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Dear Editor,

The piRNA pathway silences transposons in animal
gonads. Animals lacking piRNA pathway components
often show transposon activation in the germline and
compromised fertility [1]. In Drosophila germ cells,
piRNA precursors are transcribed from heterochromatic
piRNA cluster regions, and then transported into nuage/
mitochondria to be processed into mature piRNAs that
are loaded into PIWI clade Argonautes [1]. Guided by
piRNAs, PIWI proteins silence transposons at either
transcriptional or post-transcriptional level [2]. Dro-
sophila ovaries contain two types of piRNA clusters,
which are often coated with trimethylated lysine 9 of
H3 (H3K9me3). Dual-strand clusters are mainly active
in germ cells and produce piRNAs from both genomic
strands, while uni-strand clusters are dominant in somat-
ic follicle cells and produce piRNAs from only one ge-
nomic strand [2]. However, how piRNA clusters are de-
fined in the genome remains elusive. Recent studies have
shown that a Heterochromatin Protein 1 (HP1) homolog
Rhino (Rhi), also known as HP1D, is anchored at the du-
al-strand piRNA clusters to trigger the piRNA production
[3, 4]. Rhi is a germline-specific protein that is under
rapid and positive selection during evolution [5]. Like
other HP1 family proteins, Rhi exists in all Drosophila
species and shares the similar domain architecture, which
contains a chromodomain (CD) at the N-terminus, a
chromoshadow domain (CSD) at the C-terminal region,
and a hinged region between CD and CSD domains [5].

As a “royal family” member, the CD has been pre-
dominantly characterized as a methylated lysine-binding
module [5]. To understand the mechanism by which Rhi
specifically recognizes piRNA clusters, we solved a 1.8-
A resolution crystal structure of Rhi-CD in complex with
the H3K9me3 peptide by molecular replacement (Sup-
plementary information, Table S1). Rhi-CD shared ca-
nonical CD structural features commonly found in HP1
family proteins, including a curved anti-parallel B-sheet
comprising three strands (f1, p2, and B3), with a turn al
occurring between 2 and B3 and turns 02, a3, and helix

4 following B3 (Figure 1A and Supplementary informa-
tion, Figure S1A). The methylated histone peptide bound
to Rhi-CD in a cleft mainly formed by a2, a3, and three
N-terminal residues. The interaction between Rhi-CD
and H3K9me3 was largely composed of main-chain hy-
drogen bond interactions, involving residues Y24, V26,
N60 and N63 of Rhi-CD, and Q5, T6, A7 and R8 of his-
tone H3 peptide. In addition, the main-chain residues R8
and S10 of the peptide formed hydrogen bonds with the
side chains of residues N60 and Q56, respectively. We
further found that the trimethyllysine of the H3K9me3
peptide is bound in an aromatic cage formed by Y24,
W45, and F48 (Figure 1B). As expected, the isothermal
titration calorimetry (ITC) assays showed that either
W45A or F48A mutant abolished the binding of Rhi-CD
to the peptide (Figure 1C).

To examine whether the binding to H3K9me3 is im-
portant for Rhi function in vivo, we expressed GFP-
tagged wild-type Rhi or Rhi"*** protein in the rhi”*“
mutant flies. Under laser scanning confocal microscope,
wild-type Rhi formed germline-specific nuclear foci,
which may represent piRNA cluster regions in the ge-
nome. However, the typical Rhi foci were dramatically
reduced in the ovaries from Rhi"** flies (Figure 1D and
Supplementary information, Figure S1B). Importantly,
transgenic expression of wild-type Rhi, but not Rhi“***
in 7hi”* mutant flies successfully rescued sterility and
transposon hyper-expression defects in these animals
(Figure 1E and 1F). Collectively, these results suggest
that the CD-mediated H3 lysine binding is indispensable
for Rhi function in vivo.

Previous studies indicated that the selective binding
to H3K9me3 or H3K27me3 is a fundamental feature for
CD proteins to regulate the chromatin dynamics and gene
expression [6, 7]. In histone H3, the amino acids around
K9 site (QTARK’S) is similar to K27 site (KAARK®’S)
with a common motif ARKS. T6 in histone H3 peptide
and residues D62 and E23 in HP1a-CD have been re-
vealed as key determinants to the specific recognition
of methylated K9, in which D62 and E23 form a “polar
finger” to clasp the side chain of T6 [8]. Interestingly,
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the corresponding residues in other chromobox (Cbx)
family proteins that bind H3K27me3 are mutated to Leu
and Val instead, which may facilitate the hydrophobic
interaction with A24 in H3K27me3 peptide [8]. Rhi-CD
showed stronger binding selectivity to H3K9me3 than
to H3K27me3 peptide with the equilibrium dissociation
constant (K,) of 49 uM (Figure 1C). We also measured
the binding affinity of a mouse HP1a-CD to H3K9me3,
and found a K, of 25 puM, indicating that HP1a-CD
has a stronger binding affinity to H3K9me3 than Rhi-
CD. Analysis of the surface electrostatic potential map
showed that mouse HP1a-CD had a more negatively
charged surface than Rhi-CD in favor of binding to a
positively charged histone peptide (Supplementary in-
formation, Figure S1C). However, sequence alignment
showed that an additional residue G62 was inserted be-
tween 02 and a4 in Rhi, which is lacking in other CDs of
the Cbx family, but highly conserved among Drosophi-
lidae Rhi proteins (Supplementary information, Figure
S1A). The insertion of G62 led to the formation of turn
a3, which terminates the [3-strand hydrogen bonding with
histone H3 peptidde and alters the side-chain conforma-
tion of the neighboring residue N63 (corresponding to
D62 in HP1a-CD; Figure 1G). Moreover, N63 was ob-
served to form hydrogen bond with E23 and stabilize the
interaction of E23 with the hydroxyl group of T6, which
might be a major contributor to the specific recognition
of H3K9 by Rhi-CD.

Intriguingly, we found that Rhi-CD, unlike HP1a-CD,
formed a homodimer through the interaction between he-
lix a4 of one molecule and residues on B1, B2, and a2 of
the other (Figure 1H). F76 on 04 of CD1 showed a n-nt
stacking with F34 located on 1 of the CD2. And L58,
M65, and V68 of CD1 and CD2 created a hydrophobic
cluster. Additionally, the Rhi-CD dimer was further sta-
bilized by two salt bridges formed by E72 on 04 of CD1
and K32 on Bl from CD2, and by D70 of CD1 and R38
of CD2. Sequence alignment showed that residues in-
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volved in dimer formation are highly conserved among
Drosophila Rhi proteins, but less conserved in Cbx fam-
ily proteins (Supplementary information, Figure S1A).
To validate whether the Rhi-CD also forms a homodimer
in solution, we generated a F34A/F76A double mutant
(Rhi-CD"™) to disrupt the m-m stacking interaction. The
Rhi-CD"" representing the monomeric state of Rhi-
CD was analyzed by circular dichroism, size exclusive
chromatography, and dynamic light scattering assays
(Supplementary information, Figure S1D-SI1F). Togeth-
er, these results suggest that Rhi-CD forms a homodimer
both in crystal and in solution.

We next examined whether the dimerization is re-
quired for H3K9me3 binding. Our ITC assays showed
that the binding of Rhi-CD" to H3K9me3 peptide was
about 3-fold and 6-fold weaker than those of wild-type
Rhi-CD and HP1a-CD (Figure 1C), respectively, in-
dicating that dimerization of Rhi proteins is important
for its binding to H3K9me3. We further reconstituted
H3Kc9me3 polynucleosomes, an analog of H3K9me3
polynucleosomes and examined the binding activity of
Rhi-CD to H3Kc9me3-containing polynucleosomes by
sucrose gradient sedimentation method. When the canon-
ical polynucleosomes without histone modification or
H3Kc9 polynucleosomes was used as a substrate, neither
wild-type nor Rhi-CD mutants could result in any shift
(Figure 11). As expected, Rhi-CD"" caused the H3Kc-
9me3 polynucleosomes to shift one fraction. However,
both Rhi-CD"™** and Rhi-CD"" mutants failed to achieve
the polynucleosome migration change (Figure 11). These
results indicate that both H3K9me3 mark on polynu-
cleosomes and dimerization of Rhi-CD are required for
Rhi-CD binding to polynucleosomes. To explore the
importance of Rhi dimerization in vivo, we constructed
transgenic flies bearing GFP-tagged Rhi”™ (Figure 1D
and Supplementary information, Figure S1B). Similar to
Rhi****, Rhi™ produced much less prominent foci typi-
cally observed from wild-type Rhi protein and failed to

Figure 1 Structure of the Drosophila Rhi chromodomain dimer in complex with H3K9me3. (A) Overall structure of Rhi-CD
dimer and H3K9me3 complex in perpendicular views. (B) Aromatic residues that coordinate the methylated lysine group. (C)
ITC measurements of binding affinities of wild-type and mutant Rhi-CD as well as HP1a-CD to trimethylated histone peptides,
as indicated. (D) GFP staining indicating the localization of wild-type and mutant Rhi. Scale bar, 10 pm (applies to all panels).
(E) Summary of egg hatching rate from rhi heterozygotes, mutants and mutants with wild-type or mutant rescue construct.
(F) Steady-state transposon mRNA levels from the indicated genotypes. Color scheme is the same as E. gypsy is a trans-
poson family mainly active in somatic follicle cells, where Rhi is not produced (the bottom right panel). Data were collected
from three biological replicates, and error bars stand for standard deviations. (G) Interaction networks of Rhi-CD (cyan) with
H3K9me3 peptide (magenta) (left) and HP1a-CD (light brown) with H3K9me3 peptide (slate blue) (right). Yellow dashed lines
indicate the hydrogen bonds. (H) A schematic diagram showing the interactions between CD1 and CD2 of the Rhi-CD dimer.
(I) Binding of wild-type and mutant Rhi-CD to polynucleosomes in vitro analyzed by sucrose gradient sedimentation analysis.
Each sample was fractionated and DNA collected from individual fractions was sized on 1% agarose gel. (J) EMSA showing
that only Rhi-CD dimer binds a dsDNA probe (17 bp). Concentrations of wild-type and mutant Rhi-CD are indicated, as well

as HP1a-CD.
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rescue rhi mutation defects: sterility and transposon acti-
vation (Figure 1E and 1F). Therefore, the dimerization of
Rhi is obligatory for its function in vivo.

Our crystal structure showed that two histone H3K9me3
peptides simultaneously bound to the Rhi-CD dimer in
an anti-parallel way. Given that it is sterically unfavor-
able for Rhi-CD to bind both H3 tails from the same
nucleosome, a special recognition of H3K9me3 heter-
ochromatin by Rhi-CD dimer should be required. Due to
the lack of information of heterochromatin structure, we
proposed a model based on a recently published cryo-EM
structure of the chromatin fiber, which shows a double
helix twisted by tetranucleosomal units [9]. According
to the structure, histone tails from the polynucleosomes
on both strands of the chromatin double helix may adopt
an anti-parallel conformation in favor of a Rhi-CD dimer
binding (Supplementary information, Figure S1G). Upon
binding, Rhi-CD is probably located in the groove of
the double helix formed by the linker DNAs connecting
neighboring nucleosomes, which leads to a hypothesis
that Rhi-CD may interact with DNA directly. To test this
model, we performed electrophoretic mobility shift assay
(EMSA), fluorescence polarization and bio-layer inter-
ferometry using dsDNA as probes and the results showed
that Rhi-CD"" bound to dsDNA with a relatively higher
affinity compared to Rhi-CD"" and HP10-CD with a K,
of ~51.0 uM (Supplementary information S1H and S1I).
Rhi-CD"" produced a dosage-dependent migration of
the probe, while Rhi-CD"", as well as HP1a-CD, failed
to shift the same probe (Figure 1J). Surface electrostatic
potential analysis indicated a potential DNA-binding
surface on the positively charged C-terminal helix o4 of
Rhi-CD (Supplementary information, Figure S1J).

In Drosophila, piRNA clusters often located near the
boundary zone between euchromatin and heterochroma-
tin at the pericentromeric and subtelomeric regions, and
are featured by the heterochromatic marker, H3K9me3
[11]. Our recent study, along with a report by Mohn et al. [4],
suggests that Rhi uniquely marks the regions for piRNA
production [3]. In the present study, we provide the struc-
tural evidence that Rhi binds with histone H3K9me3
through its CD in a dimerization-dependent manner. Our
data also suggest that both H3K9me3 binding and di-
merization are critical for its function in vivo.

Noticeably, besides piRNA clusters, H3K9me3 also
covers a broad spectrum of genome; however, it remains
largely unknown why Rhi is only recruited to piRNA
cluster regions. Our findings may provide critical mo-
lecular insights into the recognition of piRNA clusters
by Rhi. One intriguing model is that the density of
H3K9me3 on clusters may favor the recruitment of the
Rhi dimer and the requirement that only anti-parallel H3
tails can be simultaneously bound by the Rhi dimer may

keep the polynucleosome in piRNA cluster in an “open”
conformation, which thus promotes the accessibility of
Pol II to H3K9me3 heterochromatin and initiates the bio-
genesis of piRNA. Further structural studies on Rhi bind-
ing with H3K9me3 polynucleosome will elucidate how
Rhi marks the dual-strand piRNA clusters in the genome.

The atomic coordinate has been deposited in the Pro-
tein Data Bank with the accession code 4U68.

Note
Le Thomas et al. [10] also reported Rhi-CD structure with
H3K9me3 peptide when this manuscript was under review.
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