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The Polycomb group (PcG) is a family of gene silencing
proteins that repress important developmental regulator

genes, including homeotic (HOX) genes. Once the expression
of these genes is no longer required, the PcG proteins maintain
the silent state over many cell divisions. In stem cells, members of
the PcG repress genes that promote differentiation, thus playing
an important role in maintaining the pluripotency of these
cells.1,2

The PcG functions at the level of chromatin, although the
precise mechanism by which PcG complexes bind to chromatin
has not been fully elucidated. While the presence of MBT and
chromo domains within PcG proteins can allow direct associa-
tion withmethylated histones, DNA not bound to histones is also
important for PcG function. For example, the Drosophila PcG
protein Pleiohomeotic (Pho), the only PcG protein that houses a
specific DNA binding domain, acts in concert with the multi-
protein PcG complex called Polycomb Repression Complex 1
(PRC1) to associate with specific gene regulatory sequences
called Polycomb response elements (PREs).3,4 Pho is also a
component of a different PcG complex called PhoRC that includes
the PcG protein dSfmbt.5 A single complex containing both a
specific DNA binding protein (Pho) and the ability to bind

methylated histone through the MBT domains of dSfmbt6 may
utilize a combinatorial approach to bind specific chromatin sites
that have both the Pho binding element andmethylated histones.

RNA is also emerging as an important player in PcG-mediated
repression. PRC2, a multiprotein PcG complex that catalyzes the
trimethylation of histone H3 K27, associates with a noncoding
RNA (ncRNA) called Xist, facilitating the inactivation of the X
chromosome in female mammals.7 This interaction occurs between
a region within Xist consisting of 7.5 repeats of a 28-nucleotide
sequence (RepA) and the PRC2 component Ezh2, resulting in
the proper targeting of PRC2 to the inactive X (Xi) chro-
mosome.8 RING1B, a PRC1 component, is targeted to the Xi
chromosome in a manner that is dependent on Xist but inde-
pendent of PRC2.9 Recent reports have revealed that many other
ncRNAs can associate with PRC2. Long ncRNAs HOTAIR and
Kcnq1oT1 are associated with PRC2 and, like Xist, play an
important role in targeting the methyl transferase activity of
PRC2 to specific chromatin locations.10,11 Moreover, a global
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ABSTRACT: Polycomb group (PcG) proteins maintain the silent state of developmentally
important genes. Recent evidence indicates that noncoding RNAs also play an important
role in targeting PcG proteins to chromatin and PcG-mediated chromatin organization,
although the molecular basis for how PcG and RNA function in concert remains unclear.
The Phe-Cys-Ser (FCS) domain, named for three consecutive residues conserved in this
domain, is a 30�40-residue Zn2þ binding motif found in a number of PcG proteins. The
FCS domain has been shown to bind RNA in a non-sequence specific manner, but how it
does so is not known. Here, we present the three-dimensional structure of the FCS domain
from human Polyhomeotic homologue 1 (HPH1, also known as PHC1) determined using
multidimensional nuclear magnetic resonance methods. Chemical shift perturbations upon
addition of RNA and DNA resulted in the identification of Lys 816 as a potentially
important residue required for nucleic acid binding. The role played by this residue in
Polyhomeotic function was demonstrated in a transcription assay conducted in Drosophila
S2 cells. Mutation of the Arg residue to Ala in the Drosophila Polyhomeotic (Ph) protein,
which is equivalent to Lys 816 in HPH1, was unable to repress transcription of a reporter
gene to the level of wild-type Ph. These results suggest that direct interaction between the
Ph FCS domain and nucleic acids is required for Ph-mediated repression.
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analysis of ncRNA interactions revealed that approximately
20% of all mammalian ncRNAs are associated with PRC2.12

RNAi-related proteins have also been shown to be involved in
PcG-mediated repression.13 The Drosophila RNAi proteins
Dicer-2, Piwi, and Argonaute were found to colocalize with
PRC1 components Polycomb (Pc) and Polyhomeotic (Ph)
and were required for the maintenance of long-range chromo-
somal interactions. Interestingly, small transcripts from an exo-
genous PRE were detected. These small RNAs appear to be
required for maintaining the long-range interactions because
mutant flies unable to make the transcripts could not mediate
these interactions.

A domain found in a number of PcG proteins that is a candidate
for directly binding RNA is the Phe-Cys-Ser (FCS) domain. In
vitro, the FCS domain can bind both RNA and DNA in a manner
independent of the sequence of the nucleic acids.14 The focus of
that study was a Caenorhabditis elegans PcG protein called SOP-2.
The RNA binding ability of SOP-2 allows its localization into large
nuclear bodies often termed “PcG bodies”.13,15 PcG bodies are
thought to correspond to sites where clustering of PREs and gene
silencing occur through long-range interactions between the PREs.
SOP-2 does not contain an FCS domain but rather utilizes a
different sequence of amino acids for RNA association. The
conserved RNA binding function of the FCS domain and the
RNA binding region of SOP-2 was demonstrated by a SOP-2
chimera that replaced its RNA binding regions with the mouse
Ph homologue FCS domain that was able to partially restore the
ability to localize into PcG bodies.14

The FCS domain is a 30�40-residue sequence that is able to
chelate a Zn2þ atom via four conserved Cys residues (Figure 1). A
number of PcG proteins contain an FCS domain, including all Ph
orthologs, Drosophila Sex comb on midleg (Scm) where two FCS
domains are present as a tandem repeat, Drosophila Sfmbt, and
Drosophila lethal 3 malignant brain tumor l3mbt along with two of
its related mammalian proteins, l3mbt-like 2 (L3MBTL2) and
L3MBTL3. A recent structure of the FCS domain from human
L3MBTL2 determined using multidimensional NMR methods
revealed an architecture that is compatible with RNA binding.16

In this structure, threemostly conserved, positively charged residues
are on one face of the structure and were suggested as potential
functional residues that could bind the negatively charged backbone
of RNA. As an alternative to a nucleic acid binding role, a recent
study has implicated the Scm and dSfmbt FCS domains as being
involved in protein�protein interactions.6

To gain insight into the molecular basis of Ph, and also PcG
function, we have biochemically characterized and determined

the solution structure of the FCS domain from human Ph
homologue 1 (HPH1, also known as PHC1). Our results strongly
suggest that hindering the ability of the Ph FCS domain to bind
nucleic acids also hinders the ability of Ph to repress transcription.

’EXPERIMENTAL PROCEDURES

Protein Preparation. The HPH1 FCS domain (residues
783�828) was cloned into a modified pET-3c (Novagen)
plasmid containing an N-terminal hexahistidine tag followed by
a TEV protease cleavage site. The HPH1 FCS domain was
expressed in BL21-Gold (DE3) cells (Stratagene) that had been
pretransformed with the pRARE plasmid (Novagen). Bacterial
cells from a 1 L culture were resuspended in 10 mL of 50 mM
Tris (pH 8.0), 100 mMNaCl, 25 mM imidazole (pH 7.5), 1 mM
PMSF, 10 mM β-mercaptoethanol, and 5% glycerol. Cells were
lysed by sonication and purified using Ni2þ affinity chromatog-
raphy. The eluted protein was digested with TEV to remove the
N-terminal sequence followed by a second Ni2þ affinity chro-
matography run in which the nonbinding fractions were col-
lected. The protein was further purified by ion exchange chro-
matography. The final polypeptide after TEV cleavage contained
an N-terminal GTR sequence followed by the HPH1 residues.
UV�Visible Spectroscopy. The bacterially expressed and

purified HPH1 FCS was stripped of metal by lowering the pH
through the addition of trifluoroacetic acid and then purified by
reversed-phase HPLC. In an anerobic environment, the lyoph-
ilized, metal-free HPH1 FCS domain was resuspended in
100 mM Hepes and 50 mM NaCl (pH 7.0) to a final concentra-
tion of 66.7 μM. One equivalent of CoCl2 was added followed by
measurement of the visible spectrum. One equivalent of ZnCl2
was then added to the solution for the observation of any
bleaching of the spectrum.
NMR Spectroscopy: Structure Determination, Dynamics,

and Chemical Shift Perturbations. Stable isotope-labeled
protein samples (containing either 15N alone or both 15N and
13C) were expressed in minimal medium containing isotopically
labeled substrates, purified as described above, and prepared at a
concentration of 1.5 mM in 10 mMNaPO4 (pH 6.0) and 50mM
NaCl. Fractionally labeled (10% 13C) samples were prepared in
minimal medium containing a ratio of 13C-labeled to unlabeled
glucose of of 0.3 g/L:2.7 g/L. Two-dimensional 13C�1H HSQC
spectra of biosynthetic fractionally 13C- and 1H-labeled protein
were used for stereospecific assignment of the side chain methyl
groups (valine and leucine)17,18 and the aromatic (Phe and Tyr)
groups.19 NMR experiments were performed at 300 K using

Figure 1. ClustalW42 alignment of FCS sequences. The metal binding Cys residues are highlighted in black. The lightly shaded amino acids are buried
residues (>75% buried surface area) in the two FCS domain structures that have been determined. The prefixes d and h in the protein names indicate
Drosophila melanogaster and human proteins, respectively. The two tandem FCS domains in the Drosophila Scm protein are indicated by fcs1 and fcs2.
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Bruker 600 and 700 MHz spectrometers fitted with either
conventional (700 MHz) or cryogenically cooled (600 MHz)
5 mm 1H probes equipped with 13C and 15N decoupler and
pulsed field gradient coils. All spectra were processed and
analyzed with NMRPipe20 and NMRView.21 Structure calcula-
tions were performed withCNS version 1.122 using ARIA version
1.2,23 incorporating NOEs and dihedral angle restraints calcu-
lated with TALOS.24 The structure was refined using the 3JHNHR
couplings, RDCs, hydrogen bonds, and the tetrahedral Zn2þ

geometry restraints (Table 1). Backbone amide HSQC-based
longitudinal (T1) and transverse (T2) relaxation times and
heteronuclear Overhauser effects ({1H}�15N NOE) were re-
corded using standard Bruker pulse programs. Time scale
estimations of the HPH1 FCS internal conformational dynamics
were determined by analyzing the 15N relaxation parameters using
the Lipari�Szabo model-free formalism25,26 in ModelFree version
4.0 (http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/pal-
mer/software/modelfree.html). The chemical shift assignments
have been deposited in the BMRB (accession number 17396)
and the Protein Data Bank (PDB) (entry rcsb102085). The
coordinates have been deposited as PDB entry 2L8E.
For themeasurement of the chemical shift perturbations to the

HPH1 FCS domain in the presence of nucleic acids, the following

oligonucleotides were used: 34-nucleotide RNA (50-GGGC-
ACGCGUAUUGCCCUAGUGGCCGGCGUGCCC-30) and
14 bp dsDNA (50-CAGCCATATGGCTG-30) with its reverse
complement.
All oligonucleotides were placed into the same buffer as the

HPH1 FCS domain prior to the titration experiment. The HPH1
FCS peptide was titrated with increasing amounts of nucleic
acids. A {1H}�15N HSQC spectrum was recorded after each
titration point. The weighted average chemical shift changes of
the assigned residues were calculated using the equation Δav =
[(ΔδNH

2 þ ΔδN
2/25)/2]1/2.

The dissociation constant (Kd) was estimated by globally
fitting the shifts for different residues to a common Kd value
using the following equation as described by Lian and Roberts:27

Δδobs

¼ δb � δf
2PT

PT þ LT þ Kd �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPT þ LT þ KdÞ2 � 4PTLT

q� �

Δδobs is the observed difference in weighted average chemical
shifts between the free state and that observed at each titration
point, δb � δf is the total weighted average chemical shift
difference between the bound and free states, and PT and LT
are the total concentrations of protein and ligand (RNA),
respectively. Pro Fit software (QuantumSoft) was used for the
nonlinear least-squares fitting.
Transcription Assay. On day 1 of the assay, the following

plasmids were transfected into 1� 105 Drosophila S2 cells using
the Fugene HD transfection reagent (Roche Applied Science):
(1) 100 ng of theDrosophila Ph expression plasmid under control
of a constitutive actin 5c promoter (kind gift from A. J. Courey),
(2) 7.5 ng of a lacZ gene expression plasmid, also under control
of the actin 5c promoter (kind gift from Y. Shiio), and (3) 7.5 ng
of pGL2-Basic with three tandem repeats of the zif268 DNA
binding sites cloned immediately upstream of a metallothionine
promoter (MTp) that controls expression of the luciferase gene.
On day 3, the expression of the luciferase gene was induced via
addition of CuSO4 (100 μM). On day 4, cells were harvested and
lysed using 100 mM potassium phosphate buffer (pH 7.8), 0.2%
Triton X-100, and 0.5 mMDTT. For all individual transfections,
equal volumes of lysate were used for the Dual-Light Combine
Reporter Gene Assay System (Applied Biosystems) to measure
both luciferase and β-galactosidase activities. The data are
presented as the ratio of the two enzyme activities.

’RESULTS

Tetrahedral Coordination of Metal by the HPH1 FCS
Domain. The ability of the FCS domain to bind Zn2þ was
originally suggested on the basis of the presence of four con-
served Cys residues whose sulfide groups were predicted to be
the chelating residues for the zinc metal. If so, the four thiolates
would be arranged in a tetrahedral geometry around the Zn2þ.
To utilize the tetrahedral geometric constraints in our structure
calculations, we needed to first confirm that the FCS domain
does indeed bind Zn2þ with tetrahedral geometry. We mea-
sured the UV�visible spectrum of the HPH1 FCS domain
(residues 783�828 of HPH1) fully substituted with Co2þ. The
d�d electron transitions of the Co2þ that is ligated through
four ligands arranged tetrahedrally produce a distinct spectrum,
while the Zn2þ-bound FCS domain is spectroscopically silent.
The solution of the Co2þ-bound HPH1 FCS domain displays a

Table 1. Structural Restraints and Statistics for 20 Lowest-
Energy Structures of the HPH1 FCS Domain

Structural Restraints

total no. of NOE distance restraints 1024

no. of NOE distance restraints

intraresidue (|i � j| = 0) 374

sequential (|i � j| = 1) 285

short-range (2 < |i � j| < 5) 146

long-range (|i � j| > 5) 220

no. of dihedral restraints (extracted from TALOS24)

j 26

ψ 26

no. of RDC restraints

DNH 28

DCH 28

no. of coupling restraints
3JHNHR 32

no. of hydrogen bond restraints 9

no. of zinc coordinate restrains 6

Structural Statistics

root-mean-square deviation (rmsd) from ideal geometry

((SD)

bond lengths (Å) 0.0046 ( 0.00024

bond angles (deg) 0.8473 ( 0.039

improper angels (deg) 2.125 ( 0.019

average atomic rmsd from mean structure ((SD)

residues 795�813 and 815�828 (backbone) 0.46

residues 795�813 and 815�828 (heavy atoms) 1.05

Structure Evaluation (Ramachandran plot) (residues 783�828)

residues in most favored regions (%) 62.4

residues in additional allowed regions (%) 30.4

residues in generally allowed regions (%) 5.2

residue in disallowed regions (Asp793) (%) 2.0
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clear blue color with three distinct d�d transition peaks at 635,
686, and 759 nm in the visible spectrum (Figure 2). In addition,
the Cys-S to Co2þ charge transfer bands are observed between
275 and 450 nm. This spectrum resembles the UV�visible
spectrum of other Cys4-coordinated Zn2þ binding peptides
when bound to Co2þ,28 including a treble-clef zinc finger
peptide that is structurally similar to the L3MBTL2 FCS
domain.29 Our results are consistent with a structure in which
the HPH1 FCS domain does indeed bind Zn2þwith tetrahedral
geometry through four cysteine bonds. Upon addition of Zn2þ,
all cobalt transitions were bleached as a consequence of substitu-
tion of Zn2þ for Co2þ.
Determination of the NMR Structure of the HPH1 FCS

Domain. Our initial {1H}�15N HSQC measurement of the
HPH1 FCS domain showed a spectrum with a well-dispersed
pattern of backbone amide signals whose total number was nearly
equal to the anticipated value (Figure 3A). We, thus, proceeded
to prepare a 13C- and 15N-labeled HPH1 FCS sample to assign
the backbone and side chain resonances and to determine the
three-dimensional structure. The structural restraints used and
statistics are summarized in Table 1. The ensemble of the 10 cal-
culated lowest-energy structures consistent with the NMR
structural restraints is shown in Figure 3B. HPH1 residues
783�795 of our construct appear to be disordered as this region
lacks sufficient structural restraints required to define a consis-
tent structure. The ordered region of the HPH1 FCS structure
[Asn 797�Asn 828 (Figure 3C)] consists of an antiparallel
β-sheet (Asn 797�Pro 808), followed by a loop region (Ala
809�Ser 820) and then an R-helix (Met 821�Asn 828). Zn2þ

binding residues Cys 800 and Cys 803 are in the β-sheet region;
Cys 819 is in the loop, and Cys 823 is in theR-helix. As with other
similar zinc binding peptides,29 zinc binding appears to be critical
for maintaining the fold of the FCS domain as Zn2þ chelation is
responsible for determining the orientation of the HPH1 FCS
R-helix with respect to the β-sheet. The structure of the HPH1
FCS domain closely resembles that of the FCS domain of
L3MBTL216 (rmsd of 1.7 Å2 over 28 CR atoms) and the
Escherichia coli YacG zinc binding domain30 (rmsd of 2.3 Å2

over 29 CR atoms), with the greatest variation in structures
occurring in the loop region of the structures (Figure 3D).
HPH1 FCS Dynamics Indicates an Ordered Loop Region.

Aside from the disordered N-terminal region of our construct,
the central loop region (Ala 809�Ser 820) within the FCS
domain exhibited increased rmsds among the ensemble of low-
energy structures as compared to the regions of defined second-
ary structure (Figure 3B). As the restraint density is lower in this
region than in the regions of regular secondary structure (18
restraints per residue as compared to 27 in the β-sheet and R-
helix), it is unclear whether the increased rmsd is due to this or
intrinsic flexibility of the loop. We investigated this in greater
detail by measuring the T1, T2, and {

1H}�15N NOE (HNNOE)
relaxation parameters (Figure 4A). The long T1 and T2 times
along with the low HNNOE values for HPH1 FCS N-terminal
residues 783�797 indicate significant flexibility in this region on
the picosecond to nanosecond time scale, consistent with
disorder of this region. We conducted a more detailed analysis
of the molecular motions of the FCS domain using the Lipar-
i�Szabo extended model-free formalism25,26 to distinguish mo-
tions on different time scales (Figure 4B). HPH1 residues 783�
797, as expected, have low S2 and high τe values, indicating that
this region is much more flexible on the picosecond to nanose-
cond time scale than the rest of the structure. The loop, residues
809�820, appears to be rigid on the picosecond to nanosecond
time scale as it exhibits comparably high S2 values. However,
several residues in the loop, including Glu 810, Gly 814, Lys 816,
and Arg 817, exhibit elevatedRex values indicating greatermobility
of these residues on the microsecond to millisecond time scale.
Interestingly, the residue with the highest Rex and, thus, greatest
level of motion on the microsecond to millisecond time scale is
Lys 816, a residue that was identified as playing an important role
in nucleic acid recognition (see below). We conclude from these
results that the loop is rigid on the picosecond to nanosecond
time scale but flexible on the microsecond to millisecond
time scale.
Identification of Nucleic Acid Binding Residues of the

HPH1 FCS Domain. The Ph FCS domain can bind nucleic acids
in a non-sequence specific manner.14 In the HPH1 FCS domain
used in this study, there are several positively charged residues
within the ordered HPH1 FCS domain as well as two in the
disordered N-terminus. These residues could contact the nega-
tively charged phosphate backbone of nucleic acids. Moreover,
there are three mostly conserved basic residues (Lys 816, Arg
817, and Lys 825) that are clustered together on both the HPH1
FCS and L3MBTL2 FCS structures,16 suggesting a potential
conserved role for these residues. If indeed the function of the
FCS domain is to bind nucleic acids, albeit in a manner inde-
pendent of the nucleic acid sequence, then it can be predicted
that a particular set of FCS domain residues, and not a random
collection of positively charged residues, would be more inclined
to perform this function.
To identify the residues that contact nucleic acids, we mea-

sured the perturbations of the HPH1 FCS backbone amide
resonances upon addition of RNA and DNA. Because the FCS
domain can bind RNA and DNA with no sequence specificity,
we arbitrarily chose a 34-nucleotide RNA predicted to form a
stem�bulge�loop structure (Figure 5A, inset) and 14 bp
double-stranded DNA. A {1H}�15N HSQC spectrum was
recorded at several titration points for each of the nucleic acid
titration experiments (Figure 5). TheHPH1FCS domain titration
with the 34-nucleotide RNA showed a number of residues whose

Figure 2. UV�visible spectrum of the HPH1 FCS domain bound to
Co2þ. The black spectrum is the spectrum with Co2þ bound and the
gray spectrum that after the addition of ZnCl2.
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HSQC signals were altered but not appreciably broadened and
thus fell under the fast exchange regime (Figure 5A). Most
notable were Lys 816, Phe 818, and either Cys 803 or Ser 815
(the identity of this backbone amide signal could not be discerned
because these two residues are degenerate) (Figure 5B). Titration
with the 14 bp double-stranded DNA was less remarkable than
titration with the 34-nucleotide RNA (Figure 5C). However, all
the residues whose signals were altered in the presence of the
DNA are also perturbed with RNA (Glu 810, Phe 812, Arg 813,
Lys 816, and Phe 818). All these residues are in the loop region of

the HPH1 FCS domain. The results of these titration experi-
ments are analyzed by the backbone N�H maximum weighted
average shift chemical differences (Figure 5D). A charged surface
representation of the FCS structure (Figure 5E) clearly shows
the proximity of the loop residues whose chemical shifts show the
greatest perturbation. Lys 825, which was previously described as
being part of a potential nucleic acid binding surface on the
L3MBTL2 FCS structure16 but does not appear to be involved in
binding, is quite distant from the loop. From these experiments,
we conclude the FCS domain does indeed use a specific set of

Figure 3. Determination of the solution structure of the HPH1 FCS domain. (A) HPH1 FCS {1H}�15N HSQC. The chemical shift assignment for
each residue is indicated. (B) Ensemble of the 20 lowest-energy structures of the HPH1 FCS domain. The rmsd of the secondary structure backbone is
0.46. (C) Ribbon diagram of theHPH1 FCS domain. The fourmetal binding residues are highlighted along with other residues that weremutated for the
transcription assay. (D) Overlay of HPH1 FCS (red), L3MBTL2 FCS (yellow, PDB entry 2W0T),16 and the bacterial YacG peptide (cyan, PDB entry
1LV3).30 The overlay shows the greatest variability of this fold occurs in the loop region.
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residues to contact nucleic acids and that the loop region appears
to be especially important for binding.
The affinity between the HPH1 FCS domain and the 34-

nucleotide RNA was calculated using the equation described by
Lian and Roberts27 (see Experimental Procedures for the equa-
tion). This equation relates the observed chemical shift differ-
ence (Δδobs) to the dissociation constant (Kd) and the total
concentrations of the protein and RNA (ligand), PT and LT,
respectively. The maximum weighted average chemical shift
changes of four residues with the greatest changes in their
chemical shifts (Glu 810, Ser 815, Lys 816, and Phe 818) were
plotted as a function of the total concentrations of protein and
RNA concentrations, resulting in an estimated Kd of 3.0 (
1.1 mM (Figure 5F). The changes in chemical shifts were
insufficient to estimate a similar Kd with the 14 bp DNA. This
likely indicates a weaker affinity for the 14 bp DNA because of

insufficient amounts of the intact FCS�DNA complex that were
allowed for detection of perturbed chemical shifts.
Mutation of theNucleic Acid Binding Residues Hinders Ph

Transcription Repression Ability. We next determined the
consequence on gene silencing of disturbing the potential
interaction of the Ph FCS domain with nucleic acids. For this
purpose, we utilized a transcription assay conducted in Droso-
phila S2 cells using the full-length Drosophila Ph (dPh) protein.
There is abundant evidence showing Drosophila PcG proteins
function in a manner very similar to that of their mammalian
counterparts. Most compellingly, mammalian PcG proteins
have been used to rescue Drosophila phenotypes resulting from
mutant orthologs,31�33 including dPh.34 In our transcription
assay, we fused the DNA binding domain of human zif268 to
the N-terminus of a variety of dPh proteins to target the zif268
fused chimeric proteins to three zif268 binding sites immedi-
ately upstream of the metallothionine promoter (MTp) that
controls expression of the luciferase gene. On the basis of the
results of our in vitro binding studies with the HPH1 FCS
domain, we introduced four different mutations into the dPh
FCS domain and determined the ability of these mutant dPh
proteins, compared to that of wild-type dPh, to repress expres-
sion of the luciferase gene. The four individual mutations we
introduced into dPh were Lys1380Ala (equivalent toHPH1 Lys
816), Tyr1382Ala (equivalent to HPH1 Phe 818), Cys1383Ala
(equivalent to HPH1 Cys 819), and Arg1389Ala (equivalent to
HPH1 Lys 825). Cys 1383 is a metal binding residue and would
be expected to disrupt the structure of the FCS domain. Arg
1389 is equivalent to HPH1 Lys 825 and is mostly conserved as
a positively charged residue in the sequence alignment (Figure 1).
However, unlike the other conserved positively charged residue,
HPH1 Lys 816, Lys 825 displays minimal HSQC signal perturba-
tion upon addition of RNA and DNA (Figure 5). This residue was,
therefore, chosen as a control for the mutation experiments,
anticipating that if nucleic acid binding is required for Ph-mediated
repression, then a Lys825Ala mutant would not be defective in its
repressive abilities.
The results of the transcription assay are shown in Figure 6.

zif268-fused wild-type dPh and mutant dPh proteins exhibit
substantial repression activity compared to dPh not fused to
zif268 and thus not targeted to the MTp, indicating that dPh
can repress transcription with a nonfunctional FCS domain.
However, some of the mutants exhibited a slight but significant
reduction in their repressive abilities. Lys1380Ala, Tyr1382Ala,
and Cys1383Ala, mutations expected to disrupt the structure or
nucleic acid binding ability of the FCS domain, exhibited less
ability to repress transcription compared to the levels of the
wild type. Intriguingly, dPh Cys1383Ala, which we expected to
fully destabilize the FCS domain, was slightly better at repres-
sing transcription than dPh Lys1380Ala, though its ability is
within the standard deviation. One possibility for this outcome
is that the mutation does not fully unfold the FCS structure. To
determine whether this was the case, we introduced the
equivalent mutation into the HPH1 FCS domain, Cys819Ala,
and measured its one-dimensional 1H NMR spectrum. To our
surprise, HPH1 FCS Cys819Ala does appear to possess some
tertiary structural features as evidenced by the presence of both
up- and downfield chemical shifts (Figure 6B). Additionally, the
stability of the FCS domain may increase further inside the
nucleus upon binding of nucleic acids. The Arg1383Ala mutant,
whose HPH1 Lys 825 counterpart appears to play a lesser role
in nucleic acid binding (Figure 5), showed no difference in

Figure 4. Backbone conformational dynamics of the HPH1 FCS
domain. (A) Longitudinal (T1), transverse (T2), and {1H}�15N NOE
values. The errors in individual T1 and T2 measurements were estimated
by Monte Carlo simulations. (B) Lipari�Szabo model-free results
calculated from 15N T1,

15N T2, and {1H}�15N NOE data. The
modeling was performed at a τ of 2.85 ns. The calculated Lipari�Szabo
S2, Sf

2, τe, and Rex parameters are shown. Residues that could not be fit to
a specific motional model were not assigned Sf

2, τe, or Rex values.
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repression ability compared to the wild type. Although Lys
825 is not directly binding nucleic acid, it may simply contribute
by providing a more positive charge environment for nucleic
acid binding. These results, which nicely correlate our in vitro
nucleic acid binding studies with the transcription repression
assay conducted in S2 cells, further confirm the important role
played by Lys 1380 (or HPH1 Lys 816) in nucleic acid binding
that is required for full repression mediated by dPh.

’DISCUSSION

These are the key findings of our experiments: (1) determina-
tion of the three-dimensional structure of the HPH1 FCS
domain using multidimensional NMR methods, (2) identifica-
tion of the FCS domain loop region, in particular HPH1 Lys 816,
as being important for binding RNA, and (3) demonstrating that
the in vitro nucleic acid binding ability of the Ph FCS domain
correlates with the ability of Ph to repress transcription.

Figure 5. Nucleic acid titration of the HPH1 FCS domain. (A) Overlay of the HSQC spectra for HPH1 FCS titrated with the 34-nucleotide RNA. The
black, green, and purple HSQC spectra correspond to spectra after the addition of 0, 0.2, and 0.8 molar equiv, respectively, of the 34-nucleotide RNA to
the 15N-labeled HPH1 FCS domain. The inset shows the predicted secondary structure of the 34-nucleotide RNA used in the titration. (B) Expanded
view of the section of theHSQC spectrum that includes the backbone amide signals for Cys 803/Ser 815 and Lys 816. These two signals show the largest
perturbation in the presence of the 34-nucleotide RNA. Unfortunately, the signals for Cys 803 and Ser 815 could not be discerned. (C) Overlay of the
spectra for HPH1 FCS titrated with 0, 0.5, and 2 molar equiv (black, green, and purple, respectively) of the 14 bp dsDNA. Residues that show
perturbation in the presence of the DNA are highlighted. (D) Backbone N�H weighted average chemical shift differences of the HPH1 FCS domain
upon binding the 34-nucleotide RNA (blue) and the 14 bp dsDNA (purple). The maximum weighted average chemical shift difference, Δmax, was
calculated from chemical shift values obtained from the {1H}�15N HSQC spectra recorded in the absence of nucleic acids and the highest, saturated,
concentration. (E) Charged surface representation of the HPH1 FCS domain. The structure is oriented like Figure 3C. Several of the loop residues as
well as Lys 825 are highlighted. (F) HPH1 FCS domain�34-nucleotide RNA binding curves of the four residues that show the largest chemical shift
perturbation in the titration experiment. The data were fit to the equation described by Lian and Roberts27 (see Experimental Procedures).
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Two different NMR experiments indicate that the loop
region of the FCS domain is important for nucleic acid binding.
The perturbations of the HPH1 FCS HSQC signal in the
presence of RNA are greatest for the loop residues. HPH1
Lys 816, along with the conserved Phe 818, shows substantial
movement of its resonances in the presence of the 34-nucleo-
tide RNA. The signals of other nearby loop residues (Phe 812,
Arg 813, and Arg 816) also exhibited perturbations in the
presence of nucleic acids (Figure 5). In addition to the move-
ment of the backbone amide signals in the HSQC spectra, it is
also interesting that our backbone conformational dynamics
study indicated that residues in the loop exhibit higher mobility
on the microsecond to millisecond time scale compared to the
β-sheet or R-helix regions of the structure (Figure 4B). Such
flexibility within the loop of the FCS domain could be utilized to
bind to specific targets via conformational selection.35 If so, the
flexible loop region preexisting in a number of different con-
formations may allow the FCS domain to bind to different
target nucleic acids with high affinity. A recent study has
revealed that the more flexible regions within the ubiquitin
structure are correlated with the regions that are involved in
protein�protein interactions due to conformational selec-
tion.36 Therefore, the greater flexibility of the loop region is
likely important for recognition of the nucleic acid by the FCS
domain. The loop region is also the most variable section of the
FCS domain, in both sequence (Figure 1) and structure, as
it is the section within the FCS domains from HPH1 and
L3MBTL2 where the difference is the greatest in the overlay of
the two structures (Figure 3D). Because the loop appears
to be important for nucleic acid recognition, it may be possi
ble that the different loop structures among the FCS

domains allow recognition of different nucleic acid sequences
and/or structures, thereby providing additional specificity
determinants.

An additional factor that could influence the specificity and
affinity for the binding reactions involving the Ph FCS domain is its
oligomeric state. All Ph orthologs contain a C-terminal sterile R
motif (SAM) domain, while dSfmbt, Scm, and the l3mbt proteins
containMBTdomains. In vitro, theDrosophilaPh SAMdomain can
self-associate into a helical polymer architecture;37 the dSfmbt and
Scm MBT domains may also form higher-order stoichiom-
etries.6,38,39 Ph oligomerization via the SAM domain would result
in the presence of multiple FCS domains that would potentially
contribute to the specificity and affinity of the nucleic acids that bind
to the FCS domain. The presence of the FCS, MBT, and SAM
domains in the same PcG protein is common. Drosophila Scm
contains not only two adjacent FCS domains but also a polymeric
SAM domain and anMBT domain.Drosophila Sfmbt and l3mbt as
well asmammalian L3MBTL3 have both FCS and SAMdomains as
well as an MBT domain. It will be of interest to determine whether
oligomerization related to the presence of the SAM or MBT
domains influences the function of the FCS domain.

If multimerization of the FCS domain occurs via the pro-
tein�protein interactions with the other parts of the protein, we
might expect that the affinity between a single isolated FCS
domain would be relatively weak. Consistent with this, the
chemical shifts in the HSQC spectrum do not broaden and
remain in fast exchange during the titration with nucleic acids. In
addition, the Kd of the HPH1 FCS domain�34-nucleotide RNA
fusion was estimated to be 3 mM, and even weaker with DNA. It
is important to point out that there is currently no RNAmolecule
or DNA sequence that is known to be a specific binding partner

Figure 6. Transcription repression assay. (A) Error bars show the standard deviation of the results from three independent transfections. The inset
shows an immunoblot against the Flag epitope-tagged Ph proteins demonstrating relatively equal amounts of the zif368-fused Ph proteins expressed in
the S2 cells. This experiment was repeated several times, and in every case, the results were consistent with what is shown. (B) One-dimensional 1H
NMR spectrum of the HPH1 FCS Cys819Ala mutant.
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for any of FCS domain. While the affinity for a specific binding
partner would obviously increase, we speculate that the ability of
the FCS domain to bind weakly and nonspecifically to many
different sequences of DNA and structures of RNAmay be how it
precisely evolved to function to organize different nucleic acid
elements around a higher oligomeric display of FCS domains.

The results presented here show that Ph proteins that contain
mutations that hinder FCS domain�nucleic acid interactions are
less able to repress transcription. The molecular role of the FCS
domain in Ph-mediated repression remains to be determined.
However, in view of the recently recognized participation of
ncRNA in PcG-mediated represssion, it is possible that the FCS
domain binds ncRNAs, which in turn would provide a targeting
function, allowing Ph and other FCS domain-containing proteins
to associate at specific chromatin locations. Alternatively, the
FCS domain may function to bind DNA directly. If so, the FCS
domain would need to bind to DNA that is free of histones. PREs
are susceptible to histone replacement and have a reduced level
of histones in chromatin immunoprecipitation experiments.40,41

Furthermore, PRC1 can form a complex with PRE DNA in a
manner that would only be possible in the absence of histones.4

These results point to the ability of PRC1 to form a complex with
naked DNA. Binding of the FCS domain to DNA may help
facilitate the formation of such complexes. Future studies of the
FCS domain will help provide insights into these possibilities.
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