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Photo-caged 2-butene-1,4-dial as an efficient,
target-specific photo-crosslinker for covalent
trapping of DNA-binding proteinsti

Jiahui Li, Zenghui Cui, Chaochao Fan, © Yifei Zhou, Mengtian Ren
and Chuanzheng Zhou ©*

Covalent trapping of DNA-binding proteins via photo-crosslinking is an advantageous method for studying
DNA-protein interactions. However, traditional photo-crosslinkers generate highly reactive intermediates
that rapidly and non-selectively react with nearby functional groups, resulting in low target-capture
yields and high non-target background capture. Herein, we report that photo-caged 2-butene-1,4-dial
(PBDA) is an efficient photo-crosslinker for trapping DNA-binding proteins. Photo-irradiation (360 nm) of
PBDA-modified DNA generates 2-butene-1,4-dial (BDA), a small, long-lived intermediate that reacts
selectively with Lys residues of DNA-binding proteins, leading in minutes to stable DNA-protein
crosslinks in up to 70% yield. In addition, BDA exhibits high specificity for target proteins, leading to low
non-target background capture. The high photo-crosslinking yield and target specificity make PBDA
a powerful tool for studying DNA—protein interactions.

Introduction

The maintenance and function of DNA in cells depend on its
interactions with various proteins, including but not limited to
histones,* epigenetic writer/reader/eraser proteins,> DNA repair
enzymes,® and transcription factors.* DNA-protein interactions
are generally non-covalent and transient, and therefore the
identification of DNA-binding proteins by many of the routinely
used technologies is tedious and difficult.” Photo-crosslinkers
have attracted considerable attention as a potential solution
to this problem.®” Photo-irradiation of DNA modified with
a photo-crosslinker can covalently trap DNA-binding proteins,
thus making it possible to lock transient interactions with high
spatiotemporal resolution in vitro and in vivo.*™* To date, three
types of photo-crosslinkers have been extensively used for this
purpose: aryl azides (AA), benzophenones (BP), and diazirines
(DA) (Fig. 1A).**'* However, photo-irradiation of these
compounds generates highly reactive intermediates that react
non-selectively with nearby functional groups, resulting in low
target-capture yields and high non-target background capture.*®
Although several new photo-crosslinkers,* including 2-aryl-5-
carboxytetrazole,'>"” photo-caged quinone methide,"”® and o-
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nitrobenzyl alcohol,™ exhibit interesting features, the develop-
ment of photo-crosslinkers that can trap DNA-binding proteins
with both high specificity and high yield remains a challenge.

DNA-binding proteins are generally rich in Lys residues,*
and modifying DNA with Lys-reactive functionality has been
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Fig. 1 Structures of photo-crosslinkers used to study DNA-protein
interactions.
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reported as a new strategy for trapping DNA-binding
proteins.***2* We have previously demonstrated that a C4'-
oxidized abasic site (C4-AP) reacts with primary amines to form
stable conjugates.>?® In the present study, we designed and
synthesized an analogue of C4-AP, photo-caged 2-butene-1,4-
dial (PBDA, Fig. 1B), as a new photo-crosslinker for identifying
DNA-binding proteins. The irradiation (360 nm) of this cross-
linker generates 2-butene-1,4-dial (BDA),>*"** a small, relatively
long-lived intermediate that reacts selectively with Lys residues
on DNA-binding proteins, leading to stable DNA-protein
crosslinks in yields up to 70%. If there is a Cys residue close to
the Lys, the Cys can participate in and speed up crosslink
formation.

Results and discussion
Synthesis of PBDA

As a versatile tool for introducing the PBDA moiety into DNA, we
designed and synthesized azide 1, which can be used for post-
synthetic labeling of DNA via click chemistry (Scheme 1A). The
synthesis of 1 started from 2-furanethanol (2). The hydroxyl
group of 2 was protected as a t-butyldiphenylsilyl ether, and the
resulting ether compound (3) could be treated either with 4,5-
dimethoxy-2-nitrobenzyl alcohol in the presence of N-bromo-
succinimide®® or with 2,3-dichloro-5,6-dicyanobenzoqui-
none*** to afford photo-caged compound 4 in 55% or 28%
yield, respectively. After removal of the t¢-butyldiphenylsilyl
protecting group, the resulting alcohol was converted to an
azide by treatment with 2-azido-1,3-dimethylimidazolinium
hexafluorophosphate in the presence of diazabicycloundecene
to afford 1 in 63% yield. Using the same strategy, we also
synthesized PBDA analogue 7 (Scheme 1B), which was used for
assessing the reactivity of PBDA with model peptides.

Mechanistic study of photo-reactions of PBDA analogue 7 with
model peptides

To characterize the reactivity of PBDA with amino acids, we
photo-irradiated 7 at 365 nm in the presence of glycinamide,
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which removed the Nv protecting group to generate interme-
diate 8 (Fig. 2A). This intermediate could be detected by ultra-
performance liquid chromatography mass spectrometry (UPLC-
MS), suggesting that it was long-lived. Ring-opening of 8 in
aqueous solution afforded highly electrophilic BDA 9, which
reacted with glycinamide to give pyrrolinone adduct 10 as the
predominant product. Similarly, photo-irradiation of 7 in the
presence of BnNH, gave pyrrolinone adduct 11. In contrast,
photo-irradiation of 7 in the presence of BnNH, and 2-mer-
captoethanol yielded pyrrole adduct 12 as the predominant
product (Fig. S1}). Because the nitrogen atom in 12 is a chiral
center, two stable isomers were formed (12-I and 12-II), and they
could be separated into their pure forms. Pyrrolinone adduct 10
and pyrrole adducts 12-I and 12-II were unambiguously char-
acterized by means of various one- and two-dimensional NMR
spectroscopy techniques (see the ESIf). Neither 10 nor 12-II
decomposed when incubated for 12 h in neutral, acidic, or basic
buffers, suggesting that both adducts were stable (Fig. S2}). Of
note, photo-irradiation of 7 generates another active electro-
phile, 4,5-dimethoxy-2-nitrosobenzaldehyde (Fig. 2A), which
could also react with amines. However, we did not observe side
products formed by the reaction of 4,5-dimethoxy-2-
nitrosobenzaldehyde with glycinamide/BnNH,. Thus, BDA
outcompetes 4,5-dimethoxy-2-nitrosobenzaldehyde on reacting
with amines. We think two factors may account for the result:
first, 4,5-dimethoxy-2-nitrosobenzaldehyde, as an aromatic
aldehyde, is much less electrophilic than the aliphatic aldehyde
BDA 9; Second, the reaction of 4,5-dimethoxy-2-
nitrosobenzaldehyde with amines is reversible, affording
unstable products.*® In contrast, the reaction of BDA with
amines generates rather stable products.

Next, we designed and carried out experiments to assess the
reactivity of 7 with polypeptides 13, 16, and 19 (Fig. 2B-D). After
a mixture of peptide 13 and 7 (1.5 equiv.) in phosphate buffer
(pH 7.4) was irradiated and then incubated for 20 min, UPLC-
MS showed that roughly 40% of peptide 13 had been trans-
formed to a pyrrolinone monoadduct with an m/z value of
961.9285 ([M + 2H]*", Fig. 2B). MS/MS analysis of the adduct
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Scheme 1 Synthesis of (A) PBDA and (B) analogue 7. ADMP, 2-azido-1,3-dimethylimidazolinium hexafluorophosphate; Bn, benzyl; DBU, dia-
zabicycloundecene; NBS, N-bromosuccinimide; NvOH, 4,5-dimethoxy-2-nitrobenzyl alcohol; TBDPS, t-butyldiphenylsilyl.
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Fig. 2 Mechanistic studies of photo-reactions of PBDA analogue 7 with amino acids and peptides. (A) Photo-reactions of 7 with amines and
thiols. (B—D) UPLC-MS analyses of photo-reactions of 7 with various peptides. (E) Proposed mechanism of photo-reaction of 7 with a Lys residue.
(F) Proposed mechanism for photo-reaction of 7 with Cys and Lys residues.

revealed that the pyrrolinone moiety was on the N-terminal a-
amino group (14, Fig. S3}). Increasing the amount of 7 to 3
equiv. led to the formation of adduct 15, which had pyrrolinone
moieties both on the g-amino group of the Lys residue and on
the N-terminal a-amino group (Fig. S41). These results indicate
that the o-amino group was more reactive than the Lys side

10886 | Chem. Sci., 2023, 14, 10884-10891

chain, which is consistent with previous observations that N-
terminal a-amino groups outcompete the g-amino group of
Lys in reactions with electrophiles in neutral buffer.***°

The incubation of peptide 16, which has Cys instead of Ala at
position 7, with 1.5 equiv. of 7 completely transformed 16 to
cyclic pyrrole adduct 17 in 20 min (Fig. 2C and S57). This result

© 2023 The Author(s). Published by the Royal Society of Chemistry
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suggests that the formation of the Cys-involved pyrrole adduct
was much faster than pyrrolinone adduct formation. Product 18
(cale m/z of [M + 2H]*", 1068.9508; found 1068.9548), which
contains both a pyrrole adduct and a pyrrolinone adduct
(Fig. S61), was obtained when the amount of 7 was increased to
3 equiv.

No reaction occurred upon photo-irradiation of a mixture of
7 and peptide 19 which contains no Cys, Lys, and free N-
terminal o-amino functional groups (Fig. 2D and S7i). In
addition, the reaction of photo-decaged 7 with a peptide con-
taining one Cys reside but no Lys residues and no free N-
terminal o-amino group also proceeded smoothly, but no
stable product could be isolated, indicating that reversible
crosslinks could be formed (data not shown).

On the basis of the above-described results and our previous
work on peptides with a C4-oxidized abasic site (BDA
analogues),”?” we propose the following mechanism for the
reaction of PBDA with peptides. For peptides containing Lys but
not Cys, the g-amino group of Lys reacts with BDA to afford 20.
Once 20 forms, intramolecular cyclization and elimination of
water occur to generate a pyrrolinone adduct (Fig. 2E). For
peptides containing both Cys and Lys, Michael addition of Cys to
BDA to generate 21 is much more rapid than the reaction
between BDA and the g-amine group of Lys.*** After the forma-
tion of 21, the Lys g-amino group intramolecularly attacks the C1’
aldehyde to generate intermediate 22. The subsequent cyclization
and elimination of water afford a pyrrole adduct (Fig. 2F). For
peptides with a Cys residue but no Lys residue and free N-
terminal a-amino group, the adduct formed by reaction
between Cys and BDA is not stable, and decomposition occurs via
the retro-Michael addition reaction. Taken together, our results
indicate that PBDA is a Lys-specific photo-crosslinker and that
a Cys residue near Lys can speed up crosslink formation.

Intramolecular photo-crosslinking of PBDA-modified DNA
with histones in nucleosome core particles

Nucleosome core particles (NCPs), the fundamental unit of
chromatin, are compact and stable DNA-histone complexes.*
We prepared PBDA-modified NCPs as intramolecular models
for optimizing the conditions for photo-crosslinking of PBDA
with DNA-binding proteins. Specifically, single-stranded DNA
with a 5-ethynyl-2-deoxyuridine (ethynyl-dU), 5-(1,7-octadiynyl)-
2’-deoxyuridine (octadiynyl-dU), or 1’-propargyl-2’-deoxyribose
(propargyl-ribo) modification was coupled with PBDA (1) in the
presence of Cu(1), and the obtained product was annealed with
the complementary DNA strand to afford PBDA-modified
double-stranded DNA (dsDNA). Finally, PBDA-modified NCPs
were prepared by reconstitution of the modified dsDNA with
a histone octamer (Fig. 3A, S8, and S9, Table S1§).2%3%
PBDA-modified NCPs were irradiated for various durations,
and the DNA-histone crosslink yields were quantified by SDS-
PAGE (Fig. S10}). As shown in Fig. 3B, photo-crosslinking of
PBDA to histones was clearly affected by the nature of the linker
between the DNA strand and the PBDA moiety. The most flex-
ible linker (the 1,7-octadiynyl linker) gave the best results: the
DNA-histone crosslink yield reached 70% within 2 min.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The flexible N-terminal tails of histones H3 and H4 are in
proximity to the PBDA-octadiynyl-dU moiety on the NCPs
(Fig. 3C), and these histone tails contain many Lys residues but
no Cys.* Thus, we reasoned that DNA-histone crosslinking
occurred via the formation of pyrrolinone adducts between
photo-decaged PBDA and Lys residues on these histone tails.
After photo-crosslink formation, further incubation of the
reaction mixture for up to 12 h resulted in no changes in the
crosslink yields (Fig. S11}), confirming that PBDA-modified-
DNA-protein crosslinks were stable.

To compare the photo-crosslinking efficiency of PBDA with
that of widely used photo-crosslinkers, we prepared benzophe-
nones (BP)-octadiynyl-dU- and diazirine (DA)-octadiynyl-dU-
modified NCPs and studied their photo-crosslinking kinetics.
Photo-crosslinking of DA to histones within NCPs was rapid,
yielding DNA-histone crosslinking in up to 15% yield within
3 min (Fig. 3D and S12}). Photo-crosslinking of BP to histones
occurred more slowly but gave a slightly higher crosslinking
yield, reaching a plateau (30%) at 20 min (Fig. S12}). Under the
same conditions, PBDA yielded 70% DNA-histone crosslinking
in 2 min. Taken together, PBDA is more rapid and efficient than
classical photo-crosslinkers for the covalent trapping of DNA-
binding proteins.

Intermolecular photo-crosslinking of PBDA-modified DNA
with DNA-binding proteins

Because the above-described results demonstrated that PBDA-
octadiynyl-dU was an excellent photo-crosslinker, rapidly
yielding DNA-protein crosslinks (>70% yield) in DNA-protein
complexes, we next prepared dsDNA 26 (Fig. 4A), which was
modified with both PBDA-octadiynyl-dU and 5-formyl-2’-deoxy-
cytidine (5fC), an epigenetic modification that can be recog-
nized and removed by the base excision repair enzyme thymine
DNA glycosylase (TDG, Fig. 4B).*** Once prepared, dsDNA 26
was used as a substrate to study intermolecular photo-
crosslinking of DNA with a DNA-binding protein. Specifically,
26 was preincubated with 10 equiv. of human TDG and bovine
serum albumin (BSA, 0.05 mg mL ", Fig. $13}), and the mixture
was photo-irradiated for 7 min. Tricine-SDS-PAGE analysis of
the reaction mixture showed a DNA-TDG crosslink yield of 63%
(Fig. 4C, lane 4). No DNA-BSA crosslinks (Fig. 4C, lane 2 and
Fig. S14f) or DNA interstrand crosslinks (Fig. S15f) were
observed. Two pathways can account for the DNA-TDG cross-
linking: (1) the formation of C=N bonds between the formyl
group of 5fC and Lys residues on TDG* and (2) the reactions of
photo-decaged PBDA with Lys (and Cys) on TDG. We concluded
that the contribution of the former pathway was negligible,
because dsDNA-TDG crosslinking was negligible in the absence
of photo-irradiation (Fig. 4C, lane 3).

When dsDNA 27 or 28, in which the PBDA-octadiynyl-dU
modification is farther from the TDG-binding region, was
used as the substrate, decreased crosslink yields were observed
(Fig. 4C). TDG has been shown to have less binding affinity for
native dsDNA than for 5fC-modified dsDNA.** Consistent with
this fact, we found that the crosslink yield for the combination
of TDG and dsDNA 29 (which does not contain 5fC) was clearly

Chem. Sci., 2023, 14, 10884-10891 | 10887
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Fig. 3 Photo-crosslinking of PBDA-modified DNA with histones within NCPs. (A) Preparation of PBDA-modified NCPs. ssDNA, single-stranded
DNA. (B) Kinetics of photo-crosslinking of PBDA-modified DNA to histones within NCPs. (C) Proposed mechanism of photo-crosslinking of
PBDA-modified DNA to histones within NCPs. (D) Comparison of the photo-crosslinking kinetics of PBDA with that of BP and DA within NCPs.
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Fig. 4 Intermolecular photo-crosslinking of PBDA-modified DNA with the DNA base excision repair enzyme hTDG. (A) PBDA-octadiynyl-dU-

and 5fC-modified dsDNA used in this study. (B) Crystal structure of the dsSDNA-TDG complex (PDB ID: 3UO7). The PBDA-octadiynyl-dU and 5fC
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respectively. (C) Tricine-SDS-PAGE (15.5%) analysis of photo-crosslinki

ng of dsDNA with TDG. The gel was visualized by means of fluorescence

(fluorescein, FAM) imaging. BSA, bovine serum albumin. (D) Comparison of photo-crosslink yields for dsDNA 26 and dsDNA 29.

lower than that for the TDG/dsDNA 26 combination (Fig. 4D and
S16%). These results confirm that PBDA is an excellent photo-
crosslinker for covalently trapping DNA-binding proteins and
that it exhibits rather good specificity for target protein.

Pull down of DNA-binding proteins from cell lysate using
PBDA-modified DNA

Escherichia coli cells that overexpress human TDG were har-
vested, lysed, and centrifuged; and the supernatant was
collected for a pull-down assay. Because of serious sedimenta-
tion, the concentration of expressed human TDG in the super-
natant was very close to the concentrations of the endogenous
proteins of E. coli (Fig. 5, lane 5), making this supernatant an
ideal sample for determining whether 5fC- and PBDA-modified
dsDNA 30 could be used to pull down hTDG from a protein
mixture via photo-crosslinking.

Biotinylated dsDNA 30 and cell lysate were mixed and incu-
bated at 4 °C for 2.5 h to allow for DNA-protein binding. After
photo-irradiation for 7 min, the mixture was incubated at 37 °C
for 30 min (Fig. 5, lane 6). Then streptavidin-coated magnetic
beads were added to capture the biotinylated dsDNA. After
removal of the supernatant (lane 7), the beads were successively
washed with 1 M NaCl, 0.1% SDS, 6 M urea, and phosphate-
buffered saline. Finally, the trapped DNA and the crosslinked
DNA-protein complexes were eluted with SDS loading buffer at
70 °C and analyzed with 15% SDS-PAGE (Fig. 5, lane 8). The

© 2023 The Author(s). Published by the Royal Society of Chemistry

major product was identified as crosslinked DNA-TDG on the
basis of the following observations: (1) the product co-migrated
with the authentic sample of DNA-TDG in the gel (Fig. 5, lane

dsDNA 30
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Fig.5 Pulldown of TDG from cell lysate using PBDA-modified dsDNA
30. TDG-containing cell lysate was mixed with biotinylated dsDNA 30,
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4); (2) the band was visible during fluorescence imaging
(Fig. S17A%), which suggests that the product contained
fluorescein-labeled dsDNA 30; (3) the band was visible during
anti-TDG western blot analysis (Fig. S17B}), suggesting the
presence of TDG; (4) in-gel trypsin digestion followed by MS/MS
analysis revealed that hTDG was abundant in this band (Table
S21). Of note, unexpected proteins were also identified by MS/
MS. Some of them, such as human hornerin and serum
albumin, could be contaminants introduced during sample
handling,*** whereas some others could be ascribed to non-
specific trapping of DNA-binding proteins.

Conclusions

In this study, we demonstrated that PBDA is an efficient, target-
specific photo-crosslinker for trapping and identification of
DNA-binding proteins. Compared with traditional photo-
crosslinkers such as aryl azide, benzophenone, and diazirine,
PBDA has three obvious advantages. First, it gives higher
crosslink yields (up to 70%). Two factors may account for the
high yields: (i) the intermediate generated by photo-decaging of
PBDA (BDA) is less reactive than radicals, carbenes, and
nitrenes, and thus its background quenching is negligible, and
(ii) the small size and linearity of BDA (in situ generated by
photo-irradiation of PBDA) facilitate its approach to and reac-
tion with DNA-binding proteins. Second, the photo-reaction of
PBDA with DNA-binding proteins was Lys-specific and was
complete in minutes. The high residue specificity and moderate
reaction rate allowed photo-decaged PBDA to selectively trap
target proteins, minimizing non-target background trapping.
Third, given that MS/MS analysis has become the predominant
method for protein identification, the Lys-specific reactivity of
PBDA makes MS/MS data analysis less complicated than when
a residue-nonspecific crosslinker is employed.

In addition to being abundant in nucleic-acid-binding
proteins, Lys is present in almost all proteins, especially in
regions with relatively high solvent accessibility.**~* Thus,
PBDA may find broad applications for investigating RNA-
protein and protein—protein interactions in addition to DNA-
protein interactions.
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