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Structural basis of thymidine-rich DNA
recognition by Drosophila P75
PWWP domain
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Guanjun Gao 2, Kun Dou 2 & Ying Huang 1

Drosophila P75 (dP75), a homolog of the human LEDGF/p75, is crucial for oogenesis by recruiting the
histone kinase Jil-1 to euchromatin and impeding H3K9me2 spreading. Like LEDGF, dP75 binds
transcriptionally active chromatin, but its precise mechanism remains unclear. Here we show that its
PWWP domain prefers binding to thymidine-rich DNA over GC-rich sequences. Crystal structures
both in apo and ssDNA-bound states, reveal a domain-swapped homodimer. The aromatic cage,
known to recognize histone methyllysine, also engages thymine. Mutations in this cage mimic dP75
knockout phenotypes, including impaired chromatin binding, transposon upregulation, and female
sterility. AlthoughdP75maintains chromatin-bound inH3K36Amutant flies, alterations in the aromatic
cage disrupt this localization, underscoring its role in DNA binding. These findings reveal how dP75
targets euchromatin through a PWWP domain that integrates histone reading and nucleotide
recognition, advancing our understanding of PWWP domains.

Lens epithelium-derived growth factor (LEDGF or p75), a chromatin-
binding protein, is highly conserved from arthropods tomammals. The key
role of LEDGF as a cofactor is highlighted in previous studies. It assists in
integrating HIV-1 cDNA into human chromosomes by targeting the len-
tiviral preintegration complex (PIC) to active transcribing regions1–5.
Additionally, it regulatesHOXgene expression in cancers caused byMixed-
linear leukemia 1 (MLL1) fusions6. LEDGF, as an epigenetic regulator,
comprises the N-terminal PWWP domain and the C-terminal integrase
binding domain (IBD)4,7. The IBD domain, a helical bundle, exhibits the
capacity to form complexes with a variety of proteins, including the HIV
integrase, Menin, MLL11,7, and kinases that harbor an FxGF motif, such as
Pogo transposable element with ZNF domain (POGZ), Cell division cycle-
associated 7-like protein (JPO2), ASK (DBF4), and Interacts-with-
Spt6 (IWS1)7.

Drosophila P75 (dP75), the homolog of LEDGF in fly, is essential for
female fertility8. Structurally, dP75 mirrors LEDGF; it also contains an
N-terminal PWWP domain and a C-terminal IBD domain, the latter of
which recognizes the FxGF motif of the histone H3S10 kinase Jil-18,9.
Therefore, dP75, also known as Jil-1 anchoring and stabilizing protein

(JASPER), forms a complex with Jil-1 and stabilizes it in vivo, thereby
safeguarding the transcription of genes, including the piRNA pathway
components by inhibiting the spread of repressive transcriptional mod-
ification H3K9me28.

Both dP75 and LEDGF possess a PWWP domain at the N-terminus,
which belongs to the ‘Royal’ family of classical histone readers10,11. The
PWWP domain is critical for chromatin binding12–20. For LEDGF, deletion
of the PWWP domain disrupts chromosomal binding during mitosis,
impairs HIV-1 replication4,12, and alters HIV cDNA integration sites in the
genome3,4,19. ThePWWPdomain also exists in other epigenetic factors, such
as DNAmethyltransferase 3 A (Dnmt3a)10,21, Brpf122, MSH623, NSD1/224,25,
NDF26, and PWWP2A14,27, where it binds to H3K36me3. However, the
affinity between PWWP domain and histone H3K36me3 peptides is rela-
tively weak, within the millimolar range17,28, questioning the efficacy of
PWWP-domain containing proteins’ recruitment to chromatin. Numerous
studies have documented the structures of PWWP in complexes with
dsDNA and nucleosomes, such as the PWWP domain of LEDGF in
complex with H3K36me2/3-modified nucleosome complexes18,29 and
HRP3 PWWP with dsDNA oligo16. Consequently, the recorded high-
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affinity interaction between the PWWP domain and DNA could possibly
reinforce its hold on chromatin10,13,16,30,31.

Our previous work showed that the dP75 PWWP domain exhibits a
strong preference for DNA over histone H3K36me38. The binding affinity
for H3K36me3 exceeds 500 μM, as determined by isothermal titration
calorimetry. Unlike other PWWP domains, dP75 PWWP binds with high
affinity to thymidine (T)-rich single-stranded DNA (ssDNA) oligos while
showing significantly less affinity for adenine (A), cytidine (C), and guanine
(G)-richssDNAs.Yet, themolecularmechanismunderlying the recognition
of thymidine by the dP75 PWWP domain and its role in dP75’s chromatin
binding remains unclear.

In this study, we elucidated the structure and function of the dP75
PWWP domain using both in vitro crystallization and in vivo functional
assays.We determined the crystal structures of the dP75 PWWPdomain in
its apo form, as well as in complex with ssDNA. Unlike previously reported
PWWP structures, the dP75 PWWP domain forms a saddle-shaped,
domain-swapped homodimer in both in vitro and in vivo contexts. We
identified the aromatic cage in the PWWP domain to comfortably
accommodate a thymidine nucleotide. Mutations in key residues involved
in DNA binding validated the in vivo function of dP75. Notably, dP75
retains its chromatin-binding ability effectively in the absence of histone
H3K36me3. Our findings provide valuable insights into the chromatin
binding mechanism of dP75, demonstrating its capability to bind to T-rich
DNA sequences independently of H3K36me3.

Results
Crystal structure of dP75 PWWP
To elucidate the molecular basis of dP75’s chromatin localization, crys-
tallization of the dP75 PWWP domain was performed. The dP75 PWWP
domain shares a similar organizational structure with LEDGF, with the

notable exception that dP75 lacks the two AT hooks present in LEDGF,
which are located in the region adjacent to the C-terminal of the LEDGF
PWWP domain (Fig. 1A). The crystal structure of the dP75 PWWP
domain reveals a saddle-shaped, domain-swapped homodimer with an
interface area of 1504.2 Å², indicating stable dimer formation. Each lobe
of the homodimer resembles the classical PWWP fold, comprising a five-
stranded β-barrel (β1-β5 and a long α-helix αC) (Fig. 1B, C). Addi-
tionally, the region that typically forms a loop in other PWWP structures
(Fig. 1D), bridging α1 and α2 (residues 68-75), adopts a helical config-
uration in dP75. This folding extends α1 into α2, resulting in the elon-
gated α-helix (αC) (Fig. 1B, E).

The homodimeric assembly of the dP75 PWWP domain can be
attributed to interactions in two crucial regions between molecule A (mol
A) and molecule B (mol B) (Fig. 1F). The first region involves inter-
molecular interactions within loop 1, which links residues 18–26, binding
β1 and β2 in both molecules. This interaction includes a hydrogen bond
between the carbonyl oxygen of V20 in mol A and the amide nitrogen of
G22 in mol B, with a corresponding reciprocal interaction. Additionally,
the carbonyl oxygen and amide nitrogen of Y23 in mol A form hydrogen
bonds with the same amino acids in mol B. This is supplemented by a
cation-π interaction between K74 in mol B and Y23 in mol A and a salt
bridge between D56 in mol A and K21 in mol B. Furthermore, we
identified a hydrogen bond between the amino group of K74 in mol B
and the carbonyl oxygen of G22 in mol A, which strengthens the dimer
interface. The second critical region involves the αC helices of both
entities, where salt bridges and hydrogen bonds form between E86 in mol
B and K64 in mol A, as well as between the hydroxyl group of Y60 in mol
A and E86 in mol B. Furthermore, G45 in mol A engages with Q84 and
K77 in mol B through hydrogen bonding between its amide nitrogen and
carbonyl oxygen.

Fig. 1 | Crystal structures of dP75 PWWPdomain.
A Domain organizations of dP75 and LEDGF,
respectively.BThe overall structure of dP75 PWWP
in its domain-swapped dimeric conformation.
C Surface representation of dP75 PWWP dimer.D,
E Superimposition of the PWWP domains of dP75
and LEDGF (4FU6). The loop 3 connecting α1 and
α2 is circled (E). F Interactions between mol A and
mol B. Key residues are shown in stick mode.
Detailed interactions are zoomed up in the left and
right boxes.
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dP75 PWWP exists as a domain-swapped dimer both in solution
and in vivo
To rule out the possibility that the formation of the domain-swapped dimer
is an artifact of crystal packing, we first performed size-exclusion chroma-
tography (SEC). The SEC elution profile revealed a single peak, indicative of
a homogeneous conformation in solution (Fig. 2A). Given that proline
residues candisrupt the extensionof secondary structures, we generated two
single mutants (E70P and K74P) and a double mutant E70P/K74P within
the region that typically forms a loop connecting α1 and α2 in other PWWP
structures (Fig. 2A, B).Wehypothesized that thesemutationswould disrupt
the extended α-helix, resulting in the formation of two short α-helices, as
observed in other PWWP structures. The SEC profiles revealed that both
single mutants exhibited retention volumes later than the wild-type dP75
PWWP, and the doublemutant showed an even later retention volume than
the singlemutants, confirming a reversion to themonomeric state (Fig. 2A).

Next, we conducted crosslinking mass spectrometry on the full-length
dP75 protein using disuccinimidyl suberate (DSS), which can identify two
lysine residues close to each other in space. To rule out that dimerization
only occurs in the short construct containing thePWWPdomain andnot in
the full-length protein, the full-length dP75 protein was used in the assay
(Supplementary Fig. 1 A-D). Top 10 crosslinks with the most spectrum
counts were listed (Fig. 2C and Supplementary Table 1). Crosslinks within
the DSS effective distance were shown, further supporting the dimerization

structure (Fig. 2D). In this conformation, the Cα of the two lysine residues
K71 from two molecules are 13.6 Å apart, corroborating the spatial proxi-
mity observed in the dimer.

To validate the formation of the dP75 dimer in cells, we employed a
developed dimer-reporter system derived from the Escherichia coli tran-
scriptional machinery32. Specifically, the DNA-binding domain of AraC
(AraCDNA) cannot activate the transcription of the pBAD promoter unless it
is fused with a dimerization domain. However, when fused to a dimerization
domain, AraCDNA efficiently activates the pBAD promoter, leading to
mTagBFP expression (Supplementary Fig. 2A). We fused AraCDNA with
dP75 and examinedmTagBFP expression under the pBAD promoter. dP75-
AraCDNA constructs induced strong mTagBFP expression compared to
control, suggesting dimer formation (Supplementary Fig. 2A, B). Given that
the double mutation of E70P and K74P has been shown to disrupt dimer
formation, we tested its effect on the dimer reporter. Compared to wild-type
dP75, theBFPexpression inducedby theE70PandK74Pmutant significantly
decreased (Supplementary Fig. 2B, C), while the protein level of wild-type
dP75 and mutant dP75 was comparable (Supplementary Fig. 2D). These
results suggest that though E70P and K74P double mutation does not com-
pletely block dimer formation, it significantly disrupts dP75 dimer formation.

To further validate dP75 dimer formation in vivo, we carried out a
canonical assay for protein-protein-interaction, the split-luciferase assay
(Fig. 2E). The N- or C-terminus of luciferase was fused to dP75, and landed

Fig. 2 | dP75 PWWP exists as a dimer. A SEC profiles of wild-type dP75 PWWP,
two single mutants E70P and K74P, and the double mutant E70P/K74P.B Sequence
alignment of dP75, LEDGF, and HDGF C-terminal helices of the PWWP domains.
C The top 10 lysine pairs within the PWWP domain of dP75 were identified by
crosslinking mass spectrometry. D Visualization of crosslinks in (C) using Xlink
Analyzer in Chimera, based on the crystal structure. Blue solid lines indicate the
distance between the Cα positions of the lysine residues, except that the distance

between the two K71Cα atoms is shown in red. E Schematic illustration for the split-
luciferase assay. F Fly ovaries harboring transgenes of both NLuc-dP75 and CLuc-
dP75 were homogenized and subjected to luminescence detection on the substrate.
Transgenic flies with NLuc-dP75, and CLuc-dP75 only were used as controls. n = 3
biologically independent experiments. Error bars indicate the standard deviation of
the 3 biological replicates. p value was calculated with one-way ANOVA. ****:
p < 0.0001.
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to a specific locus of the genome to generate NLuc-dP75 and CLuc-dP75
transgenicflies, respectively. Bymating theseflies together, we obtainedflies
with both NLuc-dP75 and CLuc-dP75, and examined dP75 dimer forma-
tion by measuring the luciferase activity on the substrate. Compared to the
control group, flies harboring both NLuc-dP75 and CLuc-dP75 exhibited
significantly higher luminescence (Fig. 2F), suggesting that the dP75 indeed
forms dimer in vivo.

dP75 PWWP prefers to bind thymidine-containing DNA
We superimposed the dimeric dP75 PWWP structure onto the cryo-EM
structure of LEDGF PWWP in complex with an H3K36me3-modified
nucleosome (PDB 8PC5). In the LEDGFPWWPandH3K36me3-modified
nucleosome complex structure, loop 1 is inserted into the minor groove of
dsDNA. However, this comparison revealed potential steric clashes that
may occur when the dP75 PWWP dimer binds to nucleosome in the same
way (Supplementary Fig. 3), suggesting that the dP75 PWWP domainmay
adopt an alternative binding mode to interact with DNA.

To investigate the DNA-binding characteristics of the dP75 PWWP
domain, we performed fluorescence polarization (FP) assays with three
double-stranded DNA (dsDNA) oligos: a 12 bp poly(A:T) oligo, a 12 bp
poly(G:C) oligo, and a 20 bp random sequence oligo. Our results revealed
that the dP75 PWWP domain exhibited strong binding to the 12 bp
poly(A:T) sequence with a dissociation constant (KD) of 18.2 ± 1.17 μM,
whereas no binding was observed with the 20 bp random sequence oligo or
for the 12 bp poly(G:C) oligo (Fig. 3A).

To further explore binding preferences, we tested the dP75 PWWP
domain’s affinity for single-stranded DNA (ssDNA) using four oligonu-
cleotides with 5’-FAM labeling comprising 12 consecutive nucleotides of
adenosine, thymidine, cytidine, and guanosine, respectively. The KD values
indicated a hierarchy of binding affinities: 24.2 ± 1.1 μM for the poly-
thymidine sequence (FAM-polyT), suggesting the strongest interaction;
150.9 ± 38.9 μM for the poly-cytidine sequence (FAM-polyC), indicating
moderate affinity; and negligible interaction with the poly-adenosine
(FAM-polyA) and poly-guanosine sequences (FAM-polyG) (Fig. 3B). We
also tested the thymidine-rich ssDNAbinding ability of LEDGFPWWP. In
contrast, LEDGF PWWPdoes not show any binding to the polyT sequence
(Fig. 3B), indicating that the binding to thymidine-rich ssDNA is unique to
dP75 PWWP.

The strong binding affinity to the 12 bp poly(A:T) dsDNA oligo,
coupled with the high affinity for thymidine-rich ssDNA, suggests that the

dP75 PWWP domain prefers thymidine-rich DNA sequences. Given that
AT-rich dsDNAmay partially unwind due to its lowmelting temperature33,
exposing thymidine nucleotides, these findings indicate that the dP75
PWWP domain is particularly suited for recognizing thymidine-rich
regions within both dsDNA and ssDNA.

The overall structure of PWWP dimer in complex with ssDNA
To delineate themolecular basis for this preferential binding, we conducted
co-crystallization experiments with a variety of oligonucleotides. Crystals of
the dP75 PWWP domain in complex with a 5-mer ssDNA oligonucleotide
bearing the sequence 5’-TCCCT-3’ were obtained and diffracted to 2.4 Å
(Fig. 4A, B and Supplementary Table 2). There are 16 dP75 PWWP
molecules forming eight dimers in one asymmetric unit, and eachmolecule
is bound to one ssDNA oligo.

The structure revealed that two positively charged grooves were sitting
along the surface of the ‘saddle-like’ structure, potentially enhancing its
DNA-binding capacity (Fig. 4C). The two oligos fit into the grooves. The
formationof these grooves is due to the inclusionofmanypositively charged
residues from both molecule A and molecule B (Fig. 4D). Unexpectedly, a
thymidine is intricately nestled within the aromatic pocket, which tradi-
tionally serves as the canonical pocket for binding trimethyllysine in histone
modification (Fig. 4C). In contrast, we could not find the similar positive
charged groove on the surface of LEDGFPWWP (Fig. 4E, F), indicating the
unique feature of dP75 PWWP domain-swapped dimer.

Recognition of the thymidine nucleotide by dP75 PWWP
The interactions between the dP75 PWWP domain and thymidine pri-
marily involve hydrogen bonds and π-π stacking (Fig. 5A). Specifically, Y23
and F43 engage in π-π stacking to sandwich the thymine base. Additionally,
T46 forms a hydrogen bondwith the oxygen atomO4 on the first thymidine
(T-1), while themethyl group at theC5 interactswithW26hydrophobically.
E48 forms another hydrogenbondwith the nitrogen atomN3. Furthermore,
themain chain amide groups ofN51 andK21 formhydrogenbondswithO2

and the phosphate group of the second cytidine (C-2), respectively. K38,
K53, and K21 from both molecules also interact with the backbone phos-
phate groups of C-2 and C-3 via electrostatic interactions.

Sequence alignment revealed that the residues involved in thymidine
recognition are conserved (Supplementary Fig. 4).We assessed the function
of these residues in DNA binding through site-directed mutagenesis. Sub-
stitution of Y23 and F43 with alanine completely abolished binding,

Fig. 3 | dP75 PWWP prefers to bind thymidine-
rich DNA. A, B The binding affinities of dP75
PWWP to different dsDNA oligos (A) and ssDNA
oligos (B) were measured by FP, respectively. Data
are shown as mean ± s.d. (n = 3 biologically inde-
pendent experiments).
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highlighting their critical role. Similarly, replacing E48 with alanine sig-
nificantly reduced the binding affinity (KD = 64.2 ± 2.8 μM) (Fig. 5B),
underscoring the importance of the aromatic cage in recognizing
T-containing ssDNA. In the crystal structure, ssDNA oligos were observed
to engage within a positively charged groove. To evaluate the impact of
electrostatic interactions, we substituted alanine for lysine residues at
positions K21, K38, and K53, which interact with the ssDNA backbone.
MutatingK21 resulted in a complete loss of binding,whilemutations atK38
and K53 moderately decreased the binding strength, with dissociation
constants of 60.9 ± 0.9 μM and 108.8 ± 2.9 μM, respectively (Fig. 5C).

Key residues in the PWWP domain are critical for dP75
functionality
To validate the key residues essential for the DNA-binding capacity of the
dP75 PWWPdomain, we generated transgenic flies with individual alanine
substitutions and introduced these into a dP75 knockout allele, using awild-
type dP75 transgene as a control. dP75’s nuclear localization and expression
remain unaffected by point mutations in the PWWP domain (Supple-
mentary Fig. 5). Chromatin immunoprecipitation followed by sequencing
(ChIP-seq) revealed that wild-type dP75 binds chromatin with a similar
pattern to endogenous dP75 we characterized before8. However, mutants
with alanine substitutions at Y23, W26, F43, or E48 showed dramatically
decreased chromatin-binding capacity (Fig. 6A,B).Additionally, transgenes
with these critical mutations failed to restore the sterility phenotype of the
dP75 knockout allele (Fig. 6C). Residues such as K21 and K53, which create
the positively charged surfaces for binding the DNA backbone, are crucial
for dP75’s function in oogenesis, as indicated by the fertility assay observed
in these mutants (Fig. 6C).

Next, we investigated whether dP75’s chromatin-binding capacity is
essential for restraining H3K9me2. In wild-type fly ovaries, H3K9me2
immunofluorescence showed limited bright foci in the nucleus, while the
dP75 knockout allele exhibited a broader deposition of H3K9me28. Rein-
troducing wild-type dP75 into the knockout mutant fully rescued the

H3K9me2 spreading phenotype (Fig. 6D). In contrast, mutants with key
residues Y23,W26, F43, and E48, though expressed at a comparable level as
wild-type dP75 transgene, failed to restore this phenotype (Fig. 6D and
Supplementary Fig. 6A-C).

To clarify the role of chromatin binding, we examined its involvement
in transposon silencing. Previous studies, including ours, have shown that
dP75 silences transposons in female gonads, with depletion in germ cells
leading to transposon activation8,34. RNA fluorescence in situ hybridization
(FISH) demonstrated elevated transposonmRNA levels in nurse cell nuclei
and oocyte cytoplasm in the absence of dP75. Due to piRNA-mediated
repression, transposon mRNAs were barely detectable in the control group
(Fig. 6E). The wild-type dP75 transgene completely rescued the transposon
derepression phenotype of the null mutant, while point mutations
impairing DNA-binding capacity failed to restore it (Fig. 6E). Our previous
results showedthatdP75depletion leads todecreasedexpressionof apiRNA
component, BoYb, which may contribute to the transposon-activation
phenotype. We thus examined boYb transcript level to determine whether
the pointmutants affect BoYb expression. In comparison towild-type dP75,
which restored the boYb transcript by more than 50%, the point mutants
failed to restore boYb transcript (Supplementary Fig. 6D). These results are
consistent with the transposon-elevation phenotype in the point-mutated
flies, further confirming that theDNA-binding capacity is essential for dP75
to regulate its targets. Collectively, these findings identify that the key resi-
dues in the PWWP domain are crucial for chromatin binding, H3K9me2
restraining, transposon silencing, and female fertility.

The PWWP domain is critical for dP75’s chromatin binding in the
absence of H3K36me3
To further assess whether dP75 preferentially recognizes H3K36me3 or
DNA in vivo, we utilized homozygousH3K36ADrosophilamutants, which
lack H3K36 methylation35. This allows us to examine dP75’s chromatin
binding in the absence of H3K36me3. Validation of the H3K36A larvae
genotype was conducted and documented (Supplementary Fig. 7A-C).

Fig. 4 | Overall structure of dP75 PWWP in
complex with ssDNA. A The overall structure of
dP75 PWWP in complex with ssDNA. Two ssDNA
(green and purple) bind to each side of dP75
PWWP.B Surface representation of dP75 PWWP in
complex with ssDNA. C The electrostatic potential
surface of dP75 PWWP. Positively charged concave
grooves are formed on each side of the dP75 PWWP.
ssDNA binds to the groove. D Conformation of
lysine residues in dP75 PWWP. (E) Cartoon repre-
sentation of LEDGF PWWP. F The electrostatic
potential surface of LEDGF PWWP. C
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Immunostaining with the H3K36me3 antibody confirmed the absence of
K36 trimethylation in the H3K36A allele (Supplementary Fig. 7D). The
homozygous H3K36Amutants are lethal at the pupal stage, hence allowing
the examination of polytene chromosomes from third instar (L3) larvae36.
Under wild-type conditions, dP75 localization was primarily observed at
interband segments of DAPI staining (Fig. 7A). Absence of a chromatin
signal in dP75-deficient mutants serves to affirm the specificity of the dP75
antibody used in this study (Supplementary Fig. 8). Notably, the dP75
localization pattern was retained in H3K36A specimens (Fig. 7A).

Analysis of polytene chromosome spreads from H3K36A larvae
revealed no significant differences in the pattern and intensity of dP75
signals in 72% of the samples compared to controls. However, approxi-
mately 28% of the spreads from H3K36A larval salivary glands exhibited
attenuated dP75 signals, though interband localization of dP75 remained
detectable (Fig. 7A, B). This variance in immunofluorescence intensity may
indicate intrinsic cellular heterogeneity within the salivary glands or suggest
a potential reduction in dP75’s affinity for chromatin in the absence of
H3K36me3. Despite this variability, the consistent chromatin-association
pattern of dP75 in H3K36A mutants supports the conclusion that
H3K36me3 is not essential for dP75’s chromatin-binding activity.

To investigate the in vivo role of the aromatic cage in dP75’s DNA
binding, we introduced Y23A and E48A mutations into the Drosophila
H3K36A background. While native dP75 largely maintains chromatin
binding inH3K36Amutants, theY23AandE48Amutants showedminimal
chromatin localization (Fig. 7C, D). This indicates that aromatic cage
mutations influence dP75’s chromatin association, even without
H3K36me3, corroborating the crystal structure’s demonstration of the
aromatic cage’s role in DNA binding.

Discussion
In this study,we elucidated thehigh-resolution crystal structures of thedP75
PWWPdomain in both its apo form and in complex with DNA.We found
that the dP75 PWWP domain forms a unique domain-swapped dimer and
preferentially binds thymidine-rich DNA, including both double-stranded
and single-stranded forms. Mutations of key residues highlighted the
importance of the aromatic cage in thymidine recognition. Phenotypes such
as transposon upregulation, H3K9me2 retention, impaired chromatin
binding, and female infertility in mutant transgenic flies further under-
scored the significance of these residues. Importantly, we demonstrated that
wild-type dP75 can effectively bind chromatin in H3K36A mutant flies,

showing similar signal patterns and intensities inmost samples compared to
controls.

Structural analysis revealed that dimerization of the dP75 PWWP
domain caused a conformational change in loop1, which connects β1 and
β2, causing the Y23 residue to rotate approximately 56 degrees (Supple-
mentary Fig. 9A, B). This rotation aligns the aromatic rings of Y23 and F43
parallel to each other, facilitating the π-π sandwich interactions with
thymidine.

The structural constraints of the aromatic cage prevent it from
accommodating larger bases such as adenine and guanine, resulting in
weaker binding to these sequences (Supplementary Fig. 9C). The hydro-
phobic interaction between the thymine C7 methyl group andW26 of dP75
enhances binding to thymine, while the absence of this methyl group in
cytosine weakens cytosine binding by approximately 6.3 times (Fig. 3B).
However, it is noteworthy that the aromatic cage of dP75 can only recognize
individual thyminebases,withnoevidenceof recognition for adjacent bases.

This recognition mechanism bears some resemblance to the recogni-
tion of m6A by the YTH domain. In comparison to the structure of
YTHDC1YTHdomain in complexwith anm6A-modifiedRNAoligo (PDB
4RCJ), a similar π-π sandwich structure was observed (Supplementary
Fig. 10). Three tryptophan residues formed the aromatic cage, with W470
andW411 positioned on the top and bottom of the m6A base, respectively,
and a hydrophobic interaction occurred between the methyl group of m6A
andW465. Additionally, there is a hydrogen bond between D401 andN1 of
m6A. Thus, the PWWP domain of dP75 recognizes thymine using a DNA
sequence-specific recognition mechanism analogous to how the YTH
domain recognizes RNA m6A.

The preference of dP75 PWWP for thymidine-rich sequences is par-
ticularly interesting given that its homolog, LEDGF, contains two AT-hook
motifs that facilitate recognition of AT-rich dsDNA sequences—a feature
absent in dP75. Therefore, dP75 PWWP likely changes the conformation of
its aromatic cage through dimerization to bind AT-rich sequences. This
conformational flexibility allows dP75 to bind both T-rich dsDNA and
ssDNA, broadening its range of DNA substrates.

In addition to its established role in DNA interaction, the potential
interaction between dP75 and the histone kinase Jil-1 is now considered.
This interaction could offer deeper insights into dP75’s functions within
chromatin dynamics. Given Jil-1’s involvement in histonemodification and
its implications in replication, there is a suggestedpotential relationshipwith
dP75 in maintaining chromatin stability, especially during replication.

Fig. 5 | Recognition of the thymidine by the aro-
matic cage of dP75 PWWP. A The detailed inter-
actions between dP75 PWWP domain and ssDNA.
Hydrogen bonds are indicated by the dashed line.
B The mutation of key residues in the aromatic cage
affects the binding asmeasured by FP.CMutation of
key lysine residues affects the binding as measured
by FP. Data are shown as mean ± s.d. (n = 3 biolo-
gically independent experiments).
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Further exploration of this relationship may elucidate how dP75 influences
chromatin structure and stability, particularly within actively transcribed
regions where replication and transcriptional activities converge.

In summary, our study reveals a domain-swapped conformation of the
dP75 PWWP domain and identifies its dual function as a histone and base
reader. This study highlights the critical role of the dP75 binding pocket in

ssDNA interactions, provides important insights into its in vivo functions,
and underscores its relevance in chromatin biology. Our findings may
elucidate a molecular mechanism for dP75 binding to chromatin.

Methods
The reagents used in this study are listed in Supplementary Table 3.
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Fly strains and husbandry conditions
The following fly strains were used: UASp-Flag-Myc-dP75 (attP40),
UASp-Flag-Myc-dP75-K21A (attP40), UASp-Flag-Myc-dP75-Y23A
(attP40), UASp-Flag-Myc-dP75-W26A (attP40), UASp-Flag-Myc-dP75-
F43A (attP40), UASp-Flag-Myc-dP75-E48A (attP40), UASp-Flag-Myc-
dP75-K53A (attP40), dP75sg1/TM6C, Sb, Act5C-Gal4 (attP40), Ubi-
NLuc-dP75 (attP2), Ubi-CLuc-dP75 (attP2), H3K36A, dP75sg2/TM6c, Sb,
and Sco/CyO, GFP; Sb/TM6B. The H3K36A strain was a generous gift
from Dr. Guanjun Gao’s lab35, the Sco/CyO, GFP; Sb/TM6B strain was a
gift from Dr. Jilong Liu lab, and all strains related to dP75 were generated

by Z.M and K.D. All fly strains were maintained at room temperature on
a standard agar-corn medium.

Cloning
The PCR-amplified fragments encoding the Drosophilamelanogaster P75,
the PWWP domain (spanning residues 9–90), and the human LEDGF/p75
PWWPdomain (residues 4–89), were cloned into the pET28-SMT3 vector,
which contains a 6×His tag at the N-terminus following a SUMO fusion
protein. Mutants were generated using a Site-Directed Mutagenesis Kit
(NEB, E0552S) according to the manufacturer’s instructions. The plasmids

Fig. 6 | dP75 PWWP domain is critical for chromatin-binding, H3K9me2
restraining, transposon silencing, and female fertility. AHeatmap for Flag ChIP-
seq signals of wild-type Flag::dP75 or Flag::dP75 with indicated point mutations.
Each line from the heatmap represents the coding region of one gene plus its 1 kb
upstream and downstream sequences. Two biological replicates were carried out and
reached consistent results. B Genome-browser profile of the ChIP-seq coverage
along a representative 22 kb window on chromosome 3. Flag ChIP performed in
ovaries without the Flag tag serves as the negative control.C Fertility of females with
indicated mutant transgenes in dP75 knockout background. Y23, W26, F43, and

E48 substitution to alanine individually exhibit sterility. n = 3 biologically inde-
pendent experiments. Error bars indicate the standard deviation of the 3 biological
replicates. D Representative images of H3K9me2 immunostaining in mutant and
control ovaries. The full set of pictures with DAPI staining is shown in Supple-
mentary Fig. 6A. E RNA FISH of transposon HMS-beagle in mutant and control
ovaries. While wild-type dP75 transgene fully restores HMS-Beagle activation in
dP75 knockout fly, transgenes with Y23, W26, F43, and E48 substitution to alanine
individually show elevated transposon RNA signals compared to the control group.

Fig. 7 | H3K36me3 is not essential for dP75
binding to chromatin. A Immunofluorescence of
dP75 in the salivary glands from wild type and
H3K36A flies. dP75 was detected by immunostain-
ing with the antibody against dP75 we generated
before8. B Summarization of dP75 signal intensity
from salivary glands of wild-type and H3K36A lar-
vae. dP75 signal intensity was classified into three
subgroups based on the brightness of the signals. N
indicates the number of nucleus counted. Shown is
the summarization of three biological replicates.
C Immunofluorescence of Flag::dP75 and
Flag::dP75 with substitution at the indicated amino
acid in the salivary glands from H3K36A flies.
D Summary of signal intensity of Flag::dP75 or
point-mutated Flag::dP75 in salivary glands of
H3K36A larvae. Flag::dP75 signal intensity was
classified into three subgroups based on the bright-
ness of the signals. N indicates the number of
nucleus counted. Shown is the summarization of
three biological replicates.
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were transformed into Escherichia coli strain BL21 (DE3). TheMut Express
II Fast Mutagenesis Kit (Vazyme, C214-01) was used to introduce the
indicatedpointmutations to theUASp-Flag-Myc-dP75 vector. The positive
colonies were validated by sequencing.

Dimerization assay in bacteria cells
The V5 tag, dP75, or dP75-E70P/K74P were cloned into the pWA21cBP-
AraCDNA-mTagBFP vector (modified from the pWA21cBP-EGFP-
mTagBFP plasmid, vector ID: 0000447, from WeKwikGene, Westlake
Laboratory), respectively. The V5 tag, dP75, or dP75-E70P/K74P were
inserted in-framewithAraCDNA togenerate fusedproteins.The constructed
plasmid was transformed into BW25113 competent bacteria. After Sanger
sequencing, bacteria colonies with the right vector were incubated in an LB
fluid medium supplemented with 100 μg/ml ampicillin, 0.02% arabinose,
and 0.02% rhamnose. After incubation at 37 °C for 18–20 h, the bacteria
cells were collected and imaged using Zeiss LSM 980 Airyscan (ZEISS,
LSM980) to detect the BFP expression.

Split luciferase complementation assay
Gaussia luciferase was split into two parts, NLuc (17–109 aa) and CLuc
(110–185 aa). dP75 was fused with NLuc and CLuc, respectively, and the
corresponding transgenic fly lines were obtained. Ten pairs of fly ovaries
were homogenized to extract proteins using cell lysis buffer in Renilla
Luciferase Reporter Gene Assay Kit (Beyotime, RG016). The Protein level
was determined using Detergent Compatible Bradford Protein Quantifi-
cation Kit (Vazyme, E211-01). 200 μg proteins were used for luminescence
detection on the substrate coelentarizine following the manufacturer’s
instructions of Renilla Luciferase Reporter Gene Assay Kit (Beyotime,
RG016). The luminescence was detected by using multimode plate reader
(Tecan, spark).

Protein expression and purification
For full-length dP75, its PWWP domain, and human LEDGF PWWP
domain, the cells were grown at 37 °C to an OD600 of 0.6 and
induced with 0.2 mM isopropylthiogalactoside overnight at 18 °C. The
cells were collected by centrifugation at 4000 r.p.m. for 15min and lysed
using French Press (JNBIO). The proteins were purified using a HisTrap
HP column (Cytiva), followed by the cleavage of the tag using Ulp1
protease. dP75 PWWP and LEDGF PWWP proteins were purified with a
HisTrap S column (Cytiva) and Superdex G75 Hiload 16/60
column (Cytiva) in a buffer containing 10mM Tris-HCl, pH 8.0,
100 mM NaCl, and 1mM dithiothreitol (DTT). The target proteins’
fractions were pooled and concentrated to 10mg/mL. For the full-length
dP75, following the cleavage of His-SUMO tag, the protein was directly
loaded on Superdex G75 Hiload 16/60 column and fractions
containing full-length dP75 were pooled and concentrated to 5 mg/mL in
a buffer containing 10mM Tris-HCl, pH 8.0, 100mM NaCl, and
1mM DTT.

Crystallization, data collection, and structure determination
Crystals of dP75 PWWP apo-form domain-swapped dimer were grown
at 0.1M Bicine, pH 8.5, 30% PEG1500. Crystals of dP75 PWWP in
complex with ssDNA-2 (5’-TCCCT-3’) were grown at 0.1M Tris-HCl,
pH 8.5, and 25% PEG3350. Crystals were grown at 17 °C using the
hanging drop vapor diffusion method. For data collection, crystals were
flash-frozen in liquid nitrogen in the above reservoir solution supple-
mented with glycerol. Diffraction data were collected at beamlines
BL18U1 and BL19U1 of Shanghai Synchrotron Radiation Facility
(SSRF). The data sets were processed using HKL300037. The structures
were solved by molecular replacement with the LEDGF (PDB 4FU6)
structure as a search model. Model building and structure refinement
were carried out using COOT38 and PHENIX39. The structural graphics
were generated using PyMol (The PyMOL Molecular Graphics System,
Version 2.4 Schrödinger, LLC). The statistics of data collection and
refinement are summarized in Supplementary Table 2.

Crosslinking coupled mass spectrometry
Purified dP75 protein was incubated with 1mM disuccinimidyl suberate
(DSS; Pierce) in a reaction buffer containing 50mM Hepes, pH 7.5, and
500mM NaCl at room temperature for 2 h. To terminate the reaction, the
quenching buffer (0.5M ammonium bicarbonate) was added to a final
concentration of 20mM. The reaction was further incubated at room
temperature for 20min. Samples were precipitated by acetone and digested
for 16 h at 37 °C by trypsin at an enzyme-to-substrate ratio of 1:50 (w/w).
The tryptic-digested peptides were desalted and loaded onto an in-house
packed capillary reverse-phase C18 column (40 cm length, 100 μm ID
x 360 μm OD, 1.9 μm particle size, 120 Å pore diameter) connected to an
Easy LC 1200 system. The samples were analyzed with a 120min-HPLC
gradient from 6% to 35% of buffer B (buffer A: 0.1% formic acid in Water;
buffer B: 0.1% formic acid in 80% acetonitrile) at 300 nL/min. The eluted
peptides were ionized and directly introduced into a Q-Exactive mass
spectrometer using a nano-spray source. Survey full-scanMS spectra (from
m/z 300–1800) were acquired in the Orbitrap analyzer with resolution
r = 70,000 at m/z 400. Crosslinked peptides were identified and evaluated
using pLink240 software and then visualized using Xlinker Analyzer41 in
Chimera42.

Fluorescence polarization assays
The oligos were synthesized with fluorescein amidite (FAM) labeled at 5′-
end (FAM-12T: 5′-FAM-TTTTTTTTTTTT-3′; FAM-12A: 5′-FAM-AAA
AAAAAAAAA-3′; FAM-12C: 5′;-FAM-CCCCCCCCCCCC-3′; FAM-
12G: 5′-FAM-GGGGGGGGGGGG-3′; 12T-FAM: 5′-TTTTTTTTTTT
T-FAM-3′; FAM-random: 5′-FAM-CGATCTGCGTCAGCTGTAGC-3′)
(Bioneer). Fluorescence Polarization (FP) experiments were performed in
96 well plates (Corning, 3650) with the fluorescence reader Synergy™NEO
(BioTek). Serial dilutions of purified wild-type and mutant dP75 PWWP
proteinswere prepared in FP assay buffer (100mMNaCl, 10mMTris-HCl,
pH 8.0) with final concentrations ranging from 0.244 to 250 μM. FAM-
labeled oligos were then added to a final concentration of 4 nM for a final
assay volume of 100 μL. The reaction mixture was incubated for 30min at
room temperature. Polarization was measured at an excitation wavelength
of 485 nmand an emissionwavelengthof 528 nm. Each platewas read three
times, and the values were averaged before analysis. All dissociation con-
stant (KD) values were determined by fitting the titration curve with
GraphPad Prism 9.0 software using the Dose-Response model.

Hatch ratio test
Five virgin flies of the indicated genotypes and five wild-type male flies of
4–6-day-old were put together in an empty bottle. An apple juice agar plate
with a pat of wet yeast paste was served daily to the flies and collected after
24 h. The collected platesweremaintained at room temperature for another
24–30 h to allow eggs to hatch. Hatching ratios were calculated by dividing
the number of hatched eggs by the number of total eggs laid. Three inde-
pendent replicates were carried out for each experiment.

Immunostaining
Four to five pairs of ovaries from 4-6-day-old flies were dissected in PBS
and fixed in PBS with 4% paraformaldehyde for 8 min at room tem-
perature. Then, the ovaries were washed in PBST (PBS solution with
0.2% Triton X-100) 3 times for a total of 30min. Ovaries were incubated
in 10% normal goat serum overnight at 4 °C. Primary antibodies were
added in blocking buffer, and ovaries were incubated overnight at 4 °C.
Ovaries were washed three times for a total of 30min and then incubated
in a blocking buffer with a secondary antibody overnight at 4 °C. Ovaries
were washed 3 times for a total of 30min, followed by incubation in
PBST with DAPI for 5 min. Then, the ovaries were washed twice in PBST
and mounted with 50% glycerol in PBS. Primary antibodies used in this
study include anti-Flag (1:300), anti-dP75 (1:50), anti-H3K36me3
(1:200), and anti-H3K9me2 (1:300). Secondary antibodies used in this
study include Alexa Fluor 594 Goat Anti-Rabbit IgG(H+ L) (1:300) and
Alexa Fluor 594 Goat Anti-Mouse IgG(H+ L) (1:300). For the polytene
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squash and immunostaining experiments, the protocol described in
Johansen et al. 2009 was exactly followed36. Images were obtained using
Zeiss LSM 980 Airyscan2.

Western blotting
Five pairs of ovaries were dissected on ice-cold PBS, and proteins were
extracted using RIPA lysis buffer (Beyotime, P0013B). Then 5×loading
buffer was added to the samples and boiled at 95 °C for 15min. Then the
protein was loaded in SDS-PAGE gel and transferred into NC membrane.
After incubation in blocking buffer, primary antibody, and secondary
antibody, the chemiluminescent signal was detected using Amersham
ImageQuant 800 (Cytiva, AI800). The following antibodies were used: anti-
dP75 (1:500), anti-FLAG antibody (1:3000), anti-β-Tubulin antibody
(1:3000), Goat Anti-Rabbit IgG, HRP Conjugated (1:3000) and Goat Anti-
Mouse IgG, HRP Conjugated (1:3000). Details of the antibodies are in
Supplementary Table 3.

ChIP-Seq and ChIP-Seq data analysis
ChIP experiments were performed according to previous method8. Briefly,
50–60 pairs of ovaries from 4 to 6-day-old flies were dissected in ice-cold
PBS for each sample, andfixed in 1.8%paraformaldehyde. The reactionwas
quenched by adding 250mM glycine. The samples were washed in PBS
twice and in sonication buffer (50mMTris-HCl pH 8.0, 10mMEDTA, 1%
sodium dodecyl sulfate, and 1×Protease inhibitor) once at 4 °C. Samples
were sonicated using a bioruptor sonicator with the setting of 30 s, on/ 30 s,
off, total 30 cycles. Then, the samples were spun at 4 °C to remove the pellet.
5% supernatant was saved as input, and the rest supernatant was used to IP.
For IP, each sample were diluted 10 times in dilution buffer (16.7mMTris-
HCl, pH8.0, 1.1mM EDTA, 1.1% Triton X-100, 167mM NaCl and
1×Protease inhibitor), mixed with 50 μL Flag agarose beads (GenScript,
L00432-5), and incubated overnight at 4 °C. The beads were thenwashed in
Wash buffer A (20mM Tris-HCl, pH8.0, 2 mM EDTA, 0.1% SDS, 1%
Triton X-100, 150mM NaCl), Wash buffer B (20mM Tris-HCl, pH8.0,
2mM EDTA, 0.1% SDS, 1% Triton X-100, 500mMNaCl), Wash buffer C
(10mM Tris-HCl, pH8.0, 1mM EDTA, 1% NP-40, 1% Sodium deox-
ycolate, 250mM LiCl), and TE buffer (10mM Tris-HCl, pH8.0, 1mM
EDTA). Next, the samples were eluted in elution buffer (10mM Tris-HCl
pH 8.0, 300mM NaCl, 5mM EDTA, and 0.5% sodium dodecyl sulfate) at
65 °C for 6 h. Then, the eluted DNA was extracted using VAHTS DNA
Clean Beads (Vazyme, N411-01).

VAHTSDNAClean Beads were used according to themanufacturer’s
instructions. The DNA libraries were prepared using VAHTS Universal
DNA Library Prep Kit for Illumina® V3. The libraries were sequenced by
Illumina NextSeq with pair-end 150nt runs. The reads were mapped via
BWA43 and analyzed using deepTools44. The enrichment of the IP group
over input was calculated for each genotype. The same number of mapped
reads was used in control and experimental groups for generating the
heatmaps, and data from two independent biological replicates were ana-
lyzed and reached consistent results.

RNA FISH
The RNA FISH experiments were carried out according to previous
method8. Briefly, 3–4 pairs of ovaries were dissected in ice-cold PBS and
fixed in 4% formaldehyde for 20min. Samples were washed in PBST
(0.1% Triton X-100) once and PBS twice at room temperature. Samples
were soaked in 70% ethanol at 4 °C overnight. And then samples were
washed in Wash buffer A+ (Wash buffer A with 10% formamide) once
and incubated in Hybridization buffer with Stellaris RNA FISH probe
(1:100) overnight at 29 °C. The samples were washed once in Wash
buffer A+, stained in DAPI, washed in buffer B, and mounted with 50%
glycerol in PBS. The RNA FISH kit (LGC Biosearch Tech, wash buffer A:
Cat# SMF-WA1-60, Hybridization Buffer: Cat# SMF- HB1-10, Wash
Buffer B: Cat# SMF- WB1-20) was used.

Stellaris RNA FISH probes were designed and purchased from LGC
Bioresearch Technology.

Statistics and Reproducibility
One-way ANOVA was used to evaluate the statistical significance of the
luminescence results and the BFP results, respectively, between control and
experimental groups. p-values were calculated using GraphPad Prism
10 software. Standard deviation was calculated using GraphPad Prism
10 software for the luminescence results, BFP results, fertility assays, the
immunofluorescence signal intensities, and the RT-qPCR results, with
mean ± s.d. presented. For FP, bind curves were fitted in a Dose Response
model which incorporates a Hill equation with GraphPad Prism 10 soft-
ware. Data were normalized and are presented as the mean ± s.d. of the
interpolated KD from three independent experiments.

For all the data presented in this manuscript, at least two biological
replicates were performed, and the replicates reached consistent conclusion.
The exact n number for each statistical analysis was indicated in the cor-
responding figure legend and method.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The atomic coordinates and associated structure factors have been depos-
ited in the Protein Data Bank under accession codes 6KD6 and 6KCO. The
deep sequencing data have been deposited to NCBI, (PRJNA1195629). The
crosslinking mass spectrometry data have been deposited to Proteo-
meXchange with the accession codes PXD058799. The data generated or
analyzed during the current study are included in the Figures and Supple-
mentary information files. The uncropped and unedited blots and gel
images are included in Supplementary Fig. 11. Source data are provided in
Supplementary Data 1. Fly strains generated in this study are available from
K.D. upon request.
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