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Expanding APEX2 Substrates for Proximity-Dependent Labeling of
Nucleic Acids and Proteins in Living Cells

Ying Zhou', Gang Wang", Pengchong Wang, Zeyao Li, Tieqiang Yue, Jianbin Wang, and

Peng Zou*

Abstract: The subcellular organization of biomolecules such
as proteins and nucleic acids is intimately linked to their
biological functions. APEX2, an engineered ascorbate perox-
idase that enables proximity-dependent labeling of proteins in
living cells, has emerged as a powerful tool for deciphering the
molecular architecture of various subcellular structures. How-
ever, only phenolic compounds have thus far been employed as
APEX?2 substrates, and the resulting phenoxyl radicals prefer-
entially react with electron-rich amino acid residues. This
narrow scope of substrates could potentially limit the applica-
tion of APEX2. In this study, we screened a panel of aromatic
compounds and identified biotin-conjugated arylamines as
novel probes with significantly higher reactivity towards
nucleic acids. As a demonstration of the spatial specificity
and depth of coverage in mammalian cells, we applied APEX2
labeling with biotin-aniline (Btn-An) in the mitochondrial
matrix, capturing all 13 mitochondrial messenger RNAs and
none of the cytoplasmic RNAs. APEX2-mediated Btn-An
labeling of RNA is thus a promising method for mapping the
subcellular transcriptome, which could shed light on its
functions in cell physiology.

Eukaryotic cells feature highly compartmentalized cellular
structures. In the past decade, a number of spatially restricted
chemical labeling techniques have been developed to facili-
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tate profiling of subcellular proteomes. These techniques
often capitalize on genetically targetable enzymes that
catalyze the formation of highly reactive intermediates, such
as biotin-conjugated phenoxyl radicals!™? or biotinyl 5'-
adenylate”"” in the cellular environment, which then react
with neighboring biomolecules to achieve proximity-depen-
dent labeling. Among these, enhanced ascorbate peroxidase
APEX?2 offers both high reactivity and high spatiotemporal
resolution, and has been instrumental in revealing the
proteomes of an array of subcellular compartments, including
mitochondria,*7! primary cilia,® neuronal synapses,” stress
granules,"”! and G-protein-coupled receptor signaling com-
plexes.'2 More recently, APEX2-mediated proximity label-
ing has been applied to map the subcellular transcriptome,
either through crosslinking RNA to biotinylated proteins
(APEX-RIP!"™! and Proximity-CLIP!") or by directly biotin-
ylating RNA (APEX-seq!"™). All of the above studies have
utilized the same APEX2 substrate: biotin-conjugated phenol
(Btn-Ph). In the presence of hydrogen peroxide, APEX2
catalyzes the oxidation of Btn-Ph into a phenoxyl free radical,
which reacts with electron-rich amino acid residues such as
tyrosine in proteins.!117

In principle, the reactivity and lifetime of the APEX2-
generated free radicals could be tuned through chemical
modification of the aromatic ring. APEX2 has been reported
to turn-over other aromatic substrates, but for purposes other
than proximity-dependent labeling of biomolecules. These
substrates include 3,3’-diaminobenzidine for creating electron
microscopy contrast, guaiacol for colorimetric assays, and
Amplex Red for fluorometric assays.'"®!”) This promiscuity in
substrate recognition likely results from the wide binding
pocket and the high oxidation power of ascorbate peroxidase,
which upon activation by H,0O,, forms Compound I with
a redox potential as high as 1.16 V.*"! We therefore sought to
improve APEX2 labeling through expanding the scope of its
substrates.

In this study, we screened a panel of aromatic APEX2
substrates for their reactivity towards proteins and nucleic
acids. Among these, we discovered biotin-aniline (Btn-An)
and biotin-naphthylamine (Btn-Nap) as novel probes with
substantially higher reactivity towards RNA and DNA than
Btn-Ph. Using mitochondrial matrix as an example, we
demonstrated the power of subcellular transcriptome profil-
ing with Btn-An, capturing all 13 mitochondrial messenger
RNAs (MT-mRNA) and both ribosomal RNAs (MT-rRNA).
We also demonstrated the high spatial specificity of APEX2-
mediated Btn-An labeling in other subcellular compartments
such as the nucleolus and the nucleoplasm. This expanded
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panel of APEX2 probes thus opens the door to novel DNA/
RNA labeling applications.

We started by synthesizing seven biotin-conjugated aro-
matic substrates, including hydroxybenzamides, hydroxypico-
linamides, aniline, and naphthylamine (Figure 1). These
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Figure 1. A panel of APEX2 substrates used in this study.

compounds differ in their redox potential and bond-dissoci-
ation energy.™ We evaluated their labeling reactivity
towards proteins with purified APEX2? using bovine
serum albumin (BSA) as a model protein. Western blotting
revealed that hydroxybenzamides (Btn-3HB and Btn-4HB)
and aniline (Btn-An) are more reactive than Btn-Ph (Fig-
ure S1 in the Supporting Information). However, when we
tested these substrates on human embryonic kidney (HEK)
293T cell lysate, we observed the highest labeling intensity
with Btn-Ph, followed by naphthylamine (Btn-Nap), Btn-An,
and Btn-3HP (Figure 2A). The difference in the order of
reactivity indicates that these probes may have different
preferences for their protein targets. In the cellular environ-
ment, with mitochondrial matrix-targeted APEX2 in
HEK293T cells, Btn-Ph also exhibited the highest labeling
intensity, which is consistent with cell lysate labeling assay
(Figure S2). We thus concluded that, over all, these new
probes are inferior to Btn-Ph for proteomic applications.

We next turned to testing their reactivity on nucleic acids.
While phenoxyl radicals have been shown to react with
guanosine to form a covalent adduct,'>** our dot-blot assay
revealed weak Btn-Ph labeling signal on either DNA or RNA
(Figure 2B,C). When testing the panel of new substrates,
naphthylamine (Btn-Nap) emerged as the most reactive
probe towards DNA, followed by Btn-4HB, Btn-An, and
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Figure 2. Comparison of APEX2 labeling activity of various probes on
proteins, DNA, and RNA. A) APEX2-mediated protein labeling in
whole-cell lysate extracted from HEK293T cells, followed by SDS-PAGE
analysis. Top: Western blot. Bottom: Coomassie brilliant blue staining.
B,C) Representative dot-blot images of APEX2-mediated labeling of
plasmid DNA (B) and total RNA extracted from HEK293T cells (C). In
all cases, biotinylation was initiated by mixing samples with purified
APEX2 enzyme, biotin probes, and H,0, in test tubes.
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Btn-3HB (Figure 2B). Using synthetic oligonucleotides as
substrates, we showed that Btn-Nap could label both double-
stranded and single-stranded DNA (Figure S3). Interestingly,
for RNA labeling, Btn-An yielded significantly higher signal
than all other probes (Figure 2 C), and was approximately 20-
fold more efficient than Btn-Ph (Figure S4). Control experi-
ments verified that biotinylation is dependent on both
APEX2 and H,O, (FigureS5). To further explore the
capability of the aniline probe to label RNA, we synthesized
five more biotin-conjugated aniline derivatives with various
substitution groups on the aromatic ring, including -NO,,
-CF;, -F, -CH;, and -OH groups. Dot-blot analysis revealed
that the simplest form of aniline, Btn-An, yielded the highest
signal (Figure S6). Taken together, we have identified naph-
thylamine (Btn-Nap) and aniline (Btn-An) as novel APEX2
substrates with improved labeling efficiency towards nucleic
acids. We focused on Btn-An for further investigation.

Because the sequences and structures of RNA vary
considerably across the transcriptome, one might ask: to
what extent do nucleobase composition and secondary
structure of RNA influence its biotinylation efficiency? We
employed synthetic oligonucleotides that lack one of the four
nucleobases in their sequences, and compared their labeling
intensities. Biotinylation signal was greatly reduced when
guanosine (G) was removed from the oligonucleotide
sequence, whereas removing the other three nucleobases
(A, T, C) did not significantly affect labeling (Figure S7). In
terms of secondary structure, we determined that Btn-An
labeling on single-stranded RNA and DNA were 3.5 +1.2-
fold and 1.8+0.3-fold stronger than labeling on double-
stranded DNA, respectively (Figure S8). The reaction yield of
Btn-An labeling was quite low. We estimated from dot-blot
analysis that biotinylation occurred approximately once per
2800 nucleotides on average (Figure S9). Given the low yield,
we failed to identify the products of Btn-An labeling on
ribonucleosides with liquid chromatography mass spectrom-
etry (LC-MS; Figure S10).

To further evaluate the spatial specificity and sensitivity of
APEX2-mediated RNA labeling in the context of living cells,
we generated a HEK293T cell line that stably expresses
APEX2 in the mitochondrial matrix (mito-APEX2; Fig-
ure 3A). Immunofluorescence imaging of labeled cells
revealed that biotinylated targets were localized in close
proximity to APEX2 (Figure 3B). Negative controls in the
absence of the probe yielded negligible biotinylation signal
(Figure S11). We extracted RNA from labeled cells and used
streptavidin-coated beads to enrich biotinylated targets. The
human mitochondrial genome encodes 37 genes comprising
13 MT-mRNAs, 2 MT-rRNAs, and 22 MT-tRNAs.”"! Quanti-
tative reverse transcription PCR (qRT-PCR) analysis showed
clear enrichment of MT-mRNAs (from 12.3 +2.8 to 107.8 +
31.6 fold) relative to the cytoplasmic mRNA marker
GAPDH (Figure 3C). Treatment with RNase, but not
DNase, reduced enrichment to background level, thus
indicating that enriched samples were not contaminated
with DNA (Figure S12). Compared with Btn-An labeling, the
Btn-3HB and Btn-4HB probes failed to enrich mitochondrial
mRNAs, while Btn-Ph labeling reduced enrichment levels by
approximately 3-fold (Figure S13).
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Figure 3. Fluorescence microscopy and qRT-PCR analysis of APEX2-
mediated Btn-An labeling in HEK293T cells. A) Scheme of live-cell RNA
labeling with Btn-An in the mitochondria. APEX2 was targeted to the
mitochondrial matrix through fusion to the N-terminal 23 residues of
the human COX4 (mito-APEX2). B) Immunofluorescence images of
Btn-An labeling (left) and APEX2 expression (middle, overlaid with DIC
images). Overlaid images of Btn-An and APEX2 are shown on the
right. Top: HEK293T cells stably expressing mito-APEX2 labeled with
Btn-An. Middle: Zoom-in of selected areas (white rectangle). Bottom:
Negative control treated in the absence of Btn-An probe. Scale bars:
20 um. DIC =differential interference contrast. C) Levels of enrichment
for mitochondrial mRNAs as calculated from qRT-PCR analysis in four
replicates, with GAPDH as the negative control. Error bars represent
standard deviations.

Since qRT-PCR analyzes only a few genes at a time, we
sought to characterize our labeling method at the tran-
scriptome level with high-throughput sequencing. As outlined
in Figure 4 A, following biotinylation, RNA extraction, and
affinity purification, eluted RNAs were reverse-transcribed
and subjected to library construction (see the Supporting
Information for details). As a quality control, the size
distributions of DNA libraries were evaluated by capillary
electrophoresis (Figure S14) before Illumina sequencing. We
verified that APEX2 expression, Btn-An incubation, perox-
ide incubation, and nucleic acid labeling did not affect RNA
abundance at the transcriptome level (Figure S15).

To quantify the level of enrichment, we calculated the
fragments per kilobase of exon per million fragments mapped
(FPKM) values for each gene before and after affinity
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purification. We also compared FPKM values in labeled
versus unlabeled control samples to eliminate potential bias
introduced during affinity purification. In both cases, we
defined the enrichment score as 1og,(FPKM,,iched/
FPKM,, ckgrouna)> Where the background is either the input or
the sample with the probe omitted. In total, we detected and
quantified 9444 genes in the enriched sample, and their
enrichment scores are plotted in Figure 4 B. Consistent with
our qRT-PCR analysis (Figure 3C), all 13 MT-mRNAs
appeared clearly enriched (red), whereas abundant cytoplas-
mic mRNAs such as ACTB and GAPDH were not enriched
(black, Figure 4B).

To quantitatively evaluate the spatial specificity and depth
of coverage of APEX2-mediated Btn-An labeling, we per-
formed three independent biological replicate experiments
with the mito-APEX2 cell line and subsequently analyzed this
dataset with DESeq2 software. As shown in Figure 4 C, a total
of 19 genes were significantly enriched (p-value < 0.0001 and
log, (fold change) > 2), including all 13 MT-mRNAs and both
MT-rRNAs. The remaining 4 genes included 1 mitochondrial
tRNA (MT-TP) and 3 pseudogenes encoded by the mito-
chondrial genome (MTATP6P1, MTND2P28, MTCO1PI2),
and were thus expected to be enriched. RNA sequencing
reads mapped almost uniformly along the gene length
(Figure 4D and Figure S16). Together, the above data from
gRT-PCR and next-generation sequencing established that
APEX2-mediated Btn-An labeling is proximity-dependent
and has sufficient sensitivity to profile transcriptome in live
cells.

The post- vs. pre-enrichment fold change of mitochondrial
RNA in our dataset varies substantially, ranging from 5 to 360
(Figure 4C). We also noticed a positive correlation of their
enrichment levels across replicate experiments (Figure S17),
thus suggesting that certain RNAs were more likely to be
captured than the others. We wondered what caused this
variability in labeling and enrichment. We found no correla-
tion between enrichment and RNA length (R?=0.00, Fig-
ure S18). Notably, enrichment levels of mitochondrial RNAs
modestly and negatively correlated with their abundance
(R?=0.56) and lifetime (R*=0.52, Figure S18), thus indicat-
ing that our method does not bias against RNAs that are
short-lived or lowly expressed.

We tried to identify Btn-An labeling site on the RNA
through analyzing mutations and stops in sequencing reads.
However, we observed only 10 mutations in the mitochon-
drial transcriptome from enriched samples and no preference
for particular nucleotides at sequencing read ends (Tables S1
and S2). Our sequencing sample preparation requires partial
RNase digestion to yield primers for second strand synthesis,
where the 3-end nucleotide information is lost (see Supple-
mentary Methods). This is in contrast to established RNA
structure-mapping methods, such as SHAPE,®?! which
employed ligation-based approach for resolving the 3'-end
of cDNA. Future efforts would focus on identifying the Btn-
An labeling site and using this information to improve target
identification accuracy, as well as mapping RNA structure.

To test the spatial specificity of APEX2-mediated Btn-An
labeling in other subcellular locations, we targeted APEX2
expression to the nucleolus (FBL-APEX2) and the nucleo-
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Figure 4. High-throughput sequencing analysis of mito-APEX2 labeling. A) Scheme of high-throughput sequencing workflow. B) Scatter plot of
enrichment scores. Red dots represent 13 MT-mRNAs. Black dots are GAPDH and ACTB genes. Top panel shows zoom-in of the boxed region,
with the names of mitochondrial mRNAs indicated. C) Transcriptome-wide analysis of gene-level RNA enrichment across three replicate
experiments. Horizontal dash line indicates p-value=0.0001. Vertical dashed line indicates the cutoffs for log,(fold change) =2. Red dots are MT-
mRNAs, MT-rRNAs, and MT-tRNAs. Three black dots in the shaded region are mitochondrial pseudogenes. D) Nucleotide-level RNA enrichment
across three replicates. Reads from enriched sample (grey) and the input (black) are mapped to the human mitochondrial genome (top).

plasm (H2B-APEX2) through protein fusion (Figure S19).
We chose mitochondrial mRNAs MT-ND1 and MT-CO1 as
negative markers. In the nucleolus, Btn-An labeling enriched
small nucleolar RNA (snoRNA) U13, as expected. Interest-
ingly, another snoRNA, U3, was not enriched in our dataset.
In the nucleoplasm, small nuclear RNAs (snRNAs) 7SK and
U1l were enriched by Btn-An labeling, whereas U13 and
GAPDH were not (Figure S19). Together, these data dem-
onstrate that APEX2-mediated Btn-An labeling could be
applied to investigate the local transcriptome in various
subcellular regions.

In summary, we have presented an expanded panel of
APEX?2 substrates and identified biotin-aniline (Btn-An) as
a novel probe for efficient labeling of RNA in the cellular
environment. We have demonstrated the exceptional spatial
specificity and high sensitivity of RNA labeling in the
mitochondrial matrix, the nucleoplasm, and the nucleolus.
Because mitochondria are enclosed by two lipid layers, the
strong Btn-An labeling signal indicates that this probe can
easily permeate through cell membranes.

Arylamine-derived free radicals have been reported to
attack the C-8 of guanine nucleobase, resulting in DNA
damage.’*3!! However, they have never been employed as
probes for the purpose of local transcriptome profiling.
Recently, APEX2-mediated proteomic labeling was com-
bined with formaldehyde-mediated (APEX-RIP!) or photo-
induced (Proximity-CLIP'"!) protein-RNA crosslinking to
locally profile subcellular transcriptome. While these tech-
niques have been applied to capture RNAs in various
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subcellular compartments, including the mitochondrial
matrix, the nucleus, the endoplasmic reticulum (ER) mem-
brane, and the cell—cell interface, they do not directly target
nucleobases and require additional crosslinking steps after
APEX?2 labeling, thus leading to poorer spatial resolution.™
APEX-seq solved these problems by directly labeling RNA
with Btn-Ph.'”! Our data showed that Btn-An could signifi-
cantly improve RNA labeling efficiency both in vitro and
in vivo (Figure 1 C and Figure S13). In principle, crosslinking
methods such as APEX-RIP should preferentially capture
RNA molecules with more protein-interaction partners,
whereas APEX2-mediated Btn-An labeling of RNA favors
capturing RNAs with fewer bound proteins. Therefore, these
techniques may complement each other.
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