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SUMMARY

The engineered ascorbate peroxidase (APEX) is a powerful tool for the proximity-dependent labeling of proteins and RNAs in live cells. Although widely use in mammalian cells, APEX applications in microorganisms
have been hampered by the poor labeling efficiency of its biotin-phenol (BP) substrate. In this study, we
sought to address this challenge by designing and screening a panel of alkyne-functionalized substrates.
Our best probe, Alk-Ph, substantially improves APEX-labeling efficiency in intact yeast cells, as it is more
cell wall-permeant than BP. Through a combination of protein-centric and peptide-centric chemoproteomic
experiments, we have identified 165 proteins with a specificity of 94% in the yeast mitochondrial matrix. In
addition, we have demonstrated that Alk-Ph is useful for proximity-dependent RNA labeling in yeast, thus expanding the scope of APEX-seq. We envision that this improved APEX-labeling strategy would set the stage
for the large-scale mapping of spatial proteome and transcriptome in yeast.

INTRODUCTION
Eukaryotic cells are highly compartmentalized. Understanding
the spatial organization of the cellular proteome is thus crucial
for elucidating the molecular mechanism of cellular physiology
(Beck et al., 2011; Kim and Roux, 2016). Over the past decade,
proximity-dependent protein-labeling reactions, including
ascorbate peroxidase (APEX) (Rhee et al., 2013)/APEX2 (Lam
et al., 2015), and BioID (Choi-Rhee et al., 2004)/TurboID (Branon
et al., 2018), have emerged as powerful techniques for profiling
the molecular inventories of various important subcellular compartments (Kim and Roux, 2016). Among these, APEX is an engineered peroxidase that catalyzes the one-electron oxidation of
biotin-conjugated phenol (BP) substrate into a phenoxyl free
radical, which rapidly reacts with nearby proteins to form a covalent linkage with electron-rich amino acid side chains (Rhee
et al., 2013). Due to the high reactivity and the short lifetime of
phenoxyl radicals, APEX-mediated proximity labeling is characterized with fast labeling kinetics (<1 min) (Mortensen and
Skibsted, 1997) and a small labeling radius (10 nm) (Bendayan,
2001; Mayer and Bendayan, 1997). Since its invention in 2013,
APEX labeling has complemented classic fractionation-based
methods to provide a comprehensive proteomic map of the

mitochondria (Hung et al., 2014, 2017; Rhee et al., 2013),
signaling complexes (Paek et al., 2017), RNA granules (Markmiller et al., 2018), etc., in the live cell context. Notably, a majority of
APEX applications are in metazoan cells, with only a few examples in microorganisms, such as yeast cells (Hwang and Espen€ger et al., 2020).
shade, 2016; Santin et al., 2018; Singer-Kru
Yeast is a powerful model organism for studying eukaryotic
cell biology (Duina et al., 2014; Pan, 2011). However, APEX labeling has not been successful in yeast due to the poor cellular
permeability of its BP substrate (Hwang and Espenshade,
€ger et al., 2020). To facilitate probe penetration,
2016; Singer-Kru
the yeast cell wall had to be partially destroyed via the action of
zymolase (Hwang and Espenshade, 2016) or freeze-thaw cycle
€ger et al., 2020). We reasoned that replacing the
(Singer-Kru
biotin moiety with a small clickable handle, such as an alkynyl
group, could improve the membrane permeability of APEX substrate. Owing to its promiscuity in substrate recognition, APEX is
known to turn over alkyne-conjugated phenol (Rhee et al., 2013),
a feature that motivated us to design a strategy to solve the problem of APEX labeling in yeast. As outlined in Figure 1A, following
APEX-mediated labeling and cell lysis, the alkynyl handle could
then be derivatized with biotin-conjugated azide using click
chemistry reaction for visualization and enrichment.
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Figure 1. APEX Labeling of Yeast Subcellular Proteome
(A) Scheme of APEX-mediated labeling with Alk-Ph probe in yeast. APEX2 is
genetically targeted to the mitochondrial matrix. Following Alk-Ph probe incubation, labeling reaction is triggered by the addition of 1 mM H2O2 and
quenched after 1 min. After cell lysis, an affinity tag or a fluorophore is ligated to
alkyne-modified proteins via click chemistry.
(B) Confocal fluorescence images of W303 yeast cells expressing Su9APEX2-eGFP, Su9-eGFP, and NLS-APEX2-eGFP. Mitochondria was stained
by either DAPI (Williamson and Fennell, 1979) or tetramethylrhodamine
methyl ester (TMRM) and the nucleus was stained by Hoechst 33342. Scale
bar, 5 mm.

RESULTS
We started by targeting APEX2 enzyme to subcellular compartments in budding yeast (tryptophan-auxotrophic W303
Saccharomyces cerevisiae strain) through fusion with signal
peptides and proteins. We focused on the mitochondrial matrix
targeting because yeast has been a favorite model for studying
mitochondrial functions (Pan, 2011), yet the sub-mitochondrial
localization of specific proteins could be mis-annotated even in
well-established databases (Vögtle et al., 2017). For this purpose, APEX2 was fused to the pre-sequence of F0-ATPase subunit 9 (Su9) (Westermann and Neupert, 2000) and a Flag-tagged
enhanced GFP (eGFP) at its N and C termini, respectively. As a
negative control, we constructed an Su9-Flag-eGFP without
APEX2 fusion. For comparison, we also created a nucleuslocalized APEX2 via N-terminal fusion with a nuclear localization sequence (NLS) derived from SV40 large T antigen (Kalderon et al., 1984). The correct subcellular localizations of these
fusion proteins were confirmed by confocal fluorescence microscopy (Figure 1B).
2 Cell Chemical Biology 27, 1–8, July 16, 2020

We next screened a panel of alkyne-conjugated aromatic
APEX2 substrates (Figure 2A) for their protein-labeling activities
in intact yeast cells. These include phenol, aniline, pyridinol compounds that differ in their molecular sizes, steric hindrance,
redox potentials, and bond dissociation energies. Yeast cells expressing Su9-APEX2 were incubated with each probe at 2.5 mM
final concentration for half an hour, and the labeling reaction was
initiated by the addition of 1 mM H2O2. The reaction was
promptly stopped after 1 min through the addition of a cocktail
of free radical quenchers, including sodium ascorbate and trolox, and a peroxidase inhibitor, sodium azide. Following cell lysis,
extracted proteins were reacted with either azide-conjugated
Cy5 fluorophore or azide-(PEG)3-biotin for 1 h at room temperature. In-gel fluorescence imaging (Figure 2B) and western blot
analysis (Figures S1A and S1B) revealed probe 1 (alkyne-phenol
[Alk-Ph]) as the most reactive APEX2 substrate for labeling the
yeast proteome.
We subsequently optimized the protein extraction protocol
(Figures S1C–S1E), Alk-Ph probe concentration (Figures S1F–
S1H), incubation time (Figures S1I–S1K), and APEX2 labeling
time (Figures S1L–S1N), and compared the labeling efficiencies
of Alk-Ph and BP probes in the yeast mitochondria. Whereas BP
yielded negligible labeling signal, Alk-Ph labeling was substantially stronger and depended on APEX2 expression and the presence of H2O2 (Figure 2C). In the negative control cells expressing
Su9-eGFP, we observed a weak but noticeable background AlkPh labeling signal in the streptavidin-horseradish peroxidase
(HRP) blot (lane 3 in Figure 2C), which might be attributed to
endogenous peroxidase activities in the yeast. Interestingly, we
also noticed the disappearance of the anti-Flag (sequence
DYKDDDDK, an epitope tag on APEX2 construct) signal on the
western blot (bottom part of Figure 2C). It is likely that Alk-Ph labeling on the tyrosine residues of the FLAG tag blocks antibody
recognition (Rhee et al., 2013). Due to its higher solubility in
aqueous solution, the Alk-Ph probe could be supplied at a
much higher concentration (>5 mM) than BP (<0.5 mM). Our
probe titration data showed that APEX2-mediated Alk-Ph labeling in the yeast mitochondria is more effective at probe concentrations above 1 mM (Figure S1F). In previous work, yeast cells
should be treated with high osmotic sorbitol solution to facilitate
BP entry through the cell wall (Hwang and Espenshade, 2016). In
contrast, our data showed that 1.2 M sorbitol treatment did not
increase Alk-Ph labeling efficiency in yeast, thus confirming the
good cell wall permeability of the Alk-Ph probe (Figures S2A
and S2B). When APEX2 was expressed in the nucleus (NLSAPEX2) or in the secretory pathway as a fusion with the yeast
a-agglutinin-binding subunit (Aga2p-APEX2), distinct subpopulations of the cellular proteome were labeled (Figures S2C–
S2E). We also observed stronger Alk-Ph labeling signal than
BP in another yeast strain MHY500 (Figures S2F–S2H). Taken
together, the above results demonstrated the high efficiency
and general applicability of APEX2-mediated protein labeling
with Alk-Ph in intact yeast cells.
We applied APEX2-mediated Alk-Ph labeling to map the yeast
mitochondrial matrix proteome. To quantify the level of enrichment, we designed two negative control experiments, where
either the Alk-Ph probe or the APEX2 enzyme was omitted
from the labeling reaction (Figure 2D). While the control omitting
the probe serves to subtract the non-specific protein adsorption
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background on streptavidin-coated beads, the control omitting
the enzyme (using yeast cells expressing Su9-Flag-eGFP) could
help remove false positives arising from the endogenous peroxidase activity in yeast, as observed earlier in the streptavidinHRP blot (Figure 2C). For both labeling and control experiments,
following cell lysis and click reaction with azide-(PEG)3-biotin,
labeled proteins were purified using streptavidin-coated agarose
beads. The strong interactions between biotin and streptavidin
allowed stringent washing of the beads with 2% SDS and 8 M
urea to remove non-specific adsorption (see STAR Methods).
Thereafter, enriched proteins were treated with trypsin and
released from the beads in the form of digested peptides. We
used a stable isotope dimethyl labeling strategy to quantitatively
measure the ratio of protein abundance between samples (Figure 2D). Specifically, peptides from the labeling sample were
treated with heavy isotope-labeled D13CDO and NaBH3CN to
methylate its –NH2 group, resulting in a +34.0631-Da mass shift
in m/z. In contrast, peptides from each control sample were
treated with HCHO and NaBH3CN, leading to N-dimethylation
and a mass shift of +28.0313 Da. The heavy and light samples
were mixed and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for peptide identification and
abundance determination, following previously established analysis protocols (Hsu et al., 2003; Hung et al., 2016).
A total of 705 and 366 proteins were identified across two biological replicate experiments of ±APEX2 quantitative MS analysis and
two biological replicate experiments of ±probe quantitative MS
analysis, respectively (Figure 2E; Table S1). The H/L (heavy to light)
ratio cutoff was determined through receiver operating characteristic (ROC) analysis (Fawcett, 2006; Hung et al., 2016). We started
by carefully curating a true positive list of 220 proteins, including
experimentally validated mitochondrial matrix proteins (Vögtle
et al., 2017) and mitochondrial ribosomal proteins (The UniProt,
2014) (Table S2). We also created a false positive list, including
66 cytoplasmic ribosomal proteins (The UniProt, 2014) and 154
proteins located at the outer mitochondrial membrane or the inter-membrane space (Vögtle et al., 2017) (Table S3). ROC analysis
reveals a log2(H/L) ratio cutoff of 7.82 for ±APEX2 experiment,
leading to the enrichment of 267 proteins (Figures S2I and S2J).
A similar analysis with the ±probe experiments identified 209 enriched proteins above a cutoff of log2(H/L) > 7.43. Taken together,
an intersection of the above two datasets yielded a list of 150 enriched proteins, including 142 proteins (95%) with previous mitochondrial annotations (Dennis et al., 2003; The UniProt, 2014) (Figures 2F and S2K; Table S1). The remaining eight proteins could be

mitochondrial localized but previously mis-annonated, or they
could arise from the non-specific binding to streptavidin-coated
agarose beads.
While the above quantitative MS analysis has demonstrated
the high spatial specificity of APEX2-mediated protein labeling
with Alk-Ph in yeast, affinity purification of biotinylated proteins
with beads is inevitably complicated by the non-specific protein
adsorption background. An alternative strategy is to identify the
Alk-Ph-modified peptides on MS, which could unambiguously
assign tagged proteins/sites. To facilitate the site-specific mapping of Alk-Ph modification, we used a peptide-centric chemoproteomic workflow (Yang et al., 2015), as outlined in Figure 3A.
Following APEX2 labeling, cell lysis, and tryptic digestion, peptides are clicked with an affinity tag bearing a UV-cleavable
benzoinester linker (Az-UV-biotin) (Figures S3A and S3B). Biotinylated peptides are enriched by streptavidin and photoreleased via UV illumination. The photo-cleavage products are
then analyzed by LC-MS/MS to determine peptide sequences
and Alk-Ph modification sites. Consistent with previous reports,
our analysis revealed tyrosine residue as the primary site of AlkPh modification (Rhee et al., 2013). For example, we identified an
Alk-Ph-derived modification on Y85 of yeast ATP synthase subunit H (ATP14), as demonstrated by the fully annotated MS/MS
spectrum with diagnostic fragment ions specific to the modification (Figure 3B).
We have identified 56 proteins with two or more unique AlkPh-modified peptides in two experimental replicates, with 95%
(53 out of 56) having prior mitochondrial annotations (Table
S4). The majority of proteins on this list are soluble proteins,
with only one exception: a multipass transmembrane protein,
COX1, which is localized to the inner mitochondrial membrane
(IMM) with known topology. In both replicated experiments,
COX1 was consistently labeled at Y491 on the matrix side, where
APEX2 was targeted (Figure S3C). Although this is the only
example of identifying APEX2 labeling site on integral membrane
proteins, it highlights the possibility of inferring membrane protein topology through APEX2-mediated Alk-Ph labeling, as has
been previously done with the (desthiol)biotin-phenol probe
(Lee et al., 2017; Udeshi et al., 2017).
The union of our peptide-ID dataset and protein-ID dataset
yields a final list of 165 proteins with 94% (155 out of 165)
mito-specificity, which we defined as our yeast mito-matrix proteomic dataset (Figure 3C; Table S5). Notably, our proteome
possesses a much higher coverage than that achieved by previous APEX2 BP method using freeze-thaw cycle (165 versus 78

Figure 2. APEX2-Mediated Proteomic Labeling in Yeast Mitochondria with Improved Alkyne-Conjugated Substrates
(A) The chemical structure of a panel of APEX2 substrates used in this study.
(B) In-gel fluorescence image of APEX2-mediated proteomic labeling with various probes in yeast mitochondria. Alkyne-modified proteins were ligated with
azide-Cy5 via click reaction. Bottom: Coomassie staining of the same gel.
(C) Streptavidin-HRP blot analysis to compare APEX2-labeling efficiency in the yeast mitochondria with Alk-Ph or BP probe. Alkyne-modified proteins were
ligated with azide-(PEG)3-biotin via click reaction. Molecular weight standards are shown in kDa. Arrows indicate endogenously biotinylated proteins. Bottom:
a-Flag western blot showing the expression of Su9-APEX2 (*) and Su9-eGFP (**).
(D) Workflow of protein-level quantitative proteomic experiments. Stable isotope-labeled formaldehyde is used to dimethylate amino groups in the digested
peptides. Negative controls are yeast cells treated in the absence of the Alk-Ph probe (-probe), or yeast cells not expressing the APEX2 enzyme (-APEX2).
Duplicated experiments were performed for each condition.
(E) Venn diagrams showing the numbers of proteins identified across replicated proteomic experiments. Top: overlap between two ±APEX2 experiments. Middle:
overlap between two ±probe experiments. Bottom: overlap between ±APEX2 replicates and ±probe replicates.
(F) Scatterplot showing the enrichment levels of proteins labeled with APEX2 in the yeast mitochondria. Red and gray dots represent proteins with and without
mitochondrial annotations, respectively. H/L ratio cutoffs are shown as gray dashed lines. A zoom-in view is shown on the right.
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Figure 3. Identification of APEX2-Labeling Sites and Analysis of Yeast Mitochondrial Matrix Proteome
(A) Scheme of functionalizing alkyne-modified peptides with a photocleavable affinity tag (azide-UV-biotin) to assist APEX2-labeling site identification.
(B) Characteristic fragmentation of an Alk-Ph-modified peptide and its MS/MS spectrum. DFI, diagnostic fragment ions.
(C) Venn diagram showing the numbers of proteins identified in protein- and site-level analyses.
(D) Analysis of the mitochondrial specificity of APEX2 labeling. Left: proteins with prior mitochondrial annotations in the entire S. cerevisiae proteome (from Uniprot
€ger et al., 2020) labeled
database). Middle: our mitochondrial matrix proteome labeled with Alk-Ph. Right: previous mitochondrial matrix proteome (Singer-Kru
with BP.
(E) Comparison of the APEX2-labeling coverage with Alk-Ph and BP probes.
(F) Analysis of the spatial specificity and the coverage of mitochondrial matrix labeling. Cartoons showing the subunit organization of OXPHOS complexes and the
TIM/PAM proteins across the inner mitochondrial membrane (IMM). Protein subunits identified at the protein level and the site level are colored in red and green,
respectively. Proteins identified in both datasets are colored in orange. IMS, inter-membrane space.
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positive markers, and two abundant cytosolic mRNA, ACT1
and TDH3, as negative markers. Real-time-PCR analysis revealed 2.2- to 4.3-fold enrichment of the four positive markers
in Alk-Ph-labeled samples, relative to the negative marker,
ACT1, whereas another negative marker TDH3 was not significantly enriched (1.06 ± 0.43) (Figure 4B). Consistent with the
low efficiency of BP in yeast, no substantial enrichment of positive RNA markers was observed in samples labeled with BP
(Figure 4B). We further demonstrated that RNA enrichment depended on APEX2-mediated labeling, as negative control
samples omitting APEX2 (cells expressing Su9-GFP), H2O2,
or the probe, yielded minimum enrichment of mitochondrial
genes (Figure S4). To the best of our knowledge, this is the first
demonstration of proximity-dependent transcriptomic profiling
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Figure 4. APEX2-Mediated Alk-Ph Labeling of the Mitochondrial
Transcriptome
(A) Scheme of RNA labeling in yeast. Yeast cells expressing Su9-APEX2 were
labeled with 2.5 mM Alk-Ph or BP, as previously described. Following cell lysis,
alkyne-modified RNA molecules were conjugated with azide-(PEG)3-biotin via
click reaction, fragmented and enriched with streptavidin-coated beads. RNA
abundance was quantified with real-time PCR.
(B) Real-time-PCR analysis of mitochondrial RNA enrichment (MT-COX1, MTATP9, MT-ATP6, and MT-21S rRNA) relative to the cytoplasmic RNA markers,
ACT1 and THD3. The relative enrichment levels were calculated as the ratios of
2 DDCt for each gene over that of ACT1, where DDCt = [CtENRICH – CtINPUT]LABEL – [CtENRICH – CtINPUT]CONTROL (see STAR Methods). AP, Alk-Ph probe.
Error bars represent standard deviations of four technical replicates.

€ger et al., 2020), thus illustrating the higher
proteins) (Singer-Kru
efficiency of Alk-Ph labeling in yeast (Figures 3D and 3E). As a
demonstration of the high spatial specificity of our dataset, we
examined the coverage of TIM23 protein complex and OXPHOS
protein complexes across the IMM (Bolender et al., 2008; Hartley
et al., 2019; Kanehisa and Goto, 2000; Srivastava et al., 2018). As
expected, only those subunits with matrix exposure can be detected in our dataset (Figure 3F; Table S6).
Recently, APEX2-mediated proximity-dependent biotinylation
has been extended to profile the subcellular transcriptome (Fazal
et al., 2019; Padrón et al., 2019; Zhou et al., 2019). Given its
higher efficiency, we speculated that the Alk-Ph probe is also
useful for labeling RNA in yeast. To evaluate the labeling efficiency toward yeast mitochondrial transcriptome, W303 cells
expressing Su9-APEX2 were labeled with either Alk-Ph or BP
at 2.5 mM final concentration. Following cell lysis and RNA
extraction with TRIzol, the sample was digested with DNase I
to remove residual DNA. For Alk-Ph-labeled samples, purified
RNA was subsequently ligated with azide-(PEG)3-biotin. Biotinylated RNA was enriched with streptavidin-coated beads,
reverse-transcribed into cDNA, and quantitated by real-time
PCR (Figure 4A).
We chose three mitochondrial mRNA (MT-COX1, MT-ATP9,
MT-ATP6) and a mitochondrial rRNA (MT-21S rRNA) as our
6 Cell Chemical Biology 27, 1–8, July 16, 2020

To summarize, we have screened a panel of alkyne-modified
aromatic APEX2 substrates for improved labeling efficiency in
live yeast cells. Among these, Alk-Ph emerged as the most efficient probe, owing to a combination of high solubility, high
permeability through the yeast cell wall, and a suitable redox
potential for APEX2-mediated probe oxidation and protein labeling. In theory, electron-rich aromatic substrates are more
readily oxidized by APEX2 into free radicals than electron-deficient substrates. Yet, the reactivity of the resulting free radical
is negatively correlated with the electron density of the probe.
These two competing factors suggest that a suitable range of
redox potential may exist for the most efficient APEX2 probes.
Notably, our observation that the simplest form of Alk-Ph
yielded the highest labeling efficiency in yeast is consistent
with previous reports that BP is the most efficient probe for
APEX-mediated protein labeling in mammalian cells (Rhee
et al., 2013; Zhou et al., 2019).
Our strategy avoids the harsh treatment with zymolase
(Hwang and Espenshade, 2016) or freeze-thaw cycle (Singer€ger et al., 2020) to remove the yeast cell wall, which may
Kru
introduce stress to cells and globally perturb the proteome.
We applied this technique to investigate the sub-mitochondrial
proteome, and our combined quantitative proteomic experiments identified 165 yeast mitochondrial matrix proteins with
exceptional specificity (94%). Our protein-centric dataset contains eight proteins without prior mitochondrial annotations (Table S1), including two heat-shock proteins (HSP82 and HSP12)
and four RNA-binding proteins (NPL3, GIS2, TIF3, PAB1).
Among these, five proteins (PAB1, REG1, TIF3, STM1,
HSP82) are close to the cutoff limit (Figure S2K) and are thus
likely false positives. The remaining three proteins (NPL3,
HSP12, GIS2) are not predicted to contain mitochondrial targeting sequences, as analyzed by MitoFates (Fukasawa et al.,
2015), which warrants future investigations. We further
extended Alk-Ph labeling to map the subcellular transcriptome
in yeast. Our data demonstrate that APEX2-mediated Alk-Ph
labeling is a generally applicable approach to profile the subcellular proteome and transcriptome in yeast, which could
open up new avenues to study microorganisms with APEX2mediated proximity labeling.
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SIGNIFICANCE
This work offers an APEX2-based methodology that permits
the proximity-dependent protein and RNA labeling in yeast.
Through probe synthesis and activity screening, a clickable
APEX2 substrate alkyne-phenol (Alk-Ph) is identified that exhibits enhanced labeling efficiency in intact yeast cells. AlkPh enables proteomic profiling in the mitochondrial matrix
of intact yeast cells with exceptionally high specificity
(94%), and offers higher coverage than the traditional
APEX2 substrate biotin-phenol (BP). Alk-Ph also facilitates
the identification of APEX-labeling sites, allowing the unambiguous assignment of membrane topology of mitochondrial proteins. This strategy has thus extended APEX2 applications to microorganisms.
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rev: CTTGTACAGCTCGTCCATGCCG
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ATGCCACCAAAAAAAAAAAGAAAAGTTAAGG
ACAATAGCTCGACGATTG
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This paper
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Primer for pCTCON2-Aga2p-APEX2 fwd:
AATATACCTCTATACTTTAACGTC
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This paper
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RT-PCR primer for ACT1 gene fwd:
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This paper

N/A

RT-PCR primer for TDH3 gene fwd:
TCACGGTAGATACGCTGGTG
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This paper

N/A

RT-PCR primer for MT-COX1 gene fwd:
GTGGTTTAACTGGTGTTGCCT
rev: GTGAAAATGTCCCACCACGTA

This paper
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This paper
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RT-PCR primer for MT-ATP9 gene fwd:
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This paper
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RT-PCR primer for MT-21S rRNA gene fwd:
AGCGAAATTCCTTGGCCTATAA
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This paper

N/A

Laboratory of Prof. Alice Ting

N/A

pFind studio (Version 3.0.11)

Chi et al., 2018

http://pfind.ict.ac.cn/software/
pFind3/index.html

pQuant

Liu et al., 2014

http://pfind.ict.ac.cn/software/
pFind3/index.html

Recombinant DNA
pCTCON2
Software and Algorithms

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Peng Zou
(zoupeng@pku.edu.cn).
Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.
Data and Code Availability
All data presented are available in the main text and Supplemental Information.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Yeast Strains, Media, Plasmids, and Strains Constructions
S. cerevisiae W303 strain (MATa leu2-3, 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11, 15)[phi+] was a gift from Profs. Tao Liu and Ping
Wei (Peking University). S. cerevisiae MHY500 strain (MATa his3 200 leu2-3,112 ura3-52 lys2-801 trp1-1) was a gift from Dr. Ping Xu
(Phoenix Center in Beijing). Yeast cells were grown in the synthetic drop-out medium without tryptophan (SD media, containing 20 g/L
glucose, 6.7 g/L yeast nitrogen base and 1.92 g/L yeast synthetic drop-out medium supplements without tryptophan) to mid-log
phase at 30 C on a rotary shaker. W303 and MHY500 cells were transformed with plasmids using the EZ frozen transformation
kit (Zymo Research) following manufacturer’s instructions. Protein expression was induced by yeast extract peptone galactose media (YPG media, containing 20 g/L galactose, 20 g/L peptone and 10 g/L yeast extract) or synthetic galactose minimal medium
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without tryptophan (SG media, containing 20 g/L galactose, 6.7 g/L yeast nitrogen base and 1.92 g/L yeast synthetic drop-out medium supplements without tryptophan).
METHOD DETAILS
Probe Synthesis
Synthesis of Probe 1

Compound 9 was prepared by adding 4-pentynoic acid (0.245 g, 2.5 mmol, Ark), N-hydroxysuccinimide (0.288 g, 2.5 mmol) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.613
g, 3.2 mmol) to 20 mL anhydrous DMF. The reaction mixture was stirred overnight at room temperature. After the solvent was
removed under vacuum, yellow residue was diluted with 15 mL ethyl acetate and 5 mL water. The combined organic layer was
washed with 5 mL dilute hydrochloric acid solution (pH  4), water and brine successively, dried over sodium sulfate and concentrated. The crude mixture was purified by silica gel chromatography (1% methanol in DCM) to obtain a white solid. The yield was 98%.
1
H NMR (400 MHz, d6-DMSO): 2.90 (m, 4H), 2.81(s, 4H), 2.50 (d, 2H).
Probe 1 was prepared by mixing compound 9 (0.24 g, 1,23 mmol), tyramine (0.342 g, 2.5 mmol) and triethylamine (860 mL,
6.2 mmol) in 15 mL DMF. The reaction mixture was stirred overnight at room temperature. After the solvent was removed under vacuum, product was extracted by 3x10 mL ethyl acetate. The combined organic layer was washed with 5 mL dilute hydrochloric acid
solution (pH  4), water and brine successively, dried over sodium sulfate and concentrated. The crude mixture was purified by silica
gel chromatography (2% methanol in DCM) to obtain a white solid. The yield was 81%. 1H NMR (400 MHz, d6-DMSO): 9.16 (s, 1H),
7.93 (t, J = 5.7 Hz, 1H), 7.04 – 6.95 (m, 2H), 6.71 – 6.62 (m, 2H), 3.24 – 3.14 (m, 2H), 2.81 – 2.71 (m, 1H), 2.57 (t, J = 7.5 Hz, 2H), 2.33 (td,
J = 6.8, 2.4 Hz, 2H), 2.24 (dd, J = 7.7, 6.1 Hz, 2H). Calculated m/z for C13H15NO2: [M+H]+, 218.27; found 218.51.
Synthesis of Probe 2

Probe 2 was prepared by mixing compound 9 (0.244 g, 1.23 mmol), 2-(4-aminophenyl) ethylamine (0.340 g, 2.5 mmol) and triethylamine (860 mL, 6.2 mmol) in 15 mL DMF. The reaction mixture was stirred overnight at room temperature. After the solvent was
removed under vacuum, product was extracted by 3x10 mL ethyl acetate. The combined organic layer was washed with 5 mL dilute
hydrochloric acid solution (pH  4), water and brine successively, dried over sodium sulfate and concentrated. The crude mixture
was purified by silica gel chromatography (2.5% methanol in DCM) to obtain a light yellow solid. The yield was 51%. 1H NMR
(400 MHz, d6-DMSO): 9.71(t, 1H, J = 5.7Hz), 6.87 – 6.80 (m, 2H), 6.51 – 6.44 (m, 2H), 4.85 (s, 2H), 3.15 (dt, J = 8.2, 6.1 Hz, 2H),
2.76 (t, J = 2.6 Hz, 1H), 2.50 (t, J = 4.8Hz, 2H, d), 2.34 (td, J = 7.5, 6.5, 2.0 Hz, 2H), 2.24 (dd, J = 7.8, 6.1 Hz, 2H). Calculated m/z
for C13H16N2O: [M+H]+, 217.28; found, 217.10.
Synthesis of Probe 3

Compound 10 was prepared by adding 3-hydroxybenzoic acid (0.500 g, 3.62 mmol), N-hydroxysuccinimide (0.417 g, 3.62 mmol)
and 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (0.785 g, 4.71 mmol) to 30 mL anhydrous DMF. The reaction
mixture was stirred overnight at room temperature. After the solvent was removed under vacuum, product was extracted by
3x10 mL DCM. The combined organic layer was washed with 5 mL water for three times, dried over sodium sulfate and concentrated.
The crude mixture was purified by silica gel chromatography (1:1 PE/EA) to obtain a white solid. The yield was 69%.
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Probe 3 was prepared by dissolving compound 10 (0.300 g, 1,28 mmol) in 15 mL DMF, adding 2-propynylamine (820 mL,
12.8 mmol) and triethylamine (530 mL, 3.83mmol). The reaction mixture was stirred overnight at room temperature. After the solvent
was removed under vacuum, product was extracted by 3x10 mL ethyl acetate. The combined organic layer was washed with 5 mL
dilute hydrochloric acid solution (pH  4), water and brine successively, dried over sodium sulfate and concentrated. The crude
mixture was purified by silica gel chromatography (1:1 PE/EA) to obtain white solid. The yield was 50.3%. 1H NMR (400 MHz, d6DMSO): 9.66 (s, 1H), 8.81 (t, J = 5.6 Hz, 1H), 7.31 – 7.16 (m, 3H), 6.91 (dt, J = 6.3, 2.7 Hz, 1H), 4.01 (dd, J = 5.6, 2.6 Hz, 2H), 3.10
(t, J = 2.5 Hz, 1H). Calculated m/z for C10H9NO2: [M+H]+, 176.19; found, 175.98.
Synthesis of Probe 4

Probe 4 was prepared by mixing 4-hydroxybenzoic acid (0.300 g, 2.17 mmol), 2-propynyl-amine (120 mL, 2.17 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.500 g, 2.60 mmol), 1-hydroxybenzotriazole (0.353 g, 2.60 mmol) and triethylamine (750 mL, 5.42 mmol) to 20 mL anhydrous DMF. The reaction mixture was stirred overnight at room temperature. After the
solvent was removed under vacuum, product was extracted by 3x10 mL ethyl acetate. The combined organic layer was washed
with 5 mL water for three times, dried over sodium sulfate and concentrated. The crude mixture was purified by C18 reverse column
chromatography (20% methanol in water) to obtain white solid. The yield was 2.2%. 1H NMR (400 MHz, d6-DMSO): 8.64 (s, 1H), 7.72
(d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 4.01 (dd, J = 5.8, 2.5 Hz, 2H), 3.08 (m,1H).
Synthesis of Probe 5

Compound 11 was prepared by adding 5-hydroxynicotinic acid (0.250 g, 1.81 mmol), N-hydroxysuccinimide (0.212 g, 1.81 mmol)
and 1-(3-dimethylaminopropyl)-3-ethylcarbodi-imide hydrochloride (0.446 g, 2.35 mmol) to 20 mL anhydrous DMF. The reaction
mixture was stirred overnight at room temperature. After the solvent was removed under vacuum, product was extracted by
3x10 mL DCM. The combined organic layer was washed with 5 mL water for three times, dried over sodium sulfate and concentrated.
The crude mixture was purified by silica gel chromatography (1:1 PE/EA) to obtain oily liquid.
Probe 3 was prepared by dissolving preceding compound 11 in 15 mL DMF, adding 2-propynylamine (1 mL, 15.6 mmol) and triethylamine (600 mL, 4.34 mmol). The reaction mixture was stirred overnight at room temperature. After the solvent was removed under
vacuum, product was extracted by 3x10 mL ethyl acetate. The combined organic layer was washed with 5 mL dilute hydrochloric
acid solution (pH  4), water and brine successively, dried over sodium sulfate and concentrated. The crude mixture was purified
by silica gel chromatography (1:1 PE/EA) to obtain a white solid. The total yield was 16%. 1H NMR (400 MHz, d6-DMSO): 10.24
(s, 1H), 9.05 (t, J = 5.5 Hz, 1H), 8.47 (d, J = 1.8 Hz, 1H), 8.26 (d, J = 2.8 Hz, 1H), 7.53 (dd, J = 2.8, 1.9 Hz, 1H), 4.05 (dd, J = 5.5,
2.5 Hz, 2H), 3.15 (t, J = 2.5 Hz, 1H). Calculated m/z for C9H8N2O2: [M+H]+,177.18; found 177.25.
Yeast Transformation
Wild type-W303 or MHY500 strain cells were grown at 30 C to mid-log phase in 10 mL yeast extract peptone dextrose medium (YPD
medium, containing 20 g/L glucose, 20 g/L peptone and 10 g/L yeast extract). The cells were pelleted at 500 g for 4 min and the supernatant was discarded. 10 mL EZ 1 solution (from the EZ frozen transformation kit, Zymo Research) was added to wash the pellet.
The supernatant was discarded again after centrifugation at 500 g for 4 min. The competent cells were obtained by resuspending the
cell pellet in 1 mL EZ 2 solution (from the EZ frozen transformation kit, Zymo Research). 20 mL of competent cells were mixed with
0.1-0.5 mg plasmid DNA (in less than 2 mL volume) and 200 mL EZ 3 solution (from the EZ frozen transformation kit, Zymo Research).
The mixture was vortexed thoroughly and incubated at 30 C for 1.5 h. The transformation solution was mixed vigorously for three
times during the incubation. The above transformation mixture was spread on a synthetic drop-out medium plate without tryptophan
(SD plate, containing 20 g/L glucose, 15 g/L agar, 6.7 g/L yeast nitrogen base and 1.92 g/L yeast synthetic drop-out medium supplements without tryptophan) and incubated at 30 C for two days.
Imaging of APEX2 Expression in Yeast Cells
All transformants were grown to mid-log phase in SD cell culture and subsequently were inoculated into SG cell culture. Cells were
harvested at mid-log phase, washed with PBS buffer twice for confocal imaging. To stain yeast mitochondria, harvested cells were
incubated with 5 mg/mL DAPI dye in PBS buffer for 30 min at 30 C (Williamson and Fennell, 1979) or 2 mM tetramethylrhodamine
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methyl ester (TMRM) dye in PBS buffer for 1 h. To stain the yeast nucleus, harvested cells were incubated with 5 mM Hoechst 33342
(Bioworld) in PBS buffer for 30 min at 30 C (Wilson et al., 2010). Stained cells were imaged on a ZEISS LSM 700 laser scanning
confocal microscope.
Streptavidin Blot and In-Gel Fluorescence Characterization of APEX2 Labeling
All transformants were grown to mid-log phase in SD cell culture and subsequently were inoculated into SG cell culture or YPG culture. Cells were harvested at mid-log phase, washed with PBS buffer twice. Cell pellets were re-suspended at 2.5 mM Alk-Ph in PBS
buffer (about 500 mL Alk-Ph solution for 5 OD600 yeast cells) and incubated for 30 min at room temperature. Then H2O2 (Cf 1 mM) was
added for 1 min to trigger the generation of phenol radical and APEX2 labeling. An equal volume of quencher solution consisting
10 mM sodium azide, 10 mM sodium ascorbate and 5 mM trolox in PBS buffer was added to stop Alk-Ph labeling. After APEX2 labeling, cells were washed with PBS buffer twice and resuspended in PBS buffer with protease inhibitor cocktail (Cowin). Cells were
then mixed with an equal volume glass beads (Sigma) and vibrated at 2000 rpm at 4 C for 1 min. Thereafter, cells were cooled on ice
for 1 min. The ‘‘shake-cool’’ cycle was repeated for 10 times to lyse yeast cells. Excess small molecules were removed by protein
precipitation in cold methanol at -80 C for 3 h.
The protein pellet was resuspended in 0.5% SDS in water, then clicked with azide-(PEG)3-biotin reagent (Cf 100 mM) or azide-Cy5
(Cf 100 mM) in the presence of CuSO4 (Cf 333 mM), BTTAA (Cf 666 mM) and sodium ascorbate (Cf 2.5 mM) for 1 h at room temperature.
Labeled protein samples were separated on a 12% SDS-PAGE gel.
For in-gel fluorescence analysis, gels were rinsed with destaining solution (60% v/v water, 30% v/v methanol, 10% v/v acetic acid)
and followed by imaging on Typhoon FLA 9500 imager. For blotting analysis, gels were transferred to nitrocellulose membrane
(Bio-Rad) and blocked by 3% BSA in TBST buffer (TBS buffer with 0.1% Tween20) at 4 C overnight. The blots were immersed
with 0.25 mg/ml streptavidin-HRP (Thermo Fisher Scientific) at room temperature for 1 h. For detecting the expression of Flag or
GFP, the blots were probed with a-Flag monoclonal antibody (Biodragon) or rabbit a-GFP (Abcam) as primary antibodies, followed
by HRP-conjugated goat a-mouse IgG or a-rabbit IgG as the secondary antibodies. Chemiluminescence imaging of the blots were
performed on a Chemidoc imager (Bio-Rad).
Sample Preparation for Protein-Level Analysis
60 OD600 yeast cells expressing Su9-APEX2-Flag-eGFP or Su9-Flag-eGFP at mid-log phase were harvested, followed by APEX2
labeling, cell lysis and click chemistry (with Biotin-(PEG)3-Azide) as previously described. About 1.5 mg proteins were quantified
by BCA assay (Pierce, Thermo Fisher Scientific) for each control group (from 60 OD600 yeast). Excess small molecules were removed
by protein precipitation in cold methanol at -80 C for 3 h. Protein pellet was resuspended in 100 mL 0.5% SDS in water, incubated with
200 uL streptavidin agarose beads (Thermo Fisher) at room temperature for 2 h with gently rotation, and then were washed extensively, twice with 1 mL 2% SDS in water, twice with 1 mL 8 M urea, and twice with 1 mL 2 M sodium chloride.
Prior to on-beads digestion, proteins on the beads were incubated with 0.3 M urea and 10 mM dithiothreitol at 60 C for 15 min and
alkylated with 20 mM iodoacetamide in the dark at 35 C for 30 min. Beads were washed twice with triethylammonium bicarbonate
buffer (Sigma) to remove excess small molecules and then treated with 4 mg sequencing-grade trypsin (Promega) for 16 h at 37 C to
digest proteins into peptides. Thereafter, released peptides were collected from the supernatant following centrifugation at 15000 g
for 10 min at 4 C, and the beads pellet was discarded.
For dimethylation, each peptide sample (200 mL) was mixed with 12 mL 4% (v/v) CH2O (Sigma) or 12 mL 4% (v/v) CD2O (Sigma),
respectively, and 12 mL NaBH3CN. The solution was incubated at room temperature for 1 h. After adding 48 mL 1% (v/v) ammonia
solution (Aladdin) and 24 mL formic acid (Sigma), the light and heavy isotopically labeled samples were mixed and desalted with
HLB extraction cartridges (Waters) as previously described (Fu et al., 2019; Yang et al., 2015).
Sample Preparation for Site-Level Analysis
60 OD600 yeast cells expressing Su9-APEX2-Flag-eGFP or Su9-Flag-eGFP at mid-log phase were harvested, followed by APEX2
labeling, cell lysis as previously described. The protein samples were further incubated with 8 mM dithiothreitol (DTT, Research Products International) at 25 C for 1 h and then alkylated with 32 mM iodoacetamide in the dark at 25 C for additional 30 min. Excess small
molecules were removed by protein precipitation using methanol-chloroform system (aqueous phase/methanol/chloroform, 4:4:1 (v/
v/v)) as previously described (Fu et al., 2019; Kim et al., 2009; Yang et al., 2015). The precipitated proteins were resuspended with
50 mM ammonium bicarbonate containing 0.2 M urea with sonication. Resuspended protein concentrations were determined with
the BCA assay (Pierce, Thermo Fisher Scientific) and adjusted to a concentration of 1 mg/mL. Resuspended proteins were digested
with sequencing-grade trypsin (Promega) at a 1:50 (enzyme/substrate) ratio overnight (16 h) at 37 C.
The tryptic digests were desalted with HLB extraction cartridges (Waters) as previously described (Fu et al., 2019; Yang et al.,
2015), dried by SpeedVac, and reconstituted in a solution containing 30% acetonitrile (ACN) at pH 6. CuAAC reaction was performed by the addition of 1 mM either light or heavy Azido-UV-biotin, 10 mM sodium ascorbate, 1 mM TBTA, and 10 mM CuSO4.
After a 2 h incubation at 25 C with rotation and light protection, the light and heavy isotopic tagged samples were mixed equally.
To remove the excess reactants, the peptide samples were cleaned by strong cation exchange (SCX) spin columns as previously
described (Fu et al., 2019; Yang et al., 2015), and then allowed to interact with pre-washed streptavidin beads (GE). After a 2 h incubation at 25 C, the beads were washed with 50 mM NaAc (pH 4.5), 50 mM NaAc containing 2 M NaCl (pH 4.5), and water twice
each to remove non-specific binding substances. Then, the beads were resuspended in 25 mM ammonium bicarbonate, transferred
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into transparent glass tubes (VWR), irradiated with 365 nm UV light (Entela, Upland, CA). After a 2 h incubation at 25 C with magnetic
stirring, the supernatant was collected, desalted as described above, evaporated to dryness by SpeedVac, and stored at -20 C until
LC-MS/MS analysis.
LC-MS/MS Analysis
For protein-level analysis, LC-MS/MS runs were performed on Q Exactive plus (Thermo Fisher Scientific) operated with an EasynLC1000 nanoflow LC system (Thermo Fisher Scientific). Samples were reconstituted in 0.1% formic acid and pressure-loaded
onto a 2 cm, 150-mm inner diameter microcapillary precolumn packed with C18 (3 mm, 120 Å, SunChrom, USA). The precolumn
was connected to a 12 cm, 150-mm-inner diameter microcapillary analytical column packed with C18 (1.9 mm, 120 Å, Dr. Maisch
GebH, Germany) and equipped with a homemade electrospray emitter tip. The spray voltage was set to 2.0 kV and the heated capillary temperature to 320 C. LC gradient consisted of 0 min, 7% B; 14 min, 10% B; 51 min, 20% B; 68 min, 30% B; 69-75 min, 95% B
(A = water, 0.1% formic acid; B = ACN, 0.1% formic acid) at a flow rate of 600 nL/min. HCD MS/MS spectra were recorded in the datadependent mode using a Top 20 method. MS1 spectra were measured with a resolution of 70,000, an AGC target of 3e6, a max injection time of 20 ms, and a mass range from m/z 300 to 1400. HCD MS/MS spectra were acquired with a resolution of 17,500, an
AGC target of 1e6, a max injection time of 60 ms, a 1.6 m/z isolation window and normalized collision energy of 30. Peptide m/z that
triggered MS/MS scans were dynamically excluded from further MS/MS scans for 18 s.
For site-level analysis, LC-MS/MS runs were performed on Q Exactive HF (Thermo Fisher Scientific) operated with an EasynLC1000 nanoflow LC system (Thermo Fisher Scientific). Samples were reconstituted in 0.1% formic acid and pressure-loaded
onto a 2 cm, 100-mm inner diameter microcapillary precolumn packed with C18 (3 mm, 120 Å, SunChrom, USA). The precolumn
was connected to a 30 cm 150-mm inner diameter microcapillary analytical column packed with C18 (1.9 mm, 120 Å, Dr. Maisch
GebH, Germany) and equipped with a homemade electrospray emitter tip. The spray voltage was set to 2.0 kV and the heated capillary temperature to 320 C. LC gradient consisted of 0 min, 5% B; 25 min, 12% B; 110 min, 24% B; 140 min, 40% B; 141-150 min, 95%
B (A = HPLC-grade water, 0.1% HPLC-grade formic acid; B = HPLC-grade acetonitrile, 0.1% formic acid) at a flow rate of 600 nL/min.
HCD MS/MS spectra were recorded in the data-dependent mode using a Top 20 method. MS1 spectra were measured with a resolution of 120,000, an AGC target of 3e6, a max injection time of 80 ms, and a mass range from m/z 300 to 1400. HCD MS/MS spectra
were acquired with a resolution of 15,000, an AGC target of 2e4, a max injection time of 20 ms, a 1.6 m/z isolation window and normalized collision energy of 27. Peptide m/z that triggered MS/MS scans were dynamically excluded from further MS/MS scans for 25 s.
Yeast RNA Labeling, Enrichment and Quantitation
RNA-related experiments were performed in the AirClean 600 PCR WorkStation, using nuclease-free reagents. 30 mL yeast cells of
OD600 at 1.0 were prepared and labeled as previously described. After APEX2 labeling, cells were washed twice with PBS buffer and
resuspended in 300 mL PBS. Cells were then mixed with an equal amount of glass beads (Sigma) and shaken on a ThermoMixer C
(Eppendorf) at 2,000 rpm at 4 C for 1 min. Then the cells were frozen in liquid nitrogen for 30-60 s. After thawing, the ‘‘shake-freeze’’
cycle was repeated for 9 times to lyse yeast cells. After cell lysis was completed, the samples were centrifuged at 12,000 rpm at 4 C
for 5 min and the supernatant was collected. Yeast total RNA was extracted by TRIzol reagent (Life Technologies) from the supernatant according to manufacturer’s instructions, and then treated with DNase I (NEB) at 37 C for 30 min to remove residual DNA. For
samples labeled with Alk-Ph and the corresponding control samples, purified RNA was mixed with 0.1 mM azide-(PEG)3-biotin, 2 mM
THPTA (Click Chemistry Tools), 0.5 mM copper sulfate pentahydrate (Aladdin), and 5 mM sodium ascorbate (Aladdin) at room temperature for 10 min. This step was omitted in samples labeled with biotin-phenol and the corresponding control samples. All RNA
samples were purified by RNA Clean & Concentrator - 100 (Zymo Research).
Biotinylated RNA was enriched by Dynabeads MyOne Streptavidin C1 beads (Invitrogen). Briefly, C1 beads were washed three
times with B&W buffer (5 mM Tris-HCl, pH 7.5, 1 M NaCl, 0.5 mM EDTA, 0.1% v/v Tween-20), twice with NaOH solution (0.1 M
NaOH and 0.05 M NaCl), and once with 0.1 M NaCl solution at room temperature. C1 beads were then blocked with blocking buffer
(1 mg/mL BSA and 1 mg/mL yeast tRNA in B&W buffer) on a shaker at room temperature for 2 h. The beads were washed three times
with B&W buffer under vortexing, mixed with biotinylated RNA, and thoroughly mixed by rotating at room temperature for 45 min.
The RNA-loaded beads were washed three times with B&W buffer, twice with PBS supplemented with 4 M urea and 0.1% SDS,
and twice with PBS, at room temperature. RNA was collected by treating beads with elution buffer (95% formamide, 10 mM EDTA,
1.5 mM D-biotin) at 50 C for 5 min and then 90 C for 5 min. The samples were put on a magnetic stand and the supernatant was
carefully pipetted out. RNA was extracted by TRIzol from the supernatant according to manufacturer’s instructions.
Enriched RNA was reversely transcribed into cDNA by ProtoScript II First Strand cDNA Synthesis Kit (NEB). The cDNA product
was mixed with PowerUp SYBR Green Master Mix (Applied Biosystems) and analyzed with RT-PCR on StepOnePlus RealTime PCR System (Applied Biosystems). Cytoplasmic marker gene ACT1 was set as the reference. The relative enrichment levels
of each gene was calculated as follows: the DCt of each gene was first calculated by taking the difference of Ct values between
the enriched sample and the input; then the DDCt of each gene was defined as the difference of DCt values between labeled samples
and control samples omitting the probe, to eliminate non-specific background binding of RNA onto the beads. The DDCt values for
each gene was compared with the reference gene, ACT1, to derive the relative enrichment level, which was calculated as the ratio of
2-DDCt. Primers used for RT-PCR analysis are listed in the Key Resources Table.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Protein Identification and Quantification
Raw data files were searched against Saccharomyces cerevisiae Uniprot canonical database (Downloaded on Jul 26, 2018 with 6049
entries). Database search were performed with pFind studio (Version 3.0.11) (Chi et al., 2018). Precursor ion mass and fragmentation
tolerance was set as 10 ppm and 20 ppm, respectively. The maximum number of modifications allowed per peptide was three, as
was the maximum number of missed cleavages allowed. The minimum peptide length was set to 6 amino acids. For protein-level
analysis, mass shifts of +28.0313 Da (dimethylation, Light, N-term/K) was searched as fixed modifications; +15.9949 Da
(oxidation, M) and + 57.0214 Da (carbamidomethylation, C) were searched as variable modifications. For site-level analysis, mass
shifts of +15.9949 Da (oxidation, M), +57.0214 Da (carbamidomethylation, C), and +372.1797 (C19H24N4O4, Alk-Ph-derived modification, Light, Y) were all searched as variable modifications. The FDRs were estimated by the program from the number and quality of
peptide-spectrum-match (PSM) to the decoy database. The FDRs at spectrum, peptide, and protein level were set to < 1%.
Quantification of heavy to light ratios (RH/L) was performed using pQuant as previously described (Liu et al., 2014). pQuant calculates RH/L values based on each identified PSM scan with a 15 ppm-level m/z tolerance window. For protein-level analysis, a differential mass shift of 6.0318 Da on dimethylated peptides was used for quantifying PSM RH/L values. For each independent experiment,
only proteins identified by two or more distinct peptides with quantified PSM RH/L values were retained for further analysis. In this
regard, the RH/L value of each identified protein was calculated as the median of all corresponding PSM RH/L values. For site-level
analysis, a differential modification of 6.02 Da on probe-derived modification was used for quantifying PSM RH/L values. For each
independent experiment, The RH/L value of each Alk-Ph-modified tyrosine site was calculated as the median of all corresponding
PSM RH/L values.
ROC Analysis to Determine the H/L Ratio Cut-Off
The averaged H/L ratios for quantified proteins were calculated from ±APEX2 duplicates or ±probe duplicates. The true positive rate
(TPR) and false positive rate (FPR) were calculated as a function of the averaged H/L ratio:
TPR =

Number of true positives above the H=L ratio
Total number of proteins above the H=L ratio

FPR =

Number of false positives above the H=L ratio
Total number of proteins above the H=L ratio

The receiver operating characteristic curve was created by plotting the TPR against the FPR, for determining the cut-offs (Figures S2I
and S2J). H/L ratios of 227 and 173 were chosen as the cut-offs for ±APEX2 and ±probe datasets, respectively.

e8 Cell Chemical Biology 27, 1–8.e1–e8, July 16, 2020

