay
(EMSA). These structural and biochemical studies present the
structure andDNA interactionmechanisms of GRAS proteins and
will serve as a prototype for in-depth investigation and charac-
terization of other GRAS family members.

RESULTS

Overall Structure of the GRAS Domain Monomer of Os-SCL7

The sequenceencoding theGRASdomain ofOs-SCL7, residues
201 to 578, was cloned from rice, and the resulting protein was
purified after heterologous expression in Escherichia coli and
crystallized by vapor diffusion. The crystal structure was de-
termined using selenomethionyl single-wavelength anomalous
dispersion phasing to a resolution of 1.82 Åwith Rwork of 18.09%
and Rfree of 21.07% (Table 1). The monomer model contained
residues 204 to 578, except loop residues 261 to 274 (Figure 1).
According to previous phylogenetic and sequence analyses, the
GRAS domain can be divided into five distinct conservedmotifs:
LRI, VHIID, LRII, PFYRE, and SAW (Supplemental Figure 1).
Within the structure, the GRAS domain monomer contained an
eight-stranded mixed b-sheet (B1-B9) with an accessory small
b-strand B6 and 12 a-helices (A1-A12) as well as five 310 helices
(h) (Figure1D). TheGRASdomainwascomposedof capandcore
subdomains (Figure 1). The cap subdomain at the top was

composedof ahelical bundle formedbyN-terminala-helicesA1,
A2, andA3 from theLRImotif andanoncontiguoushelical bundle
insert A9, A10 from the PFYRE motif. The core subdomain was
much larger, forming aa/b/a three-layer sandwiched Rossmann
fold-like structure. The central b-sheet was formed by parallel
b-strands B1-B5 and extended by antiparallel b-strands B9, B7,
and B8. B6 was also a small accessory b-strand. Flanking each
side of the central b-sheet were two helical layers formed by
small 310 helices, a-helices A8, A11, and A5, A6, A7, and A12,
respectively (Figure 1).
The orientation of the top cap subdomain helical bundle was

approximately perpendicular to the bottom a/b/a sandwiched
three-layer core. The two domains were linked by a long loop and
helix A4. The long loop preceding A4 was missing in the electron
densitymap, implying the dynamic property of the cavity between
the two subdomains, whereas A4 formed a weak helix-helix in-
teraction with A10 of the cap subdomain. The upper layer might
play important roles in contacting substrate and function as a cap
to shield active sites of the lower layer core subdomain from
bulk solvent.

Conserved Motifs

Previous phylogenetic and sequence analysis has highlighted the
importance of five distinct conserved motifs within the GRAS
domain: LRI, VHIID, LRII, PFYRE, and SAW. With our high-
resolution structure, the particular features of eachmotif could be
uncovered.

Table 1. Data Collection, Phasing, and Refinement Statistics for
Os-SCL7 Structure

Data Collection SeMet

Space group C2221

Cell parameters
a, b, c (Å) 89.19, 179.05, 59.70
a, b, g (°) 90, 90, 90
Resolution (Å) 1.822
Rmerge (%) 0.087 (0.413)
I/ơI 56.97 (8.06)
Completeness (%) 99.8 (100)
Redundancy 10.8 (11.0)
Wilson B-factor (Å2) 21.66
Refinement
Resolution (Å) 1.822–33.181
No. reflections 42,785 (1,989)
Rwork/Rfree (%) 18.09/21.07
No. atoms
Protein 2,817
Water 362
R.m.s.d. bonds (Å) 0.019
R.m.s.d. angles (°) 1.729
Ramachandran plot
Favored (%) 97.77
Allowed (%) 2.23
Outliers (%) 0.00
Rotamer outliers (%) 0.00

Values in parentheses refer to the highest resolution shell. R.m.s.d., root
mean square deviation.
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Figure 1. Overall Structure, Sequence, and Secondary Structure of GRAS Domain of Os-SCL7

The five distinct conserved motifs are colored individually: LRI in red, VHIID in orange, LRII in green, PFYRE in cyan, and SAW in blue.
(A) Ribbon diagram of the GRAS domain structure; a-helices and b-strands are labeled with A and B, respectively, and 310 helices are labeled with h.
(B) Topological diagram of the secondary structure elements. Triangles represent b-strands, circles represent a-helices and smaller circles represent 310

helices. Parallel and antiparallel b-strands are represented with triangles facing different directions.
(C) Domain structure of GRAS domain with conserved motifs and sequence range labeled.
(D) The secondary structures are labeled and the different colors correspond to the five distinct motifs.
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(1) LRI Motif

According to a bodyof phylogenetic analyses, the LRI domain has
two units: a comparatively conserved leucine repeat unit and
a putative nuclear localization signal (NLS) unit. In the Os-SCL7
structure, this motif was composed of a-helices A1, A2, and A3,
forming an antiparallel three-helix bundlewith a hydrophobic core
in the center. Among these hydrophobic residues, L224, L229 at
helix A2 and L258, L254 at helix A3 formed leucine zipper pairs,
respectively. InOs-SCL7, theNLSsignalwith a canonical bipartite
NLS sequence, featuring the basic amino acids R245 and R256/
R257, was exposed on the protein surface of helix A3 (Figure 2A).

(2) VHIID Motif

The conservedVHIIDmotif is composed by the sequence IHIVD in
Os-SCL7. In the structure, this sequence alone formed an in-
dividual b-strand B1 as the core of the central b-sheet, flanked by
B2,B3atonesideandwithB4,B5at theother side (Figure2B). The
location implies its important role in maintaining the structural
integrity and stabilizing the conformation for the whole GRAS
domain. Within the motif, connected with IHIVD b-strand, were
a-helices A4, A5 and A6, B2 at both sides. A4 was almost

perpendicular to A5 and functioned as a turn helix connecting the
cap and core subdomain.

(3) LRII Motif

In the Os-SCL7 structure, the LRII domain contained helix A7,
a stretch of two 310 helices and strands B3 and B4. B3 and B4
formedab-sheetwithB1andB2of theVHIIDmotif at twoadjacent
sides, packing the LRII motif tightly around the VHIID motif like
a clip (Figure 2B). The classical leucine heptad repeat of L363,
L370, and L377 positioned on helix A7 (Figure 2B) may couple the
interaction of Os-SCL7 with its protein partners.

(4) PFYRE Motif

ThePFYREmotif contains three parts sequentially: P, FY, andRE. In
the Os-SCL7 structure, these residues were not well conserved.
Within the structure, the PFYREmotif was composed of A8, B5, A9,
and A10. A8 and B5 mainly contributed to the a/b/a sandwiched
Rossmann fold of core subdomain, whereas A9 and A10 were
separated from the core subdomain by a long linker and packed as
long helical bundle insert above the core subdomain, forming helix-
helix interactions with the A1-A3 helical bundle (Figure 1A).

Figure 2. Structure of Conservative Motifs of Os-SCL7.

Ribbondiagramof theGRASdomainofOs-SCL7structure;a-helicesandb-strandsare labeledwithAandB, respectively, and310helicesare labeledwithh.
The colors correspond to the five conservative motifs. Characteristic residues are shown in ball-and-stick representation and labeled.
(A) Important residues for the NLS of the LRI motif and LXXLL motifs are labeled.
(B) Structure of LRII and VHIID motifs with major component residues labeled.
(C) Structure of SAW motif with key residues labeled.
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(5) SAW Domain

The SAW motif is defined by the sequence signatures of WX7G,
LXW, andSAWand iswell conserved inOs-SCL7. In the structure,
the SAW motif formed a well-folded C-terminal domain, com-
posed of A11, A12, B7, B8, and B9 (Figure 2C). Helix A12 formed
an antiparallel helix-helix interaction with A5, and thus together
with A6 and A7 formed an extended a-helical layer of the a/b/a
sandwiched core subdomain. Strands B7, B8, and B9 formed an
antiparallel b-sheet (Figure 1A).

In total, the core subdomain was an extended Rossmann
fold a/b/a sandwiched conformation composed by the tightly
packed VHIID, LHII, PFYRE, and SAW motifs. Strands B1-B5
formed the central parallel b-sheet, extended by antiparallel
b-sheet interaction with B9, B8, and B7. Helices A8, A11, and
two consecutive 310 helices formed one outer layer of thea/b/a
sandwiched core subdomain. Parallel helices A5, A6, and A7
formed the other layer, of which two short leucine zippers were
positioned at the surface, formed by L298, L305, and L330
of A5 and A6 and by L331, L370, and L377 of A6 and A7
(Supplemental Figure 2). This arrangement could provide a key
protein interaction module to bind protein partners and could
be involved in biological function such as transcriptional activity
regulation.

Dimer Formation and Putative DNA Binding Groove

During protein preparation, Os-SCL7 was a dimer in solution,
as indicated by size-exclusion chromatography (Supplemental
Figure 3). In the crystal structure, the Os-SCL7 side-by-side
dimer was formed by the crystallographic two-fold symmetry
axis (Figure 3). This dimer interface had a buried surface area of
1346.3 Å2, accounting for 8.47% of total monomer surface
area. The dimer was primarily formed by interaction between
A12 with A79 and A69 through helix-helix hydrophobic in-
teraction, with residues involved including W544, L541, F373,
L377, and Y534. Above the dimer interface was a large groove
formed by helix A4, the loop between helix A9 and A10 at the
sides, and the loop between A12 and B7 at the bottom. This
groove was ;18 Å in width and 22 Å in depth. The dimer had
two highly positively charged patches, one contributed by
each monomer, lining the surface of the groove (Figure 4C).
This strongly implicates the groove as a site suitable for
accommodating DNA.

Modeled Os-SCL7/DNA Complex Structure

By computational simulation, a double-strandedDNA segment of
16 bp (AAAACTGAAAGGGAGA) was docked into the groove of
the Os-SCL7 dimer (Figure 4A). The minor groove of DNA was
deeplyembedded into thegroove formedbyOs-SCL7dimerization
andmade tight interactionswith the twopositively charged surface
patches (Figure 4C). The DNA association was mainly contributed
by helix A4, loop between A9 and A10, and loop between A12 and
B7, with basic amino acids K284, R478, R485, K549, and K551 at
the protein-DNA interface (Figure 5). By comparisonwith the dimer
structure of Os-SCL7, the Os-SCL7/DNA complex structure had
a conformational change upon DNA binding, with the groove
expanded around 6.4 Å in width (Figure 4B).

In Vitro Analysis of DNA Binding Properties of Os-SCL7
and Mutants

To test if the GRAS protein could directly associate in vitro with
DNA, the purified GRAS domain of Os-SCL7 and biotin-labeled
oligonucleotide were generated for EMSAs. The oligonucleotide
sequence was the same as was used for in silico docking. A clear
band shift was observed when the oligonucleotide DNA duplex
was incubatedwithOs-SCL7, but notwith the control in theEMSA
competition analysis (Figure 6B), indicating a specific interaction
of Os-SCL7 and our designed oligonucleotide. Therefore, our
work providesdirect in vitro evidence forOs-SCL7binding toDNA
and implies that Os-SCL7 may function as a transcription factor
with direct DNA binding capability.
To further assess the reliability of the DNA binding site defined

by the Os-SCL7/DNA complex model, the above-mentioned
binding site residues R478, R485, K551, K549, and K284 were
mutated toeither alanineorglutamate. EMSAanalysesshowedno
band shift for the R478A, R485A, K551A, K549A/E, and K284E
mutants, indicatingdiminishedDNAbindingcapability (Figure6A).
The result is consistent with our Os-SCL7/DNA complex model.

DISCUSSION

GRAS proteins represent an essential, yet varied, set of regu-
latory molecules in plants whose known functional roles range
from development of meristem to hormone and light signal re-
sponse. However, many GRAS proteins remain functionally
uncharacterized. Through intense sequence profile searches,

Figure 3. Os-SCL7 Dimer Structure Shown as Ribbon Diagram in Stereo View.

The two monomers are colored in bright orange and light blue. The helices A12, A79, and A69 central to dimer formation are labeled.
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phylogenetic analyses, and structural comparisons, it was
reported that the GRAS domain and metazoan STAT shared
a similar domain organization, with a SH2-like motif and tyrosine
phosphorylation site in GRAS proteins suggested but not yet

demonstrated (Peng et al., 1999; Richards et al., 2000). However,
there is also an opposing opinion that the structure of GRAS
domain shares similarity with the Rossmann fold methyl-
transferase superfamily involved with binding or modifying GA

Figure 4. Structure Model and Structural Comparison of the Os-SCL7/DNA Complex.

Ribbon diagram of the Os-SCL7/DNA structure with DNA represented in cartoon.
(A) The modeled Os-SCL7/DNA structure, with two monomers colored in bright orange and light blue. The helices A12, A79, and A69 related to dimer
formation are labeled.
(B) Structural comparison of the modeled complex structure with the native Os-SCL7 structure. The native structure is colored in green, and the complex
model is colored in orange. The distance enlarged is ;6.4 Å as marked.
(C) Top view of surface potential drawing of the Os-SCL7/DNA complex model. Positively and negatively charged regions are colored in blue and red,
respectively, with scale shown at bottom.

Figure 5. Residues Critical for Binding of Os-SCL7 to DNA.

Top view of the Os-SCL7/DNA complex, with protein and DNA represented as a ribbon and a cartoon, respectively. Residues involved in DNA binding are
show in ball-and-stick representation and labeled.
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derivatives in GA signaling, though the plant GRAS proteins ap-
pear to lackmethyltransferase activity and the residues critical for
specific substrate interaction (Zhang et al., 2012). Our crystal
structure of the GRAS domain of SCL7 in rice provides a high-
resolution description of aGRASdomain anddemonstrates that it
contains a core subdomain with the Rossmann fold a/b/a
sandwiched arrangement similar to that of the methyltransferase
superfamily. Different from the leucine zipper-containing bZIP
transcription factors, both GRAS and STAT have a discrete do-
main for dimerization to provide a groove for DNA binding;
however, with distinct conformations, they may use different
mechanisms for dimerization and DNA binding. Therefore, the
structure provides a template for further structural comparison to
explore its action mechanisms and untangle the controversy.

The Os-SCL7 GRAS domain structure further reveals detailed
features for each of the conserved motifs identified by bio-
informatic studies and clarifies ambiguities on the domain as-
signment inprevious reports.Bioinformatic studieshave indicated
that an additional LXXLL sequence is conserved in some GRAS
proteins. It has been proposed that this LXXLL motif, with ap-
propriate secondary structure, is a signature sequencemediating
the binding to nuclear receptors for transcriptional coactivators
(Heeryet al., 1997). Thus, it couldbeadefining featureof a familyof
nuclear proteins, thoughplantsmay havedistinctmechanisms for
nuclear receptor recognition. In Os-SCL7, two LXXLL motifs,
L208QSLL212 and L414YHLL418, were easily identified. L208QSLL212,
a comparatively conserved LXXLL motif among the SCL7 protein
family, is located on helix A1 at theN terminus and exposed on the
protein surface (Figure 2A). L414YHLL418, which is highly con-
served among the SCL7 protein family members from different

species, forms an independent 310 helix exposed at the surface of
a groove positioned between the N-terminal layer and the core
subdomain. In addition, it is located at the loop between B4 and
A8, linking the LRII and PFYRE motifs (Figure 2A). This location
grants the L414YHLL418 motif particular flexibility and an ideal site
for substrate binding. However, since mammalian nuclear re-
ceptor homologs are not known to exist in plants and the precise
significance of this motif in plants awaits further investigation.
Moreover, GRAS proteins have been reported to form homo-

dimers and heterodimers with other GRAS family members and
this is likely important for their transcriptional regulation function
(Itoh et al., 2002; Cui et al., 2007; Hirsch et al., 2009; Heo et al.,
2011; Zhang et al., 2011; Gobbato et al., 2012; Murakami et al.,
2013; Xue et al., 2015). Here, our structure of Os-SCL7 was de-
termined in a dimer with helices A12, A79, and A69 at the dimer
interface. This information should provide insight into the in-
teractionmechanism for dimer formation ofmanyGRASproteins.
As a large family of more than 10 subfamilies with diverse

functions, GRAS proteins may use different mechanisms to
regulate downstream gene expression. DELLA proteins lack
a DNA binding domain; however, they function as transcription
activators by interacting with INDETERMINATE Domain (IDD)
proteins (Yoshida et al., 2014). In addition to interactingwith IDDs,
At-SCL3 can directly bind with its own promoter to regulate the
expression in planta (Zhang et al., 2011). Mt-NSP1 can bind to the
AATTT motif on the promoters, but Mt-NSP2 may have to as-
sociate with Mt-NSP1 for transcriptional regulation (Hirsch et al.,
2009). At-SHR andAt-SCRhave been reported to interact directly
withsomecommonpromoters (Cuietal., 2007).Here,using insilico
DNA docking, coupled with in vitro binding and mutagenesis

Figure 6. EMSA Analyses of Os-SCL7 and Model-Defined Oligonucleotide.

(A) In EMSA analyses with same amounts of probe, a band shift (arrow) can be observed for Os-SCL7 andmutant K284A, but not for other mutants. Other
Os-SCL7 mutants caused a dramatic reduction in binding.
(B) EMSA competition analysis. Biotin-labeled oligonucleotide probe incubated with Os-SCL7, or mutant K551A as a negative control, in the absence or
presenceof 100- and300-foldmolar concentration of theunlabeledprobeandcompetitivemutant oligonucleotideprobe, respectively. Arrow,DNAbinding
protein; NSB, nonspecific binding; P, free biotin-labeled probe.
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assays, we further confirm the interaction ofOs-SCL7withDNAand
pinpoint critical residues.Our studiesprovidedirect evidence forOs-
SCL7 functioning as a transcription factor via direct DNA binding.
Furthermore, this16-meroligonucleotidecanbe foundatseveral loci
of the rice genome, suggesting downstream gene products regu-
lated by Os-SCL7.

In summary, the GRAS protein family includes a remarkable
number of important plant-specific proteins. Our studies define
the three-dimensional crystal structure of the GRAS domain of
Os-SCL7, providing a high-resolution atomic architecture of the
GRAS domain, reveal its dimerization mechanism, and char-
acterize its DNA binding properties. These results provide
a foundation for elucidating the mechanisms and biochemical
function of GRAS proteins. In turn, this will lead to a better un-
derstanding of the individual pathways in which they play im-
portant roles and how the proteins are adapted to carry out
plant-specific processes.

METHODS

Protein Expression, Purification, and Crystallization

The sequenceencoding theGRASdomainofGRASproteinSCL7 from rice
(Oryza sativa; residues 201 to 578) was cloned into the modified pET32a
vector (Novagen) (Supplemental Table 1) and overexpressed as seleno-
methionylprotein in theEscherichiacolistrainBL21 (DE3)usingmethionine
pathway inhibition at 289K.Bacterial cellswere lysedbyultrasonicationon
ice in a buffer containing 50 mM Tris-HCl, pH8.0, 500 mM NaCl, 0.2 mM
EDTA, 20 mM imidazole, 2 mM b-mercaptoethanol, and 5% glycerol.
Soluble N-terminally decahistidine-tagged Os-SCL7 was bound to nickel-
sepharose affinity resin. TheN-terminal histidine and fused thioredoxin tag
were removed by cleavage with TEV protease. Protease and uncleaved
protein were removed by a second binding to nickel-sepharose affinity
resin. The eluted protein was further purified by size-exclusion chroma-
tography in 25 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5% glycerol.
Purified Os-SCL7 was concentrated to 8 mg/mL without buffer exchange.
SDS-PAGE of purified protein showed one major band at an approximate
molecular mass of 41 kD, indicating pure full-length protein. Crystals were
obtained by sitting drop vapor diffusion at 285K with 1 mL protein mixed
with 1mLmother liquid solution containing 10% (v/v) isopropanol and20%
(v/v) PEG4000 in 0.1MHEPES sodium (pH 7.5) buffer. Crystals were flash-
frozen in liquid nitrogen with an addition of 30% glycerol in the crystalli-
zation mother liquid as cryoprotectant.

Data Collection, Structure Determination, and Refinement

The selenomethionyl single-wavelength anomalous dispersiondata set for
Os-SCL7wascollectedat awavelengthof0.9793Åat100Kon theBL17U1
beamline of the Shanghai Synchrotron Radiation Facility to a diffraction
limit of 1.82 Å. Diffraction images and the anomalous data set were
processed and scaled with HKL2000 (Otwinowski and Minor, 1997).
Single-wavelength anomalous dispersion data processing statistics are
summarized in Table 1. The locations of five selenium atoms were de-
termined and an initial model built using the AutoSolve program of the
Phenix suite (Adamset al., 2002). Themodelwasmanually rebuiltwithCoot
(Emsley and Cowtan, 2004) and further refined in Phenix (partial electron
density map shown in Supplemental Figure 4). The final model contains
residues 204 to 587, except loop residues 261 to 274, with refinement
statistics summarized in Table 1. The Ramachandran statistics were
calculated with Procheck (Laskowski et al., 1993). Structural super-
impositions were complemented by manual sequence alignment and
CCP4 LSQ superposition (Winn et al., 2011). Figures were produced with

Pymol (www.pymol.org). The solvent accessible surface area and buried
surface area was calculated using the PISA server.

DNA Segment Docking

Autodock 4.0 with AutoDock Tool 1.5.6 was used to carry out a rigid
screening for DNA binding using the crystal structure of Os-SCL7 dimer
as receptor (Morris et al., 1998). A protein dimer-centered grip map of
45364360 grid points and 0.950 spacing was generated using the Au-
togrid program. An in-house DNA segment library built from the PDB was
used as DNA ligands (Berman et al., 2000). In detail, all double-stranded
DNA complexed protein structures from PDB were downloaded with the
query parameters of base chain length and the proteins with <30% se-
quence identity; thus, representative DNA segments from DNA/protein
structures were extracted for the in-house DNA ligand library. All DNA
segments were set as rigid molecules without any rotational bond. The
docking screeningwas performed using the Lamarchian genetic algorithm
and the default parameters of the genetic algorithm were applied, except
using a population size of 100 and a gene mutation of 0.2. The embedded
DNAsegmentwith the lowestenergywasusedas thecandidate ligand.The
docked protein-DNA complex was further optimized using Tinker 4.2
(http://dasher.wustl.edu/tinker) with the amber 99SB force field (Hornak
et al., 2006) until the root mean square energy gradient was below
1.0 kcal mol21 Å21. Finally, the optimized protein-DNA complex with the
minimum derivation between the x-ray protein structure and the protein
structureof theprotein-DNAcomplexwasobtainedasour complexmodel.

EMSA Analysis and Mutagenesis Assay

Point mutations (K284A/E, R478A, R485A, K549A/E, and K551A) of Os-
SCL7 GRAS domain were engineered using the QuikChange site-directed
mutagenesis kit (Stratagene) (Supplemental Table 1). The proteins
were purified, with the quantity of purified protein estimated by BCA
protein quantification kit (Viagene Biotech). The oligonucleotide probes
59-tgaAAAACTGAAAGGGAGActggta-39 and core complementary
59-taccagTCTCCCTTTCAGTTTTtca-39were synthesized and labeledwith
biotin (Sangon Biotech) and then annealed for duplex self-assembly by
slowcooling inabuffer of 50mMNaCl, 10mMTris-HCl, pH7.5, and0.1mM
EDTA. EMSAs were performed using the Light Shift Chemiluminescent
EMSA kit (Thermo Scientific) according to themanufacturer’s instructions.
The binding reactions were performed using 63 1022 nM (2.5mg) for each
protein sample incubated with 8 nM probe in binding buffer (10 mM Tris-
HCl, pH 7.5, 50 mM KCl, 1 mM DTT, and 5% glycerol) with protein-free
sample as blank control. After 20 min of incubation at room temperature,
the reactions were resolved by 6% native polyacrylamide gels with 0.53
TBE buffer. For the competition experiments, 100- or 300-fold molar
excess of unlabeled probe or 300-fold molar excess of mutant probes
59-tgaAGGCCTGTGTGGGAGActggta-39oligonucleotideduplexwasused for
the reactions and incubated for 20min before the labeled probeswere added.

Accession Numbers

Sequence date from this article can be found in the Rice Genome Anno-
tation database under accession number LOC_Os03g51330 (Os-SCL7).
The atomic coordinates and the structure factors of theOs-SCL7 structure
can be found in the RCSB Protein Data Bank as entry 5HYZ.

Supplemental Data

Supplemental Figure 1. Sequence alignment of Os-SCL7 with other
GRAS family members.

Supplemental Figure 2. Structure of leucine heptad repeat region of
Os-SCL7.

1032 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.16.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00018/DC1
http://www.pymol.org
http://dasher.wustl.edu/tinker
http://www.plantcell.org/cgi/content/full/tpc.16.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00018/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00018/DC1


Supplemental Figure 3. Size-exclusive chromatography for Os-SCL7
protein.

Supplemental Figure 4. The 2Fo-Fc electron-density map by Pymol
of DNA binding relevant site of Os-SCL7 protein.
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