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Abstract

Background and objectives: The PWWP domain of lens epithelium-derived growth factor p75
(LEDGEF/p75) mediates chromatin engagement through recognition of histone H3 lysine 36 di- and
trimethylation (H3K36me2/3) and nucleosomal DNA. LEDGF/p75 plays a role in multiple human
diseases. In particular, its interaction with HIV-1 integrase enables viral genome integration.
However, the LEDGF PWWP domain remains difficult to target with small molecules as it lacks
optimally shaped binding pockets. Here we report the generation of high-affinity nanobodies (Nbs)
to investigate the structure and function of this domain. Methods: Camelids were immunized with
recombinant LEDGF PWWP domain, and immune phage display libraries were screened for affinity.
Selected Nbs were recombinantly expressed in E. coli and purified. Their interaction with the PWWDP
domain of LEDGF and its close homolog HRP-2 was characterized using size-exclusion
chromatography and surface plasmon resonance. Structural characterization of the Nbs was
performed by X-ray crystallography. Functional effects on chromatin engagement were evaluated
using the AlphaScreen assay. Results: Nine sequence-distinct Nbs were identified, seven of which
were confirmed to bind the LEDGF PWWP domain with nanomolar affinities. Five Nbs also bound
the HRP-2 domain, consistent with conserved functional surfaces, while two showed reduced
affinity. Crystal structures of two Nbs (NbC03 and NbH10) confirmed canonical immunoglobulin
folds, while the latter additionally revealed a domain-swapped dimer. Moreover, NbH10 dose-
dependently inhibited the interaction between full-length LEDGF/p75 and H3K36me3-modified
nucleosomes in vitro. Conclusions: This work establishes a validated panel of Nbs targeting the
LEDGF PWWP domain and demonstrates their ability to functionally disrupt the LEDGF-chromatin
interaction. These Nbs serve as valuable tools towards functional studies and structure-based drug
design.

Keywords: LEDGF/p75, PWWP domain; nanobody; single-domain antibody; VHH; chromatin
reader; epigenetics; protein-protein interaction; binding study; inhibitor

1. Introduction

The lens epithelium-derived growth factor p75 (LEDGF/p75) is a chromatin-associated protein
that plays a central role in transcriptional regulation and viral integration through its N-terminal
PWWP domain. This domain mediates chromatin engagement by recognizing di- and trimethylated
lysine 36 on histone H3 (H3K36me2/3) in conjunction with interactions with nucleosomal DNA.
Beyond its physiological role, LEDGF/p75 is co-opted by HIV-1 integrase to direct viral genome
integration into actively transcribed regions [1-4]. Dysregulation of LEDGF/p75 binding partners,
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such as MLL fusion proteins, has been implicated in oncogenic transcriptional programs [5,6]. As
such, the LEDGF PWWP domain has emerged as a target of interest for epigenetic drug discovery
[7,8].

Structural studies have shown that the LEDGF PWWP domain engages chromatin by
recognizing H3K36me2/3-modified histones, forming specific interactions with the methylated
lysine, while also interacting with nucleosomal DNA [9-11]. These multivalent contacts are critical
for chromatin targeting [11-13]. Small-molecule ligands designed to target the H3K36me2/3 pocket
typically exhibit only low micromolar affinity and attempts to extend binding into adjacent regions
have met with limited success [14]. Together, these observations highlight the need for alternative
molecular tools to probe the functional surfaces of the PWWP domain.

Single-domain antibodies, also known as nanobodies (Nbs), offer unique advantages as high-
affinity molecular probes for challenging protein surfaces. Their comparatively small size, high
solubility, and generally long complementarity-determining region 3 (CDR3) loops enable them to
recognize concave, shallow, or cryptic epitopes that are often poorly tractable by both conventional
antibodies and small-molecule ligands [15-18]. Although Nbs are not generally suited for
intracellular therapeutic delivery [19], they are valuable as structural chaperones, conformational
stabilizers, and functional inhibitors in biochemical and cellular studies [18,20].

Here, we report on the generation and characterization of a panel of Nbs targeting the LEDGF
PWWP domain. Using animal immunization followed by phage display selection, we identified a
diverse set of Nbs which bind the LEDGF PWWP domain with nanomolar affinity. We also
characterized their solution properties and cross-reactivity with the closely related HRP-2 PWWP
domain. While co-crystal structures of Nb-PWWP complexes could not be obtained, one Nb was
found to inhibit the interaction between full-length LEDGF/p75 and H3K36me3-modified
nucleosomes in vitro. The developed Nbs are convenient tools for probing the LEDGF PWWP domain
and provide a foundation for mechanistic functional studies and structure-guided ligand
development.

2. Materials and Methods

2.1. Protein Constructs

The human LEDGF PWWP domain (UniProt: 075475, residues 1-110) was cloned in a pET16b
vector encoding an N-terminal Hisiw-tag. A Ser-to-Cys mutation at position 62 (562C) was introduced
using Quik-Change site-directed mutagenesis to enable site-specific biotinylation on the face opposite
the H3K36me2/3 pocket. Primers were manually designed (forward: TT CCT TAC TGC GAA AAT
AAG GAA AAGTAT GGC AAA C, reverse: TT ATT TTC GCA GTA AGG AAA TAT ATC CTT TGG
TC) and ordered from Integrated DNA Technologies (Leuven, Belgium).

A shorter LEDGF PWWP construct (residues 1-90) was cloned into a pETSUK2 vector encoding
an N-terminal Hise-tag followed by the SUMO domain as described previously [26].

Human HRP-2 PWWP (UniProt: Q7Z4V5, residues 1-93) and its C64S mutant were prepared as
described previously [14].

After Nb generation, selection and sequencing (section 4.4), nine representative Nb sequences
were subcloned from the Hise-FLAGs tag vector into the pETSUK2 vector using the following
primers: forward, GCGAACAGATTGGTGGTGGTGAGGTGCAATTGGTGGAGTCT; and reverse,
TTGTTAGCAGAAGCTITATTATGAGGAGACGGTGACCTGG.

FLAG-LEDGEF/p75 was expressed from pCPnat-FLAGs-LEDGF/p75 in E. coli BL21 Star (DE3).
Cultures were grown in LB medium containing 100 ug/mL ampicillin at 37 °C until to ODso around
0.6, induced with 0.5 mM IPTG, and incubated for 3-4 h at 29 °C before harvesting. All other
constructs were overexpressed in heat-shock transformed E. coli Rosetta™ 2 (DE3) pLysS competent
cells (Merck) using auto-induction in ZYP-5052 medium [27,28]. Cells were harvested by
centrifugation and stored at -80 °C.
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2.2. Protein Purification

Unless otherwise stated, proteins were purified using a four-step protocol consisting of IMAC,
tag cleavage followed by sIMAC, ion-exchange chromatography (IEX) and SEC. For the LEDGF
PWWP (residues 1-110) construct and the S62C mutant, the Hisio-tag was retained and the sIMAC
step omitted. For HRP-2 PWWP and the LEDGF PWWP S62C mutant, 10 mM DTT was included in
all IEX and SEC buffers. Reducing agents were omitted during Nb purification, and the IEX step was
skipped; instead, Nb samples were dialyzed directly into SEC buffer. Buffer compositions are listed
in Table S3.

Cell pellets were thawed on ice and resuspended in low-imidazole buffer (50 mM sodium
phosphate pH 7.5, 250 mM NaCl, 12.5 mM imidazole pH 7.5 and 5 mM b-mercaptoethanol),
supplemented with SigmaFast protease inhibitor cocktail (1 tablet/100 mL; Merck) and Cryonase™
Cold-Active Nuclease (1 U/mL; Takara Bio Europe SAS). Cells were lysed by sonication and clarified
by centrifugation.

The supernatant was loaded onto a His-Select® Nickel Affinity Gel resin (Merck) column pre-
equilibrated with low-imidazole buffer. The column was subsequently washed with low-imidazole
buffer supplemented with 0.1% v/v Triton™ X-100, and the target protein was eluted with high-
imidazole buffer (50 mM sodium phosphate pH 7.5, 250 mM NaCl, 500 mM imidazole pH 7.5 and 5
mM b-mercaptoethanol). For Hise-SUMO tagged constructs, tag cleavage was performed overnight
with SUMO Hydrolase 7K (1:500) during dialysis (3 kDa) against low-imidazole buffer, followed by
sIMAC to remove the cleaved tag. For constructs subjected to IEX, samples were dialyzed into a low-
salt buffer supplemented with 10% w/v glycerol. All subsequent chromatographic steps were carried
out on an Akta™ Pure system with UV detector (GE Healthcare). IEX was performed on HiTrap® SP
HP or Q HP columns (5 mL; Cytiva), equilibrated in low-salt buffer, and proteins were eluted using
alinear NaCl gradient with increasing salt concentration. Protein fractions were pooled, concentrated
using Amicon® Ultra filters (3 kDa cut-off) (Merck Millipore). SEC was performed on a Superdex 75
16/60 GL column (GE Healthcare) equilibrated with SEC buffer. Protein fractions were concentrated,
flash-frozen in liquid nitrogen, and stored at -80 °C.

FLAG-LEDGEF/p75 was purified using heparin affinity chromatography followed by SEC. Pellets
were resuspended in 500 mM NaCl, 30 mM Tris-HCl pH 7.4, 1 mM DTT, cOmplete protease inhibitor
cocktail (Roche) and DNase I (Roche) for lysis by sonication. The lysate was clarified by centrifugation
and filtered through a 0.22 um syringe filter before loading onto a 5 mL HiTrap Heparin HP column
equilibrated in 150 mM NaCl, 30 mM Tris-HCl pH 7.0, 1 mM DTT. Bound protein was eluted with a
linear salt gradient (150 mM-2 M NaCl). Peak fractions were pooled and further purified by SEC on
a Superose™ 6 10/300 GL column equilibrated in 150 mM NaCl, 30 mM Tris-HCl pH 7.4, 1 mM DTT.
Fractions containing FLAG-LEDGF/p75 were supplemented with 10% (v/v) glycerol, flash-frozen,
and stored at -80 °C.

For phage display and the Nb selection AlphaScreen, the LEDGF PWWP S62C mutant was
biotinylated using the EZ-Link™ Maleimide Protein Labeling Kit (Thermo Scientific).

2.3. Immunization and Nanobody Library Preparation

One llama and one alpaca were immunized with recombinant LEDGF PWWP domain (residues
1-110). Animals received four injections at two-week intervals. Nb libraries were generated as
described previously [29]. Peripheral blood mononuclear cells were isolated, total RNA was
extracted, and first-strand cDNA synthesized using oligo(dT) primers. Nb-encoding sequences were
amplified by nested PCR and cloned into an in-house phagemid vector. Recombinant phagemids
were transformed into E. coli TG1 cells, and Nb-displaying phages were produced using M13KO?7
helper phage.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Nanobody Selection

Two rounds of phage display panning were performed using 100 nM biotinylated LEDGF
PWWP. Streptavidin-coated Pierce™ beads were used in the first round and Dynabeads™ in the
second. Following enrichment, Nb sequences were subcloned into an expression vector encoding an
OmpA signal peptide and a C-terminal FLAGs-Hise tag and expressed in E. coli TG1.

Periplasmic extracts were screened by AlphaScreen using 2 nM biotinylated LEDGF PWWP and
anti-FLAG acceptor beads (20 pg/mL). After incubation, streptavidin donor beads were added, and
signals measured on an EnVision plate reader. Clones producing signals >3-fold above background
were sequenced and clustered (=91% identity), yielding nine clusters (Figure S1).

2.5. Binding Studies

2.5.1. Size-Exclusion Chromatography

SEC binding studies were performed on a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated in 50 mM Tris-HCl pH 7.0 and 150 mM NaCl. Each Nb was injected individually (2
mg/mL). LEDGF PWWP (residues 1-90) was injected separately at a concentration corresponding to
a 1:1.1 molar ratio relative to the Nb. For complex analysis, LEDGF PWWP and the respective Nbs
were pre-mixed at these final concentrations to maintain a 1:1.1 molar ratio.

2.5.2. Surface Plasmon Resonance

SPR was used to characterize the molecular interaction between the Nbs and LEDGF using a
Biacore™ 8K instrument (Cytiva, Uppsala, Sweden). LEDGF PWWP (residues 1-90) was covalently
coupled on the surface of eight flow cells of a CM5 Series S sensor chip (Cytiva) using standard amine
coupling and a running buffer composed of 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA and
0.05% Tween 20. First, carboxymethylated groups of the chip were activated for 7 min with a mixture
of 200 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 50 mM N-
hydroxysuccinimide (NHS) at 10 uL/min. Then, 2 pg/mL of LEDGF PWWP diluted in 10 mM HEPES
pH 7 was injected for 6 min at 10 pL/min. The remaining activated groups were blocked with 1 M
ethanolamine-HCl pH 8.5 for 7 min at 10 pL/min. The obtained LEDGF PWWP immobilization levels
were about 200 RU. Eight reference flow cells without LEDGF PWWP were used as a control for non-
specific binding and refractive index changes (i.e. one reference flow cell per LEDGF PWWP flow
cell). All binding experiments were performed at 25 °C in 50 mM Tris-HCl pH 7.4 supplemented with
150 mM NaCl and 0.05% Tween 20. Three-fold serial dilutions (12.3, 37.0, 111.1, 333.3, and 1000 nM)
of Nbs were sequentially injected from low to high concentration for 120 sec at a flow rate of
30 puL/min in one single cycle. The dissociation was monitored for 15 min and finally the surface was
regenerated with 50 mM NaOH. Several buffer blanks were used for double referencing. The
equilibrium dissociation constant Ko were calculated after fitting the experimental data to the 1:1
Langmuir interaction model using the Biacore Insight Evaluation Software (version 6.0). All SPR
experiments were performed in triplicate.

The interaction between the Nbs and the HRP-2 PWWP domain was analyzed using the same
protocol, with immobilization levels ranging from 300 to 800 RU.

2.6. Protein Crystallization

Initial crystallization screening of the Nbs and their complexes with LEDGF PWWP (1-90) or
HRP-2 PWWP C64S mutant (prepared in 1:1 molar ratio) was carried out using commercial
crystallization kits (Molecular Dimensions, Hampton Research, Qiagen, and Rigaku) at 4 °C and 20
°C. Screening was performed using the sitting-drop method in Swissci 96-Well 2-drop plates
(Hampton Research), with 75 uL reservoir solution per well. Two drops per condition were set up,
consisting of either 150 nL + 150 nL or 200 nL + 100 nL protein and crystallization solution respectively
using a Mosquito robot (SPT Labtech, Hertfordshire, UK). The individual protein concentrations

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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ranged from 5 to 12 mg/mL. For crystallization of the complexes, the Nb and the LEDGF PWWP
domain or the HRP-2 PWWP C64S mutant domain were mixed at a 1:1 molar ratio at low
concentration, incubated to allow complex formation, and then concentrated together to the desired
final concentration. Plates were sealed, stored and imaged by Rock Imager (Formulatrix, Bedford,
MA, USA).

Optimizations of crystallization hits were performed using either sitting-drop with the same
setup as initial screening or the hanging-drop vapor diffusion method in 24-well XRL™ plates
(Molecular Dimensions). Hanging-drop crystallization involved 2 uL drops and 500 pL reservoir
solution. NbCO03 crystals were grown at 20 °C by sitting-drop vapor diffusion. Drops consisted of 150
nL protein solution (6.7 mg/mL) + 150 nL crystallization solution (1.5 M ammonium sulfate, 12%
glycerol and 0.1 M Tris-HCI pH 8.5). NbH10 crystals were grown at 20 °C by sitting-drop vapor
diffusion. NbH10 and LEDGF PWWP domain were mixed in a 1:1 molar ratio (12 mg/mL NbH10
final concentration). Drops consisted of 200 nL protein mixture + 100 nL crystallization solution (1 M
succinic acid, 1% PEG MME 2000 and 0.1 M HEPES pH 7.0).

2.7. X-Ray Crystallography

Crystals were harvested, cryoprotected using crystallization solution supplemented with 10-
20% ethylene glycol, and cryo-cooled in liquid nitrogen. X-ray data were collected at beamlines
ID30A-3 [30] and ID30B [31] of the European Synchrotron Radiation Facility (ESRF) at 100 K using
an X-ray wavelength close to 1 A. Data were processed using autoPROC with STARANISO option
[32,33] and phased by molecular replacement using PHASER [34] and AlphaFold3 models of the Nbs
[35]. Structures were fitted in COOT [36], refined in REFMACS5 [37] and Phenix [38], and analyzed
using PyMOL (Version 3.0, Schrodinger, LLC). Crystallographic statistics are in Table S1. Crystal
interfaces were analyzed using the PISA software [23].

2.8. AlphaFold3 Modeling of the Nanobody-LEDGF PWWP Complexes

The LEDGF PWWP domain and Nb sequences were submitted as paired inputs to the
AlphaFold3 web server to predict the structure of the 1:1 complexes. Modeling was performed using
default parameters, and the resulting models were evaluated using the ipTM score to assess the
confidence of the predicted binding interface.

2.9. AlphaScreen Inhibition Assay

AlphaScreen in vitro inhibition assays were performed in a 384-well OptiPlate (PerkinElmer)
with a final volume of 25 pL. Nbs were diluted in SEC buffer, while FLAG-LEDGF/p75 and reagents
were diluted in AlphaScreen buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM MgClz, 1 mM DTT,
0.1% Tween 20 (Thermo Fisher Scientific), and 0.1% bovine serum albumin (Sigma-Aldrich)). FLAG-
LEDGE/p75 and varying Nb concentrations were pre-incubated for 30 minutes at 4 °C, followed by
addition of H3K36me3-modified nucleosomes and incubation for 1 hour at 4 °C. Optimal
concentrations determined by cross-titration were 10 nM FLAG-LEDGEF/p75 and 5 nM nucleosomes.
Donor and acceptor beads (10 pug/mL each; PerkinElmer) were then added, and plates were incubated
for 1h at room temperature before reading on an Envision Xcite Multilabel Reader (PerkinElmer).
Counts were plotted, and a non-linear regression sigmoidal curve fit was obtained using GraphPad
Prism 10.6.1 (San Diego, CA, USA).

3. Results and Discussion

3.1. Generation and Selection of LEDGF PWWP-Specific Nanobodies

One llama and one alpaca were immunized with recombinant human LEDGF PWWP domain,
and immune phage display libraries were generated from VHH repertoires. Following two rounds
of panning against the antigen, 94 individual clones were screened for binding to the human LEDGF

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1584.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 doi:10.20944/preprints202602.1584.v1

6 of 14

PWWP domain using periplasmic extracts in an AlphaScreen assay. Twenty-eight clones produced
signals at least three-fold above the background. Sequencing yielded twelve distinct Nb sequences.
Clustering analysis (291% sequence identity cut-off) revealed one cluster comprising three sequences
(NbAO3, NbB03 and NbGO01) differing mainly in their CDRs, another cluster comprising two
sequences (NbA02 and NbC02) which differ in one framework residue, and seven further singlets
(Figure S1).

3.2. Expression, Purification, and Solution Behavior of Selected Nanobodies

One representative Nb from each cluster (Figure S1) was selected for large-scale expression as a
Hise-SUMO fusion protein. After expression, NbAO3 exhibited reduced solubility and partial
precipitation after tag removal and was excluded from further analysis. The remaining eight Nbs
were expressed at sufficient levels and purified using subtractive IMAC (sIMAC) with tag cleavage.
In particular, NbH10 could be purified to >90% purity using sIMAC (Figure S2A) but displayed
limited solubility and was used as such for downstream assays. The remaining seven Nbs were
further purified by SEC (Figure 1 and Figure S2B). SEC profiles for NbA08, NbB08, NbC02 and NbC03
revealed a dominant main peak at around 80 mL elution, presumably corresponding to a monomer.
In contrast, NbB11, NbC08 and NbGO08 displayed multiple SEC peaks. Judging by SDS-PAGE, all
these peaks contained the target Nb, suggesting the presence of higher oligomeric species. For NbB11,
the elution between 40 and 50 mL corresponded to impurities rather than the Nb. For NbGO08, the
presumed monomeric fraction precipitated after purification, requiring the use of the higher-
oligomer fraction for subsequent experiments.

3.3. High-Affinity Binding of Nanobodies to the LEDGF PWWP Domain

Towards an initial test of the binding, each Nb was mixed with LEDGF PWWP at a 1.1:1 molar
ratio and analyzed on a Superdex 200 column. Four Nbs (NbB11, NbC02, NbC03, NbC08) revealed a
single major elution peak located left of the elution of either individual protein, pointing to the
complex formation (Figure 2). NbA08 and NbGO08 both showed considerable elution at the left-hand
side but also individual components, which suggested partial complex formation. Finally, NbB08 did
not exhibit any detectable complex under these conditions.

To quantify binding affinities, surface plasmon resonance (SPR) experiments were performed
with immobilized LEDGF PWWP as ligand and Nbs as analytes. In agreement with SEC, NbB08
showed no measurable binding. The remaining seven Nbs bound to LEDGF PWWP with equilibrium
dissociation constants (KD) ranging from 46 to 292 nM when fitted using a 1:1 interaction model
(Table 1). For several Nbs, including NbB11, NbC02 and NbH10, the fits showed some deviations
from this model (Figure S3), possibly caused by mass transport limitations, oligomerization, or
protein heterogeneity on the sensor surface. At the same time, this model was consistent with the 1:1
complex formation observed in SEC.

Table 1. SPR-based affinity values of nanobodies for LEDGF and HRP-2 PWWP domains.

NbAO08 NbB08 NbB11 NbC02 NbC03 NbC08 NbG0S NDbHI10

No 201 + 94.4 +
LEDGF 463 +3.5 Lo 112+5 292+21 116+5 71.7+6
binding 20 9.1
4721 + No 1130 + 100 + 111+ 98.7 + 81.2+
HRP-2 Lo 170+5
1347 binding 150 33 28 6.3 1.8

All dissociation constants (Kp) are in nM and represent means + standard deviations of triplicate

measurements. “No binding” indicates no measurable interaction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1584.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1584.

7 of 14
NbAOB NbBOB
104 > 10 4 =
084 08 4
E 2
04 4 o 06 4
g
" =
g 04 £ 04
=} -]
= =
0.2 4 J\J 024
00 0.0
T T T T v T T T v T v T v T
0 0 40 L] 80 100 120 140 4] 20 0 &0 80 100 120 140
Volume (mL) Volume (miL}
NbB11 NbCO2
10 1 » 1.0 4 I *
0N+ 08 4
>
3 E
v 06 1 06 4
g
% 2
044 £ 044
&
= =
0.7 1 0.2 4 \\
0.0 1 0.0 4
v T v T v T T T v T v T v T
o 0 40 @ a0 100 120 130 -] 20 0 &0 80 100 120 140
Volume (mL) Volume (mi)
NbCO3 NbCO8
10 4 - 10 4 L.
08 0 & n
3 2 | |
- - 06 o I\
§ 0:6 ;E 0.6 /1 |l | '
0449 04+
£ g | |
= 3 / ! l
J \
0 0.2 4 / J
\
0404 00 A - —
r T r y T T v v v + v T . T
o 0 40 w 00 100 120 140 -] 20 40 #0 0 100 120 140
Volume (mL) Volume (mi}
NbGO8
10 4
=
0N 4
on 4
E
]
E 04+
0.2 1
0.4 4
0 n 40 «w oo 100 120 140
Volume (mL)

Figure 1. Size-exclusion chromatography profiles for seven nanobodies obtained on a Superdex 75 16/60 GL
(V =120 mL) column. The profiles were normalized by the main peak height. The peak fraction used for all
downstream studies (interaction with the PWWP domain using SEC and SPR as well as crystallography) is
labelled with an asterisk. For all nanobodies except NbGO08 this was the presumed monomeric peak. For NbGO08,
this peak fraction precipitated, and the higher-oligomer fraction was used instead.
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Figure 2. Size-exclusion chromatography on Superdex 200 10x300 GL column for each nanobody, LEDGF
PWWP and their 1.1:1 molar mixtures. The profiles were normalized by the main peak height.

3.4. Cross-Reactivity with the HRP-2 PWWP Domain

We additionally studied the interaction of the Nbs with the PWWP domain of hepatoma-derived
growth factor-related protein 2 (HRP-2) which is a paralog of LEDGF. While the two domains have
an overall sequence identity of 79%, their H3K36me2/3 pockets and their surroundings are nearly
identical (Figure S4). Our SPR experiments revealed that NbB11, NbC03, NbC08, NbG08 and NbH10
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bound HRP-2 PWWP with affinities close to those observed for LEDGF PWWP (Table 1). We
therefore hypothesize that all these Nbs bind to the conserved regions. Given that the H3K36me2/3
pocket and its borders correspond to a major conserved patch, it is highly plausible that these Nbs
are binding at or near the pocket, but additional data were needed.

In contrast, NbA08 and NbC02 showed substantially reduced affinities for HRP-2, suggesting
their binding to LEDGF-specific surface features such as present outside the conserved H3K36me2/3
pocket and nucleosomal DNA binding surface (Figure S4). Of note, as NbA08 and NbC02 recognize
distinct epitopes between the two paralogs, these Nbs may be suitable for applications requiring
LEDGEF selectivity.

3.5. Structural Characterization of Nanobodies

Extensive crystallization trials were performed for the eight purified Nbs alone, for equimolar
mixes with LEDGF PWWP domain, and for equimolar mixtures with HRP-2 PWWP. In two cases,
NbC03 and NbH10-LEDGF PWWP mix, diffraction quality crystals could be obtained (Table S1).

Crystals of NbC03 diffracted to 2.9 A resolution. The asymmetric unit contained two Nb
molecules, each adopting a canonical immunoglobulin fold stabilized by a conserved disulfide bond
between Cys22 and Cys96 (Figure 3A). The CDR1, CDR2, and CDR3 loops comprise eight, seven, and
fourteen residues, respectively, confirming correct folding and typical Nb architecture.

Crystals grown from the NbH10-LEDGF PWWP mixture diffracted to 2.3 A resolution, however
structure determination revealed the presence of NbH10 alone. Two NbH10 molecules were present
per asymmetric unit, each forming a domain-swapped dimer through exchange of the CDR3 loop
and terminal b-strand via a two-fold crystallographic symmetry axis (Figure 3B). Domain swapping
has previously been reported for Nbs, both as a crystallization artifact [21]—often promoted by high
protein concentration, ionic strength, or short CDR3 loops—and, in some cases, as a functionally
relevant assembly capable of antigen binding [22]. The software PISA [23] identified large interfaces
both within the domain-swapped dimer and between the two chains in the asymmetric unit. The
latter interface is mediated by both CDR1 and CDR2. All interfaces were predicted to be energetically
favorable (Table S2). Collectively, these intersubunit interactions yield a highly stable tetramer with
222 symmetry (Figure 3C).

Given the lack of co-crystal structures, Nb-PWWP complexes were also modeled using
AlphaFold3. However, all generated models exhibited low interface confidence scores (interface
predicted template modeling score (ipTM) < 0.3), consistent with current limitations of structure
prediction for antigen-recognizing protein-protein interfaces lacking strong co-evolutionary signals
[24].
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Figure 3. Crystal structures of NbC03 and NbH10 shown as ribbon diagrams. CDR1, CDR2, and CDR3 are
shown in purple, blue, and red, respectively. A. A single NbC03 molecule is shown with the disulfide bridge
between Cys22 and C96 depicted as sticks. B. Two neighboring NbH10 molecules interact through their CDR1
(purple) and CDR2 (blue) loops. Their CDR3 loops and the final (3-strand are exchanged and resulting in a
domain-swapped dimer. C. Two NbH10 domain-swapped dimers (cyan and dark grey) form interact with each
other resulting in a tetrameric NbH10 assembly inside the crystal.

3.6. NbH10 but not NbAOS Inhibits the LEDGF/p75-H3K36me3 Nucleosome Interaction In Vitro

The functional impact of Nb binding was assessed using an AlphaScreen assay measuring the
interaction between full-length LEDGF/p75 and H3K36me3-modified nucleosomes. Here, NbH10
produced a dose-dependent inhibition of this interaction with an ICso of 0.94 + 0.15 mM (Figure 5).
This demonstrates that NbH10 engages a functionally relevant surface of the PWWP domain
involved in chromatin recognition. Given that this interface is fully conserved between LEDGF and
HRP-2, this observation is well in line with the very similar affinities of ~100 nM measured for this
Nb against both LEDGF and HRP-2 PWWP domains (Table 1).

At the same time, the AlphaScreen assay revealed that NbAO8 did not inhibit the interaction
between full-length LEDGF and H3K36me3-modified nucleosomes. This observation is interesting
given its high affinity (43 nM) for the isolated LEDGF PWWP domain, but a hundredfold lesser
affinity for the HRP-2 domain (Table 1). Taken together, these data make us conclude that NbA0S8
does not interfere with the nucleosome binding site but attaches to a distinct, non-functional surface.

Together, these results indicate that high-affinity binding alone is insufficient for functional
inhibition and that NbH10 likely targets conserved determinants critical for chromatin engagement.

-@- NbH10: ICgsq = 943 £ 147 nM
-A- untagged LEDGF: IC5p=20.5 £ 0.7 nM

-~ NbA0S8

2 100+

g
20
N®
s
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Figure 4. NbH10 dose-dependently inhibits the LEDGF/p75-nucleosome interaction. AlphaScreen assays were
performed using 10 nM FLAG-LEDGF/p75 and 5 nM biotinylated H3K36me3 nucleosome. Increasing
concentrations of NbH10, NbAO0S, or untagged LEDGF/p75 were added to compete with FLAG-LEDGF/p75 for
nucleosome binding. The normalized AlphaScreen signal (%) is plotted against inhibitor concentration on a
logarithmic scale. Curves represent nonlinear regression fits (four-parameter logistic). Data points show mean +

standard deviation of three independent experiments.
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4. Conclusions

This study presents the first systematic generation and characterization of Nbs targeting the
PWWP domain of LEDGE/p75. We show that as many as seven identified Nbs bind the isolated
PWWP domain with affinity ranging between 43 and 292 nM, and also display paralog-selective
properties. Our results demonstrate that this chromatin reader domain is readily targetable by Nbs,
overcoming the previously encountered challenges with developing high-affinity small-molecule
ligands [14,25]. Importantly, NbH10 was validated as a functional, submicromolar inhibitor of the
LEDGEF/p75-H3K36me3 nucleosome interaction in vitro, which is also corroborated by its measured
affinity to both the LEDGF and HRP-2 PWWP domains.

In summary, our study establishes a proof-of-principle that Nbs can interfere with PWWP-
mediated chromatin engagement. Collectively, the Nb panel described here provides valuable
molecular tools for probing LEDGF function. These results offer a foundation for future epitope-
mapping, structural, and cellular studies targeting PWWP-dependent disease mechanisms.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Alignment of unique nanobody sequences identified and clustered.
Figure 52: SDS-PAGES of nanobody samples. Figure S3: Representative SPR sensograms and theoretical binding
profiles of the nanobodies over immobilized LEDGF PWWP and HRP-2 PWWP. Figure S4: Comparison of the
PWWP domain sequences. Table S1: Crystallographic statistics. Table S2: Crystal interface analysis for the
NbH10 crystals. Table S3: Buffers used for ion-exchange chromatography and size-exclusion chromatography
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The following abbreviations are used in this manuscript:

H3K36me2/3 di-or trimethylated Lys36 of histone H3

IEX Ion-exchange chromatography
IMAC Immobilized metal affinity chromatography
Ko Dissociation constant

LEDGE/p75 Lens epithelium-derived growth factor p75
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Nbs Nanobodies

PWWP domain Pro-Trp-Trp-Pro domain

SEC Size-exclusion chromatography
sIMAC Subtractive IMAC

SPR Surface plasmon resonance
SUMO Small ubiquitin-like modifier
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