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Background: Scml2 is a subunit of the Polycomb repressive complex 1 (PRC1) responsible for epigenetic regulation of gene
expression.
Results: A conserved DNA-binding domain within Scml2 has been identified, and its structure determined by NMR revealed a
novel, previously uncharacterized fold.
Conclusion: A new Scml2 domain may prove important for PRC1 recognition of target genes.
Significance: Characterization of Scml2 is crucial for understanding the mechanism of PRC1-dependent gene silencing.

Scml2 is a member of the Polycomb group of proteins
involved in epigenetic gene silencing. Human Scml2 is a part of
a multisubunit protein complex, PRC1 (Polycomb repressive
complex 1), which is responsible for maintenance of gene
repression, prevention of chromatin remodeling, preservation
of the “stemness” of the cell, and cell differentiation. Although
the majority of PRC1 subunits have been recently characterized,
the structure of Scml2 and its role in PRC1-mediated gene
silencing remain unknown. In this work a conserved protein
domain within human Scml2 has been identified, and its struc-
ture was determined by solution NMR spectroscopy. This mod-
ule was named Scm-like embedded domain, or SLED. Evolu-
tionarily, the SLED domain emerges in the first multicellular
organisms, consistent with the role of Scml2 in cell differentia-
tion. Furthermore, it is exclusively found within the Scm-like fam-
ily of proteins, often accompanied by malignant brain tumor
domain (MBT) and sterile � motif (SAM) domains. The domain
adopts a novel �/� fold with no structural analogues found in the
Protein Data Bank (PDB). The ability of the SLED to bind double-
stranded DNA was also examined, and the isolated domain was
shown to interact with DNA in a sequence-specific manner.
Because PRC1 complexes localize to the promoters of a specific
subset of developmental genes in vivo, the SLED domain of Scml2
may provide an important link connecting the PRC1 complexes to
their target genes.

The Polycomb group (PcG)2 is a group of conserved proteins
that function as chromatin regulators in multicellular organ-

isms (1). They are crucial for epigenetic gene silencing, mainte-
nance of the pluripotent state of stem cells, and cell differenti-
ation. PcG proteins form a few distinct multisubunit nuclear
complexes, among which Polycomb repressive complexes 1
and 2 (PRC1 and PRC2) are the best studied (2). Both PRC1 and
PRC2 covalently modify histones and work together to accom-
plish their goal: silencing of a group of developmental genes (3).
The PRC2 complex acts as a lysine methyltransferase that
methylates histone 3 at Lys-27 (H3K27). The PRC1 complex
contains an E3 ubiquitin ligase that recognizes methylated
H3K27 and ubiquitinates Lys-119 of histone H2A (H2AK119).
The resulting H3K27 and H2AK119 histone modifications are
the hallmarks of chromatin compaction and gene silencing.
However, the molecular mechanisms of PRC1 targeting to the
subset of developmental genes and the mechanism of PRC1-
mediated gene silencing are poorly understood (3, 4).

PRC1 is a multisubunit protein complex that consists of
three homologous RING domain-containing subunits: Ring1B,
Ring1A, and PCGF, as well as the proteins Cbx and PHC (2).
The Ring1B/PCGF heterodimer endows the PRC1 complex
with E3 ubiquitin ligase activity, whereas the Cbx subunit is
responsible for H3K27 recognition. The roles of the Ring1A
and the PHC subunits are unclear. Unlike PRC1 in Drosophila,
human PRC1 has an additional level of complexity because
every PRC1 subunit has numerous homologues that may con-
stitute distinct PRC1-like complexes (2).

Scml2 (sex comb on midleg-like 2) is an additional subunit of
the PRC1 complex. It is a transcriptional repressor and a mem-
ber of the PcG group of proteins (2, 4 – 6). Previous biochemical
and functional studies have shown that Scml2 co-localizes with
both PRC1 and PRC2 in vivo to the Polycomb-response ele-
ments of PcG target genes (4). Scml2 is found associated with
the PRC1 complex in nonstoichiometric amounts during co-
immunoprecipitation (7) and can directly associate with the
PHC1 subunit of PRC1 (8, 9). Despite the fact that Scml2 itself
is not part of the PRC1 core, it is just as crucial for Hox gene
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silencing in Drosophila as any other subunit of PRC1 and PRC2.
For example, mutations in the Scm gene of Drosophila result in
severe developmental malformation and are lethal at embry-
onic stage (5). The human SCML2 gene, located in the short
arm of the X chromosome, was identified in an initial effort to
create a transcription map of the Xp22 region associated with
multiple human genetic diseases (6). Although Scml2 clearly
plays an important role in PcG-mediated gene silencing, its
function remains largely unknown.

Structural characterization of Scml2 may provide vital clues
to its function. Human Scml2 is a 700-amino acid protein that
consists of two N-terminal malignant brain tumor domains
(MBTs) and a C-terminal sterile � motif (SAM) domain. Addi-
tionally, an unidentified domain is located between the second
MBT and the SAM domain as described below (see Fig. 1). The
MBT domains are �100-amino acid modules that are often
found in multiple copies arranged in MBT repeats. They are
known to bind methylated lysine residues (10), which suggests
that Scm-like proteins may be able to recognize methylated
histones. Indeed, a number of structures of MBT domains were
solved in complexes with peptides containing methylated lysine
residues (11–18), including structures of two MBT domains
from Scml2. The structures of MBT domains and biochemical
analyses of their binding specificities revealed that they weakly
interact with mono- and dimethylated lysine residues through a
conserved site with affinities ranging from 30 �M to 1 mM (18).
Most MBT domains are promiscuous binders that associate
with mono- and dimethylated lysines regardless of their
sequence context, whereas some have a preference for a specific
methylated substrate (18). However, in almost all cases, MBT
repeats recognize only lower methylation states of the histone
lysines. Thus, the MBT domains in Scml2 likely serve as “sen-
sors” of the degree of histone methylation. The C terminus of
Scml2 contains a SAM domain, which belongs to a group of
small helical domains that can form head-to-tail homo-and
hetero-dimers leading to SAM polymerization. Notably, the
PHC1 subunit of PRC1 contains a SAM domain homologous to
that of Scml2, and the two isolated domains were shown to
form hetero-dimers (8, 9). Therefore, the C-terminal SAM
domain of Scml2 likely functions as an anchor that attaches
Scml2 to the PRC1 complex. Interestingly, several recent stud-
ies show that Scml2 can recruit the PRC1 complex to DNA via
its SAM domain. Moreover, overexpression of the SAM
domain disrupts PcG repression, suggesting a central role for
Scm-like proteins in the recruitment of Polycomb complexes
(19). However, the mechanism by which Scm-like proteins can
recognize DNA in the first place remains unknown.

In this work, I present the solution NMR structure of a pre-
viously unidentified DNA-binding domain within human
Scml2 (residues 354 – 468). This domain is located between the
N-terminal MBT domains and the C-terminal SAM domain of
Scml2. From an evolutionary perspective, the domain emerges
in multicellular organisms and is conserved from the simplest
multicellular eukaryotes to humans. It is exclusively found
within Scm-like proteins, and therefore, I named it Scm-like
embedded domain, or SLED. The SLED domain adopts a novel
protein fold with no close structural homologues in the Protein
Data Bank (PDB). Interestingly, the two previously identified

lethal point mutations of the Scm gene in Drosophila map onto
the SLED domain (5), suggesting that it plays a key functional
role during development. The results presented in this work
suggest that, in addition to its ability to bind methylated his-
tones, Scml2 can also directly recognize double-stranded DNA
via its SLED domain. The direct interaction of Scml2 with DNA
involving this newly discovered domain may provide an impor-
tant step in PRC1 recognition of its target genes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The nucleotide se-
quence encoding the SLED domain of human Scml2 (amino
acids 354 – 468) was codon-optimized for bacterial expression
and synthesized in vitro by GenScript USA Inc. with NdeI and
NotI restriction sites added at the 5� and 3� ends of the gene,
respectively. The NdeI/NotI sites were then used to subclone
the gene into a pET28b(�) vector (Novagen). Two point muta-
tions of the SLED gene, N440A and C453Y, were created using
site-directed mutagenesis. The accuracy of all resulting DNA
constructs was confirmed by DNA sequencing (GENEWIZ).

The resulting plasmids were used to express the His6-tagged
WT SLED and its N440A and C453Y mutants in Escherichia
coli using the protocol described below. The bacteria were
transformed with a SLED plasmid and grown in 50 ml of LB
medium supplemented with kanamycin at 37 °C overnight.
Cells were then transferred into the M9 minimal medium. 15N-
labeled NH4Cl (1 g/liter, CIL) was used as the sole source of
nitrogen, and glucose (3 g/liter) was used as the source of car-
bon. The 15N/13C-double-labeled protein sample was prepared
using 13C-labeled glucose (CIL). Cells were grown at 37 °C to
A600 of 1.0 absorbance units, induced with 1.0 mM isopropyl-1-
thio-�-D-galactopyranoside for 10 h at 20 °C, and harvested by
centrifugation. The bacterial pellet was resuspended in cold
lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM

imidazole, pH 8.0) and lysed by sonication. HisPur beads
(Thermo) were used to purify His6-tagged protein from the
clarified lysate followed by thrombin (GE Healthcare) cleavage
for 3 h at 37 °C and size-exclusion chromatography (Superdex
75, GE Healthcare). The final NMR samples contained 0.16 –
1.0 mM protein, 50 mM HEPES, pH 7.2, 100 mM NaCl, 2 mM

DTT, and 10% D2O.
NMR Structure Determination—NMR spectra for the Scml2

SLED domain were collected at 15 °C on Agilent VNMRS 600
and 800-MHz spectrometers equipped with cold probes. The
backbone 15N, 13C, and 1H resonances of the Scml2 SLED
domain were assigned using 1H-15N HSQC, HNCA, HNCACB,
HNCO, CBCA(CO)NH, and HBHA(CO)NH experiments. The
aliphatic side-chain resonances were assigned using 1H-13C
HSQC, HC(C)H-TOCSY and (H)CCH-TOCSY experiments.
Aromatic side chains were assigned using aromatic 1H-13C
HSQC and aromatic 13C NOESY experiments. 15N NOESY as
well as aliphatic and aromatic 13C NOESY experiments (20)
were used to obtain interproton distance restraints yielding
3421 and 146 restraints, respectively (see Table 1). NMR spec-
tra were processed with NMRPipe (21) and analyzed with the
program SPARKY (22). Nearly complete backbone (99%) and
side-chain (93%) NMR resonance assignments were obtained.
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Structure calculation for the Scml2 SLED domain was per-
formed using CYANA (23). The restraints for the backbone
dihedral � and � angles were derived from the backbone 1H,
15N, and 13C chemical shifts using the TALOS� program (24).
Intramolecular NOE correlations were assigned automatically
in CYANA. Hydrogen bond restraints were added on the basis
of NOE analysis. A total of 100 structures of the Scml2 SLED
domain were generated followed by water refinement of the
lowest energy 20 structures using CNS (25, 26).

Protein Sequence Conservation Analysis—SLED domain-
containing proteins were identified within nonredundant ref-
erence sequences in the National Center for Biotechnology
Information (NCBI) and Simple Modular Architecture
Research Tool (SMART) (27, 28) protein databases. Multiple
sequence alignments and visualization of the sequence conser-
vation were performed using CLUSTAL W (29). The phylo-
genic tree of the SLED domains was created using the Interac-
tive Tree of Life (iTOL) server (30).

DNA Binding Experiments—Chemical shift perturbation
analysis was used to characterize Scml2 SLED-DNA binding.
Specifically, 15N-labeled SLED domain was gradually titrated
with unlabeled 11-bp double-stranded (ds) DNA. Complimen-
tary oligonucleotides 5�-AGGAGCGGGAG-3� and 5�-CTC-
CCGCTCCT-3� were chemically synthesized (Integrated DNA
Technologies (IDT)), heated to 98 °C for 10 min, and then
annealed at room temperature to form the dsDNA. In a similar
manner, two more double-stranded oligonucleotides were pre-

pared (dsGGGCGCGCCC and dsTTTATATAAA), and three
resulting double-stranded oligonucleotides were tested in sep-
arate NMR titration series for their ability to bind SLED
domain. 15N-1H HSQC spectra of the SLED domain were col-
lected at each point of the titration using the 800-MHz NMR
spectrometer to monitor changes in 1H and 15N resonance fre-
quencies of the domain induced by dsDNA binding. The
observed changes in 15N and 1H frequencies relative to peak
position in the free state, ��i � (��iN

2 � ��iH
2)1⁄2, plotted

versus dsDNA/SLED ratio, yielded NMR titration profiles for
each amino acid residue. Cumulative changes in peak positions
(calculated as a sum of ��i over all amide resonances) as a
function of dsDNA concentration were used to calculate the
dissociation constants (Kd) for the complexes using a two-state
binding model. The resulting curves were least squares-fit to
the following equation

y � ��

x �
1

2
��	
P� � x 	 Kd�

2 � 4xKd � 	
P� � x � Kd�



P]

(Eq. 1)

where [P] is the total protein concentration; x is DNA concen-
tration; y is the corresponding change in peak position; Kd is the
dissociation constant; and �� is the frequency difference
between free and DNA-bound protein. The per-residue ��i
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FIGURE 1. SLED domain in human proteins. A, schematic representation of SLED-containing proteins in humans. SLED, MBT, and SAM domains are shown in
red, cyan, and black, respectively. B, multiple sequence alignment of SLED domains from human proteins performed using ClustalW (29). Invariant residues are
shown in red. The predicted secondary structure elements of the domain are shown above the Scml2 sequence. Scml2 cysteine residues are marked with an
asterisk.
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frequency changes were used to map the DNA-binding site on
the SLED domain structure. The titration data analysis was per-
formed using SciDAVis.

RESULTS

The SLED Domain Is Evolutionarily Conserved in Metazoa—
Detailed amino acid sequence analysis of the human Scml2
together with secondary structure prediction using the Jpred
server (31) revealed the presence of a folded domain embedded
between the N-terminal MBT repeats and the C-terminal SAM
domain. The domain spans residues 354 – 468 and has no
sequence homology to any other domain with known spatial
structure in the PDB. Sequence BLAST against human proteins
identified five proteins containing this domain, Scml2, Scmh1,
SFMBT1, SFMBT2, and SCML4. The domain architecture of
these proteins is shown in Fig. 1A, where newly identified
domains are aligned and shown in red, MBT domains are
shown in blue, and SAM domains are in black. Notably, all five
identified proteins are sex comb on midleg-like with the num-
ber of N-terminal MBT domains varying from four (for
SFMBT1 and SFMBT2) to zero (for SCML4). Because the

domain is found exclusively within the Scm-like family, typi-
cally located between MBT and SAM domains, I designate it
Scm-like embedded domain, or SLED. A multiple sequence
alignment of the five members of SLED-containing proteins is
shown in Fig. 1B where absolutely conserved residues are
shown in red, and cysteine residues are marked with an asterisk.
The predicted secondary structure elements are shown above
the Scml2 sequence.

After identifying SLED-containing proteins in humans, I
have searched for proteins with SLED domains in other species
and have compared their domain architecture using SMART
(27, 28, 32). The resulting phylogenetic tree with a representa-
tion of the domain architecture for each homologue is illus-
trated in Fig. 2, where SLED domains are shown as red squares.
It is clear from Fig. 2 that SLED domains are present almost
exclusively in the context of the C-terminal SAM domain (black
circles) and the N-terminal MBT repeats (blue squares) across
all multicellular species, which makes it a unique Scm-specific
domain. Remarkably, the emergence of the SLED domain in
evolution coincides with the development of multicellular
eukaryotes because SLED-containing proteins are found exclu-
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sively in Metazoa (Fig. 2), consistent with the essential role of
Scm-like proteins in cell differentiation. Note that, unlike SAM
domains, MBT domains emerge simultaneously with SLEDs
and are often found together, likely suggesting that the function
of the SLED is closely related to that of the MBT domain.

Solution Structure of the Human Scml2 SLED Domain—The
solution structure of the SLED domain from human Scml2 (res-
idues 354 – 468) was determined using NMR spectroscopy. A
total of 100 structures were generated based on 3491 NOE-
derived proton-proton distance restrains and 182 TALOS�-
predicted dihedral angle restraints using CYANA (23, 33). The
ensemble of the 20 lowest energy structures was further refined
in explicit solvent using CNS (25, 26) to an r.m.s. deviation of
0.62 � 0.08 and 1.11 � 0.08 Å for the backbone and all heavy
atoms, respectively. The full NMR structural statistics, includ-
ing overall structure quality scores, are presented in Table 1.

The ensemble of the 20 lowest energy structures of the SLED
domain is shown in Fig. 3A (backbone only). Overall, the struc-
ture is well defined with the exception of a few residues at the
flexible N and C termini marked in blue and red, respectively.
The domain adopts a novel fold with �1-�1-�2-�2-�3-�3-�4-
�4-�5 topology (Fig. 3B). The core of the domain is formed by
two 15-amino acid �-helices, �2 (amino acids 388 – 402) and �4
(amino acids 442– 456), aligned parallel to each other, flanked
by a three-stranded antiparallel �-sheet on one side and a long
twisted �-hairpin on the other side packed against � helix 4
(Fig. 3C). The long twisted hairpin is formed by strands �3 and
�4 (amino acids 422– 427 and 430 – 435, respectively). The
three-stranded �-sheet consists of strands �1 (356 –361) and

�2 (382–387) stabilized by four hydrogen bonds and a short
C-terminal strand �5 (amino acids 462– 463) stabilized by two
hydrogen bonds, connecting Ser-463 to Tyr-360 of the �1
strand.

The charge distribution on the surface of the Scml2 SLED
domain is shown in Fig. 3D where the molecule is shown in two
orientations. One side of the molecule (right panel) contains a
remarkable hydrophobic cavity surrounded by positively
charged residues Lys-414, Arg-418, and Arg-447.

Comparison of the human Scml2 SLED sequence to the
sequences of its counterparts in other species revealed a set of
conserved residues throughout the domain. A multiple
sequence alignment of the Scml2 SLED domains from repre-
sentative species (from fish to human) is shown in Fig. 4A,
where residues with conservation of 90% and higher are high-
lighted and buried residues are annotated with an asterisk. Con-
served hydrophobic residues correlate well with amino acid res-
idues buried in the SLED structure forming the hydrophobic

TABLE 1
Structural statistics of the Scml2 SLED domain

Data collection
NOE-based distance constraintsa

Total 3725
Aliphatic 3421
Aromatic 146
Intraresidue 
i � j� 565
Sequential 
� i � j � � 1� 963
Medium range 
1 � � i � j � � 5� 703
Long range 
� i � j � 
5� 1190
NOE constraints per restrained residueb 29.2

Dihedral angle constraints (TALOS) 174
Completeness of chemical shift assignmenta 92.6%

Refinement
Deviation from experimental restraints

NOE (Å) 0.023 � 0.002
Dihedral angles (°) 0.72 � 0.11

r.m.s. deviations from standard covalent
geometry:

Bond length (Å) 0.0139 � 0.0002
Bond Angles (°) 0.96 � 0.01

Ramachandran plot statisticsa

Core regions 87.9%
Allowed regions 12.1%
Generously allowed regions 0%
Disallowed regions 0%

Global quality scores
r.m.s. deviations to mean (Å)c

Backbone (residues 354–465) 1.39 � 0.33 (0.62 � 0.08)
Heavy atoms (residues 354–465) 1.70 � 0.26 (1.11 � 0.08)

F-score 0.92
Recall 0.91
Precision 0.92

a Residues 350 – 468 were analyzed.
b There are 117 residues with conformationally restricting constraints.
c Residues 350 – 468 were analyzed; r.m.s. deviations calculated for SLED domain

excluding disordered N- and C-terminal residues (residues 354 – 465) are shown
in parentheses.

FIGURE 3. Solution NMR structure of the SLED domain from human Scml2
(residues 354 – 467). A, NMR ensemble of the 20 lowest energy structures of
the human Scml2 SLED domain (backbone representation only). The protein
chain is rainbow-colored from blue to red; N and C termini are labeled. B,
schematic representation of the SLED domain topology. C, ribbon represen-
tation of the SLED domain shown in two orientations; secondary structure
elements are labeled. D, charge distribution on the surface of the SLED
domain (shown in the same orientation as C).
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core. These residues are responsible for maintaining the overall
SLED domain fold. Surface-exposed evolutionarily conserved
residues are of special interest because they often correspond to
functionally important regions on a protein surface, such as
binding sites for interaction partners.

The surface conservation of the domain was analyzed, and
the highly conserved amino acid residues were mapped on the
Scml2 SLED structure (Fig. 4B). Remarkably, conserved sur-
face-exposed residues are arranged in a continuous cluster on
one side of the molecule (shown in pink on Fig. 4B). The major-
ity of this site is formed by residues from the three-stranded
�-sheet, including strands �1, �2, and �5. Such a conservation
of the domain surface suggests that this side of the molecule is
functionally important and may serve either as a binding site for
other regions within Scml2 or as an interaction interface for
other yet unidentified substrates.

Scml2 SLED Can Bind dsDNA—Although the SLED domain
is evolutionarily linked to the MBT domains and is conserved

across eukaryotes, the function of this domain remains
unknown. In an effort to predict a possible function for the
Scml2 SLED, an extensive search within the PDB for proteins
with thee-dimensional structures similar to the SLED fold was
performed using the DALI server (34 –37). Remarkably, the
only protein found to be structurally related to SLED (Z-score
of 5.0, 6% sequence identity) is a 181-amino acid dsDNA-bind-
ing E. coli protein SeqA, which functions as a negative regulator
of replication initiation in bacteria (PDB ID 1LRR) (38 – 40).
Similar to SLED, SeqA includes two 15-amino acid �-helices in
its core and forms a helical bundle similar in arrangement to the
�1/�2/�3/�4 bundle of SLED. SeqA, however, lacks the three-
stranded �-sheet and has two �-helices instead. The long
�-hairpin characteristic of the SLED fold is much shorter in
SeqA and is incorporated into an alternative arrangement of a
three-stranded �-sheet and an � helix (Fig. 5).

Because the only DALI hit (albeit with a very limited struc-
tural similarity (Z-score of 5.0)) turned out to be a DNA-bind-

180o

100% conserved

90% conserved

Conservation

Quality

Consensus

Homo sapiens|NP_006080.1|353-468
Pan troglodytes|XP_528899.3|89-204
Macaca mulatta|NP_001248288.1|353-468
Sus scrofa|XP_003135006.3|354-469
Felis catus|XP_004000363.1|344-459
Canis lupus|XP_537972.3|350-465
Equus caballus|XP_001490942.2|355-470
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60 70 80 90 100 110

GFLKPDH-RGGEVITASFDGETHSIQLPPVNSASFALRFLENLCHSLQCDNLLSSQPFS

* * * * * * ** * ** * *
Homo sapiens|NP_006080.1|353-468
Pan troglodytes|XP_528899.3|89-204

Macaca mulatta|NP_001248288.1|353-468
Sus scrofa|XP_003135006.3|354-469
Felis catus|XP_004000363.1|344-459

Canis lupus|XP_537972.3|350-465
Equus caballus|XP_001490942.2|355-470
Cavia porcellus|XP_003466461.1|365-480

Bos taurus|NP_001179509.1|355-470
Rattus norvegicus|XP_002727629.2|659-773

Mus musculus|NP_573457.3|730-844
Anolis carolinensis|XP_003218917.1|940-1055

Gallus gallus|XP_416812.3|346-461
Ornithorhynchus anatinus|XP_001507145.2|517-632 

Monodelphis domestica|XP_001380751.1|361-476 
Taeniopygia guttata|XP_002197012.1|346-461 

Danio rerio|XP_003199550.1|378-493 
Oryzias latipes|XP_004067032.1|386-501

10 20 30 40 50

VMSTVCVYVNKHGNSGPHLDPKKIQQLPDHFGPGPVNVVLRR+VQACVDCAFQSKTVF

* * * * * * * ** * * ** * ** ** * * *

Conservation

Quality

Consensus

A

B

FIGURE 4. Amino acid residue conservation in SLED domains. A, multiple sequence alignment of the Scml2 SLED domain across the species. Default
ClustalW (29) colors are used for each residue. Residues with conservation of 90% or higher are highlighted, and residues that form the hydrophobic core of the
domain are annotated with an asterisk. B, SLED surface conservation. Conserved residues (pink) are mapped on the surface of the human Scml2 SLED. Two
orientations are shown to illustrate that conserved residues form a continuous patch on the SLED domain surface. The molecule on the right is rotated by 180°
relative to the molecule on the left.
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ing protein, I decided to test SLED for its ability to bind dsDNA.
The human PRC1 complex has multiple known target genes,
including HMX2, ASCL-1, and others (41– 43). It is thought to
recognize CpG-rich regions in the promoter regions upstream
of these genes. Therefore, for my in vitro DNA binding assays, I
used part of a CpG island within the promoter region of the
ASCL-1 gene located in chromosome 12 (from 103,351,246 to
103,351,256). It is important to note that the ASCL-1 promoter
contains hundreds of base pairs and I picked a stretch of only 11
nucleotides containing a single CpG sequence in the middle for
the binding experiments. ASCL-1 is a known PRC1 target gene
whose promoter is highly methylated in small-cell lung cancer
and colon cancer, resulting in higher levels of gene expression
when compared with normal cells.

To test the hypothesis that the Scml2 SLED domain can bind
DNA, NMR chemical shift perturbation analysis was used.
NMR chemical shifts are very sensitive to changes in protein
structure. Therefore, their variations upon titration of a protein
with its binding partner allow accurate mapping of the binding
site and measurement of the binding affinity. A dsDNA 11-mer
from ASCL-1 promoter region (ASCL1 hereafter) obtained by
annealing two complimentary 5�-AGGAGCGGGAG-3� and
5�-CTCCCGCTCCT-3� oligonucleotides was gradually ti-
trated into a 0.16 mM 15N-labeled SLED sample to a final 7:1
ratio of ASCL1 to SLED. The binding was monitored by collect-
ing 15N-1H HSQC spectra of the SLED domain at each point of
the titration. The overlay of eight spectra, one for each titration
point in the series, is shown in Fig. 6A, where the free SLED
domain spectrum is shown in blue, and the SLED spectrum in
the presence of 7� molar excess of dsDNA is shown in red. The
two insets on the right depict two selected spectral regions and
clearly show large chemical shift changes (color gradient from
blue to red) upon the addition of ASCL1 oligonucleotide. As
seen in Fig. 6, A and B, only a subset of peaks changed position
upon DNA addition, indicating a specific interaction between
SLED and the ASCL1 oligonucleotide.

Residues displaying the largest frequency changes (�� � 30
Hz) were mapped onto the spatial structure of the SLED
domain (shown in red in Fig. 6C), revealing the SLED-binding
site for ASCL1 oligonucleotide. A distinct binding interface is
clearly located on the same face of the molecule (red patch).

Specifically, it includes the N terminus (residues 353–357) as
well as residues forming the hydrophobic cavity (Leu-392, Val-
388, Phe-448, and Phe-444), positively charged residues flank-
ing the cavity (Lys-414 and Arg-447), and the loop region con-
necting �4 and �4 (residues 439 – 444). The residues Asn-440
and Ser-441 from this loop exhibit the most pronounced chem-
ical shift changes (Fig. 6B). Interestingly, the corresponding
loop of the SeqA protein is also involved in DNA recognition. It
is remarkable that all residues mentioned above are highly con-
served (Fig. 4A) and the identified DNA-binding site consti-
tutes a portion of the larger conserved surface patch shown in
Fig. 4B, suggesting that residues involved in SLED-DNA bind-
ing were preserved during evolution and are important for
Scml2 function.

To confirm that the protein surface identified in Fig. 6 is
indeed a DNA-binding site, Asn-440 located on this surface has
been mutated into alanine, and the NMR titrations with ASCL1
oligonucleotide were repeated. This mutation is expected to
compromise the DNA binding affinity of SLED. The result is
shown in Fig. 7A, where the HSQC spectra of the free N440A
mutant (blue) and N440A in the presence of 7 M excess of the
oligonucleotide (red) are overlaid. As can be seen, binding was
completely abrogated in the N440A mutant, confirming the
relevance of this region in DNA binding.

Scml2 SLED DNA Binding Is Sequence-specific—Although I
showed that the SLED domain of the Scml2 is capable of
binding dsDNA, the question remains whether it has a pref-
erence toward specific DNA sequences. To answer this ques-
tion, I tested whether SLED can preferentially bind CG-rich
versus AT-rich DNA oligonucleotides. To this end, 0.25 mM
15N SLED was titrated with an excess of either CG-rich
(dsGGGCGCGCCC) or AT-rich (dsTTTATATAAA) double-
stranded oligonucleotides. Their binding was monitored using
NMR, and the binding affinities were compared.

SLED global chemical shift perturbations as a function of
dsDNA concentration are shown in Fig. 7B for ASCL1, GC-,
and AT-rich oligonucleotides. The dissociation constant (Kd)
for each complex was determined as described under “Experi-
mental Procedures.” The best fits are shown as lines, and the
resulting Kd values are listed at the bottom of the graph. The
ASCL1 DNA binds to SLED the tightest among the three tested
dsDNA sequences with Kd of 560.4 � 27.4 �M. The CG-rich
dsDNA binds with Kd of 631.7 � 165.9 �M, and AT-rich
sequence binds the weakest with Kd of 973.3 � 288.9 �M. The
ASCL1 dsDNA causes significantly larger changes in the SLED
spectrum when compared with either AT-rich or CG-rich
oligonucleotides.

Taken together these results suggest that SLED can bind
dsDNA in a sequence-specific manner and that CpG-contain-
ing DNA sequences (ASCL1 and CG-rich) are preferred ligands
when compared with AT-rich DNA. A more global and system-
atic search for DNA motifs recognized by the SLED domain is
needed to reveal the optimal DNA sequence recognized in vivo.

DISCUSSION

I have characterized a new domain within human Scml2 con-
served among multicellular organisms, referred to as SLED
(Figs. 1 and 2). The solution NMR structure of the Scml2 SLED

FIGURE 5. Structural alignment of the Scml2 SLED and SeqA. The SLED
domain is shown as a red ribbon, and the SeqA (PDB ID: 1LRR) is shown in pink.
The side chains of the SeqA loop residues involved in DNA binding are shown
as green sticks (Asn-150, Thr-151), and the side chains of the SLED residues
displaying the largest chemical shift changes upon DNA binding are shown as
blue sticks (Asn-440, Ser-441).
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domain revealed a novel �/� protein fold (Fig. 3). In vitro bind-
ing experiments have shown that the domain can interact with
dsDNA and has a preference toward CpG-rich motifs (Figs. 6
and 7B). The highly conserved residues Ser-441 and Asn-440,
displaying the largest NMR chemical shift changes upon DNA
binding, are located in the 438PVNS441 loop, connecting �4
strand and �4 helix (Figs. 4A and 6C). High amino acid conser-
vation in the DNA-binding region of SLED suggests that DNA
binding is likely a common property of SLED domains across
Metazoa.

Interestingly, three-dimensional structural alignment using
DALI revealed that the DNA-binding loop of the SLED
(438PVNS441) corresponds to the DNA-binding loop of SeqA
(145TNNN148). Moreover, mutation of Asn-440 into alanine
(N440A) completely abolishes DNA binding by SLED (Fig. 7A).
The amino acid composition and conformation of the two
loops, however, are not identical between the two proteins, sug-
gesting different modes of DNA interaction and specificity.

The SLED domain structure determined here can explain the
devastating effect of the previously reported C511Y mutation in

Drosophila Scm that maps onto its SLED domain. This muta-
tion results in severe developmental malformations and is
lethal at embryonic stage (5), highlighting the functional impor-
tance of the Scm SLED domain. Residue Cys-511 in Drosophila
Scm corresponds to a highly conserved Cys-453 in human
Scml2 SLED, which is a part of the hydrophobic core of the
domain. Hence, a C511Y mutation in Scm likely results in
destabilization of the domain, impairing its ability to recognize
DNA (Fig. 7C). Indeed, mutation of Cys-453 of Scml2 to tyro-
sine leads to severe SLED domain destabilization and unfolding
as seen in Fig. 7D, showing the HSQC spectrum of the mutant
with very limited dispersion of the peaks in the spectrum typical
for an unfolded protein. As seen in Fig. 7C, the side chain of
Cys-453 is very tightly packed within the SLED hydrophobic
core, and its replacement with a large bulky tyrosine side chain
with its hydroxyl group not only introduces a polar group into a
hydrophobic environment but also causes significant steric
clashes, resulting in SLED domain destabilization.

Another lethal mutation in the Drosophila Scm gene, C425Y,
maps onto the SLED domain and involves a cysteine residue

FIGURE 6. Scml2 SLED domain and dsDNA binding. A, overlay of 15N/1H HSQC spectra of the free (blue) and DNA-bound SLED domain. The two insets show
gradual changes in peak positions (from blue to red) in selected spectral regions upon the addition of ASCL1 dsDNA. B, NMR frequency difference �� �
(��N

2 � ��H
2)1⁄2 (at 800 MHz for 1H) between the first and the last points of DNA titration for each amino acid residue of SLED are shown as a histogram. ��

values for backbone HN groups are shown in blue, and those for the HN groups of Gln and Asn side chains are shown in magenta. C, SLED amino acid residues
that form the DNA-binding site (with �� values � 30 Hz) are shown in red on a surface representation (left) and ribbon representation (right) of the SLED
structure. Selected DNA-binding residues are labeled. Proline residues within the DNA-binding site are shown in purple on the SLED surface and labeled as P.
Titration data for proline residues are not available because they are not present in the 15N/1H HSQC spectrum due to a missing HN group in their chemical
structure.

FIGURE 7. Mutational analysis of Scml2 SLED. A, overlay of 15N/1H HSQC spectra of the free (blue) N440A SLED domain and N440A in the presence of 7 M

excess of ASCL1 oligonucleotide (red). B, DNA titration curves derived from the NMR chemical shift perturbation experiments. Cumulative chemical shift
changes for all amino acid residues in the domain are plotted as a function of DNA to SLED ratio. Experimental data and fitting curves for three different
double-stranded oligonucleotides (dsAGGAGCGGGAG, dsGGGCGCGCCC, and dsTTTATATAAA) are shown in red, purple, and blue, respectively. The resulting Kd
values are shown at the bottom of the graph. C, the model of the C453Y mutant of the SLED domain. The packing of the Cys-453 (top) versus Tyr-453 (bottom)
side chains within the hydrophobic core is shown. A portion of the protein is shown as a ribbon, and the side chains of the hydrophobic amino acid residues
surrounding Cys-453 are shown as sticks. The side-chain atoms of the Cys-453 and Tyr-453 are shown as spheres. D, 15N/1H HSQC spectrum of the C453Y of the
Scml2 SLED domain reveals that it is unfolded in solution.
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that is not conserved between flies and humans. The corre-
sponding residue in human Scml2, Gly-365, is located in the
loop connecting the �1 strand and �1 helix of the SLED
domain. Mutations in this loop are unlikely to affect the domain
stability. It is conceivable, however, that this loop may be
involved in SLED domain recognition of yet unidentified bind-
ing partners. Interestingly, despite the lack of amino acid con-
servation between Drosophila and human, this loop is con-
served in vertebrates (Fig. 4A). It is located on the opposite face
of the SLED domain relative to the DNA-binding site, suggest-
ing that DNA binding is likely not the only function of the SLED
domain and that its large conserved surface might contain
binding sites for additional ligands.

Although the binding between the Scml2 SLED domain and
a DNA fragment derived from a CpG island within the pro-
moter region of the ASCL-1 gene examined in this work is
rather weak, the affinity of this interaction is of the same order
of magnitude as that of the N-terminal Scml2 MBT domains
toward methylated histones. Therefore, one can expect that
multiple interactions that mediate association of the full-length
Scml2 with the nucleosome cumulatively increase the affinity of
Scml2 and, subsequently, PRC1 complex to chromatin in vivo. I
also showed that Scml2 SLED-DNA binding is sequence-de-
pendent and that the DNA sequence used in this work is not
necessarily the optimal one. More rigorous in vivo studies are
necessary to determine the optimal DNA sequences recognized
by Scml2 in the context of chromatin.

Remarkably, previous studies have shown that the full-length
Scml2 can effectively bind DNA in a manner independent of its
MBT domains, which is in agreement with results shown here
(18). It was also suggested that Scml2 may contain a DNA-
binding motif similar to an AT-hook that is responsible for
DNA binding (18). The proposed motif spans the residues 285–
310 in close proximity to the SLED domain (354 – 468), which
may additionally enhance DNA binding by Scml2.

A list of potential targets of SLED may include a few other
proteins that were shown to directly interact with Scml2, such
as modified histones and several PRC1 subunits (2). Further
systematic studies are necessary to identify additional Scml2
interaction partners.

This work presents the first experimental evidence that
Scml2 harbors a conserved DNA-binding domain that may be
responsible for PRC1 targeting to chromatin, providing a start-
ing point for further structural and functional studies of Scml2-
DNA interactions.

CONCLUSION

NMR spatial structure determination of the SLED domain, a
previously unidentified conserved interaction module within
the Scml2 transcription factor, is an important step toward
uncovering Scml2 function. DNA binding by Scml2 SLED may
prove important for PRC1 recognition of its target genes.
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