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Abstract: The spatial arrangement of chromosome within the nucleus
is intimately linked to genome function and gene expression
regulation. Existing genome-wide mapping methods to study
chromosome organization often rely on chemically crosslinking DNA
with protein baits, which raises concerns of introducing artifacts during
cellular fixation. Herein, we developed a novel proximity-dependent
DNA labeling method based on the chromophore-assisted
nucleobase photooxidation. By genetically targeting a photosensitizer
protein to specific subnuclear locations, we achieved blue light-
activated labeling of local DNA with a bioorthogonal functional handle,
which allowed subsequent affinity purification and sequence
identification via next-generation sequencing. When applied to the
nuclear lamina in human embryonic kidney 293T cells, our method
revealed lamina-associated domains (LADs) that cover 37.6% of the
genome. These LADs overlap with heterochromatin hallmarks
including histone 3 lysine 9 dimethylation (H3K9me2) and are
depleted with CpG islands. This simple labeling method avoids the
harsh treatment of chemical crosslinking and is generally applicable
to the genome-wide high-resolution mapping of the spatial
chromosome organization in living cells.

In eukaryotic cells, the three-dimensional chromosome
architecture has profound effects on gene functions!’?. The
formation of local chromatin structures is crucially involved in a
diverse array of biological processes, ranging from gene
activation®4 to replication timing®®. For example, genomic
regions associated with the nuclear lamina, a fibrillar network at

the periphery of the nucleus, are mainly composed of silent genes.

Moreover, dysregulated chromatin structures have been
implicated in many diseases!”!, and manipulation of 3D genome
has been shown to alter gene expression levels and cellular
functionst®-,

Conventional approaches for studying DNA-protein
interactions and the spatial arrangement of chromatin, such as
chromatin immunoprecipitation-sequencing (ChlP-seq), often
require formaldehyde-mediated chemical crosslinking, which may
introduce bias!'®. In addition, successful immunoprecipitation
depends critically on the availability of specific antibodies against
the bait protein. Alternatively, various proximity labeling
techniques have been developed to profile DNA-protein contacts
at specific subcellular locations. For example, by employing
enzyme-mediated DNA methylation near a bait protein, DamID
(DNA adenine methyltransferase identification) has been widely
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used to investigate protein-DNA interactions in vivol''-'2. Recently,
an antibody-targeted peroxidase-mediated labeling strategy,
termed TSA-seq, was developed to biotinylate proximal DNA with
phenoxyl free radicals, which has revealed chromatin
organization near the nuclear lamina and nuclear speckle in fixed
cells!’®, Each of these methods has its own merits and
weaknesses. For example, TSA-seq requires cellular fixation and
membrane permeabilization to allow the intracellular delivery of
antibody-peroxidase conjugate, while DamlD-catalyzed DNA
methylation is restricted to labeling adenine within the palindromic
tetrad sequence GATCI'".

Herein, we present a conceptually novel DNA proximity
labeling technique that offers both high spatial and high temporal
resolutions in live cells. Our method is built upon the
photosensitized DNA oxidative damage. Among all four DNA
nucleobases, guanine has the lowest redox potential and is
readily oxidized by singlet oxygen ('O,) to yield a range of
products, including spiroiminodihydantoin (Sp), imidazolone (Iz),
oxazolone (Oz), etc.' We chose miniSOG, an engineered
flavoprotein originally derived from A. thaliana phototropin 2, as
the photosensitizer because it can be genetically targeted to
specific subnuclear locations in the form of protein fusion!'. Upon
blue light illumination, miniSOG generates 'O, via type Il
photoreaction(®l.

While this chromophore-assisted proximity labeling strategy
has been previously implemented by our group and others to
profile the spatial organization of RNAI'""®l it cannot be easily
extended to labeling DNA because of the following unique
challenges associated with chromatin: 1) substantially lower copy
number of DNA (2 in diploid cells) compared to RNA (often >100
per cell); 2) lower reactivity of double-stranded DNA (dsDNA)
versus single-stranded RNAU'"; and 3) shielding of DNA by
nucleosome and higher order chromatin structures. These
challenges have necessitated improvements in both chemical
labeling and analytical methods.

We started with characterizing miniSOG-mediated DNA
photooxidation in vitro. In a mixture of 100 yM miniSOG and 2.5
mM guanosine in aqueous solution, blue light illumination at the
modest intensity of 24 mW/cm? caused a gradual consumption of
the guanosine starting material, with a half-life of approximately
35 min, as monitored by the ultra-high performance liquid
chromatography-mass spectrometry (UPLC-MS) (Fig. 1A-B and
Fig. S1). Meanwhile, more polar oxidation products were formed
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Figure 1. Characterization of miniSOG/SOPP2-mediated DNA labeling. (A) UPLC analysis of miniSOG-mediated guanosine oxidation before (top) and
after (bottom) blue light illumination for 49 min. Black and blue arrows point to guanosine and its oxidation products, respectively. The peak observed at 0.4
min corresponds to buffer components that elute at the dead volume. (B) The progress of miniSOG-mediated guanosine oxidation reaction, as monitored by
UPLC at various illumination intervals. (C) UPLC-MS analysis of miniSOG-mediated guanosine oxidation and phenethylamine (PEA) adducts formation, with
an elution gradient different from those applied in (A) (see Supplementary Method). (D) ES+ MS analysis of the shaded area in (C). (E) Proposed reaction
scheme of photo-oxidative conjugation between guanosine and PEA via the intermediate of oxoG°*. Whereas oxoG°* hydrolysis leads to the formation of Sp,
it could react with PEA to form the adduct Sp-PEA, whose m/z matches the result of ES+ MS analysis in (D). (F) Streptavidin-HRP dot blot analysis of
miniSOG/SOPP2-mediated DNA labeling with various biotin-conjugated amine probes. For propargyl amine (PA, 4), click reaction with Ns-biotin is performed
after light illumination. The right panel shows the chemical structure of amine probes used in this study.

(less retention time on the reverse-phase column), with m/z
values matching those of Iz, Sp, and Oz (Fig. S2). With the
knowledge that guanosine could be oxidatively conjugated to
amine-functionalized molecules such as lysine and sperminel?-21],
we repeated the above photooxidation experiment with 10 mM
phenethylamine (PEA) added to the reaction mixture. As
expected, we detected a new product with m/z matching that of
the oxidative conjugate, Sp-PEA (Fig. 1C-E and Fig. S3). Another
engineered flavoprotein SOPP2, which is a mutant of miniSOG
with improved 'O, quantum' yield®?, could also mediate the
formation of Sp-PEA adduct (Fig. S3).

We further exploited the above photooxidation reaction to
covalently attach biotin to dsDNA. Firstly, using dot blot assay as
a readout for biotinylation, we compared several biotin-
conjugated amine probes, including aniline (1), alkoxylamine (2),
and alkyl amine (3) (Fig. 1F). Among these, alkyl amine (3)
exhibited the highest reactivity towards miniSOG-mediated photo
labeling of dsDNA. SOPP2-mediated labeling yielded similar
biotinylation signal as miniSOG. Secondly, we confirmed that the
biotinylation is dependent on both the presence of miniSOG and
blue light illumination (Fig. S4). Thirdly, using enzymatic digestion
assays, we excluded the possibility of miniSOG self-labeling as
the major source of the observed biotinylation signal on the dot
blot. When the labeled sample was treated with DNase |, we

2

noticed a substantial decrease in the dot blot signal, whereas
treatment with RNase A or proteinase K caused little changes (Fig.
S4). Finally, when the biotin moiety was replaced with a
bioorthogonal functional handle such as an alkyne, the resulting
propargyl amine (PA, 4) probe could also be photooxidatively
conjugated to dsDNA and subsequently derivatized with biotin
using Cu-assisted alkyne-azide cycloaddition (CUAAC) reaction
(Fig. 1F and Supplementary Method). Taken together, these data
demonstrated that miniSOG could mediate the photooxidative
conjugation of amine probes to dsDNA upon blue light illumination.

We next sought to test the efficiency and the spatial
specificity of chromophore-assisted dsDNA labeling in the cellular
context. Through fusions with the N-terminal signal sequence of
COX4 (mito-miniSOG), histone 2B (H2B-miniSOG/SOPP2),
lamin A (SOPP2-LMNA), and nucleolin (SOPP2-NCL),
miniSOG/SOPP2 was targeted to the mitochondrial matrix, the
nucleoplasm, the nuclear lamina, and the nucleolus, respectively,
in human embryonic kidney 293T (HEK293T) cells (Fig. 2A and
Fig. S5). For intracellular labeling, we chose PA (4) as the probe
for its excellent water solubility and cell membrane permeability!'”].
Following probe incubation (5 mM) at 37°C for 10 min, cells
expressing mito-miniSOG and H2B-miniSOG were illuminated
with blue light at 28 mW/cm? for 15 min. Immunofluorescence
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Figure 2. Characterization of the efficiency and the spatial specificity
of miniSOG/SOPP2-mediated DNA labeling in the cellular context. (A)
Immunofluorescence images of HEK293T cells expressing mito-miniSOG,
H2B-SOPP2, SOPP2-LMNA, and SOPP2-NCL. V5 is an epitope tag
(green). Mitotracker and DAPI (cyan) are markers for the mitochondria and
the nucleus, respectively. miniSOG/SOPP2 fusion proteins are expressed
in a fraction of cells. Scale bar is 10 ym. (B-C) qPCR analysis of DNA
labeling in the mitochondrial matrix (B, mito-miniSOG) or the nucleoplasm
(C, H2B-SOPP2).

imaging showed that no labeling occurred in cells not expressing
miniSOG (Fig. S5). Thereafter, cells were lysed to extract the
genomic DNA, and a biotin handle was introduced via click
reaction, which allowed efficient affinity purification of labeled
dsDNA fragments with streptavidin-coated beads. Finally, these
enriched fragments were analyzed by quantitative PCR (QPCR)
to evaluate the level of enrichment (Supplementary Method).

As expected, for DNA samples from cells expressing mito-
miniSOG, mitochondrial genome-encoded genes MT-CO3 and
MT-CYB showed high levels of enrichment (19.49+0.48 and
23.12+0.30), whereas nuclear genome-encoded genes GAPDH
and ACTB showed no enrichment relative to the control
(1.02+0.26 and 1.2340.31) (Fig. 2B). The opposite was observed
in DNA samples from cells expressing H2B-miniSOG: high-level
enrichment of GAPDH (2.68+0.46) and ACTB (2.44+1.07) and no

enrichment of MT-CO3 (1.00+0.07) and MT-CYB (0.67+0.33) (Fig.

S5). By replacing H2B-miniSOG with H2B-SOPP2, much higher
levels of enrichment for nuclear genes (6.80+0.29 for GAPDH and
10.26+0.54 for ACTB) were achieved (Fig. 2C), presumably due
to the higher 'O, quantum yield of SOPP2. It is possible that the
lower copy number of DNA relative to RNA calls for more intense
labeling reaction to raise the signal above the noisel'’l. Consistent
with this observation, H2B-SOPP2 also vyielded stronger
biotinylation signal than H2B-miniSOG on dot blot analysis (Fig.
S6). We thus decided to use SOPP2 instead of miniSOG for
subsequent cellular experiments.

We then focused our analysis on the next-generation
sequencing (NGS) of DNA samples. As expected, for cells
expressing mito-miniSOG, NGS reads are highly enriched across
the entire mitochondrial chromosome (ChrM), whereas for cells
expressing H2B-SOPP2, ChrM reads were significantly depleted
(Fig. S7). When SOPP2 was targeted to the nucleus via fusion
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Figure 3. Schematic of DNA labeling in HEK293T cells expressing
SOPP2-LMNA. Cells were incubated with 5 mM PA probe (4) for 10 min at
37°C before blue light illumination. Following labeling, the genome was
extracted from cells and the biotin handle (grey blob) was introduced via
click reaction. Finally, labeled DNA was enriched with streptavidin beads
and analyzed by NGS sequencing.

with a nuclear localization sequence (SOPP2-NLS), our NGS
analysis revealed a positive yet modest correlation (Pearson’s
correlation coefficient r = 0.29) between SOPP2-mediated DNA
enrichment and DNA single-strandness, which was measured by
the level of enrichment in kethoxal-assisted single-stranded DNA
sequencing (KAS-seq)®?® (Fig. S8). While this observation is
consistent with the previous report that photosensitized reaction
favors ssDNA over dsDNA['], the weak correlation between our
SOPP2-NLS dataset and KAS-seq suggests that this selection
rule is not stringent. Together, the above data confirmed the
efficiency and high spatial specificity of chromophore-assisted
DNA labeling in live cells.

Finally, we applied our method to profile local genomic
sequences at the nuclear periphery. Previous DamiID studies
have identified chromosomal regions in close contact with the
nuclear lamina. These lamina-associated domains (LADs) serve
to organize chromosomes within the nucleus and have been
associated with gene repression?!l. We performed two biological
replicate experiments in HEK293T cells expressing SOPP2-
LMNA (Fig. 2A). Following labeling and affinity purification, we
analyzed enriched DNA fragments with NGS (Fig. 3).

The genomic map of enrichment was generated by plotting
the log, ratios of enriched reads versus input reads for both
replicates (Fig. 4A). To assign LADs and inter-LADs (iLADs)
regions, we applied a two-state hidden Markov model (HMM)[291
for our replicated data. The LADs identified by SOPP2-LMNA
cover 37.6% of the genome (Fig. S9) and have a lower gene
density (3.9 genes/Mb) than iLADs (9.8 genes/Mb). For
comparison, the average gene density across the whole genome
is 7.4 genes/Mb. Our data thus revealed the gene-poor nature of
LADs, which is consistent with the previous report’?®l. Interestingly,
these LADs are negatively and weakly correlated with ssDNA
peaks identified by KAS-seq®? (Fig. S10), suggesting that the
weak preference of SOPP2-mediated labeling towards ssDNA is
outweighed by its proximity effect.

LADs identified in our study are enriched in the
heterochromatin marker H3K9me2 while depleted in histone
markers associated with active gene expression, including
H3K27ac, H3K4me3 and H3K36me3?"! (Fig. 4B). Certain types
of repetitive elements have been associated with
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Figure 4. Analysis of SOPP2-LMNA labeling. (A) Integrated Genomics Viewer (IGV) browser views of DNA profiling (logz enrich/input) with SOPP2-LMNA
replicates and DamID-LMNB in chromosome 11. (B) Epigenetic marker enrichment in LADs profiled by SOPP2-LMNA. CGl, CpG islands. DHS, DNA highly
sensitive sites. (C) Relative enrichment of major repetitive elements in LADs profiled by SOPP2-LMNA. DNase-seq, CTCF ChIP-seq, and histone modifications
data are from ENCODE (DNase-seq: ENCFF127KSH, CTCF: ENCFF008LSM, H3K9me2: ENCFF823KJS, H3K27ac: ENCFF993MZN, H3K4me3:
ENCFF498ERO, H3K36me3: ENCFF111DMJ). Information on CGI and repetitive elements are from UCSC genome browser.

heterochromatin®®. In our dataset, transposable elements
including long interspersed nuclear elements (LINEs) and long-
terminal repeats (LTRs) are enriched, while short interspersed
nuclear elements (SINEs) and satellite repeats are depleted (Fig.
4C).

As expected, our SOPP2-LMNA dataset correlates well with
the previous LMNA ChlP-seq data from Hela cellsi?®, but poorly
with H2B-SOPP2 dataset (r < 0.15), where the entire genome is
labeled indiscriminately (Fig. S11). Furthermore, our SOPP2-
LMNA dataset shares 77.5% overlap with LADs identified in
previous DamlID studies (Fig. 4A and Fig. S12), despite
differences in cell lines (Tig3 versus HEK293T) and nuclear
lamina marker protein fusions (LMNB versus LMNA) used in
these experiments?l. The above comparison highlights the
conserved organization of LADs and demonstrates the power of
our method in profiling DNA within subnuclear structures.

To summarize, we developed a novel method to study the
spatial arrangement of chromatin in living cells. We demonstrated
that genetically encoded photosensitizers, miniSOG and SOPP2,
could mediate the photooxidative conjugation of amine probes to
double-stranded DNA under mild blue light illumination. We
applied the chromophore-assisted DNA labeling method to
investigate the local chromatin sequence at the nuclear lamina
and identified lamina-associated domains (LADs) that share
similar features with those obtained from previous ChlP-seq and

DamlD studies, thus highlighting the high spatial resolution of our
new method.

Compared to existing techniques for profiing DNA
sequences associated with certain subnuclear structures, such as
ChIP-seq and the more recently developed TSA-seq, a notable
advantage of our method is the avoidance of chemical fixatives,
such that DNA labeling occurs when all the subcellular structures
are preserved in their native state. In terms of substrate
preference, DamID requires the presence of the GATC tetrad
sequence, while photooxidative DNA damage only requires the
presence of guanosine. Thus, our method could complement
DamlD for the high-resolution mapping of local DNA contents in
live cells. Another advantage of our method is its fast reaction
kinetics, requiring only 15-min illumination of blue light at modest
intensities of 20-30 mW/cm?. This high temporal resolution
compares favorably to DamlID, which typically requires several
hours of labeling!'?, and could enable future investigations of
chromatin structure through different phases of the cell cycle.

Notably, chromophore-assisted proximity labeling has been
previously employed for studying the spatial arrangement of
subcellular transcriptomel'7-'9, but has never been developed in
the context of mapping chromosome organization. The size of
SOPP2 (12 kDa) is less than half of those of GFP (27 kDa) and
DamlID (32 kDa). Given the already successful applications of
GFP- and DamID-fusions in many subnuclear compartments (e.g.
nucleolus®®, nuclear speckle*®, PML body®'!, polycomb body?

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

etc.), we envision that chromophore-assisted DNA labeling could
be broadly applied to profile chromatin compositions in nuclear
bodies and subnuclear liquid condensates that underlie
transcriptional control(®3,
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