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ABSTRACT: The inner mitochondrial membrane (IMM) proteome plays a central role in maintaining mitochondrial
physiology and cellular metabolism. Various important biochemical reactions such as oxidative phosphorylation, metabolite
production, and mitochondrial biogenesis are conducted by the IMM proteome, and mitochondria-targeted therapeutics have
been developed for IMM proteins, which is deeply related for various human metabolic diseases including cancer and
neurodegenerative diseases. However, the membrane topology of the IMM proteome remains largely unclear because of the lack
of methods to evaluate it in live cells in a high-throughput manner. In this article, we reveal the in vivo topological direction of
135 IMM proteins, using an in situ-generated radical probe with genetically targeted peroxidase (APEX). Owing to the short
lifetime of phenoxyl radicals generated in situ by submitochondrial targeted APEX and the impermeability of the IMM to small
molecules, the solvent-exposed tyrosine residues of both the matrix and intermembrane space (IMS) sides of IMM proteins were
exclusively labeled with the radical probe in live cells by Matrix-APEX and IMS-APEX, respectively and identified by mass
spectrometry. From this analysis, we confirmed 58 IMM protein topologies and we could determine the topological direction of
77 IMM proteins whose topology at the IMM has not been fully characterized. We also found several IMM proteins (e.g.,
LETMI and OXA1) whose topological information should be revised on the basis of our results. Overall, our identification of
structural information on the mitochondrial inner-membrane proteome can provide valuable insights for the architecture and

connectome of the IMM proteome in live cells.

B INTRODUCTION

The inner mitochondrial membrane (IMM) is one of the most
active sites for cellular metabolism.”” The IMM proteome
conducts various essential biochemical reactions such as
oxidative phosphorylation, metabolite production, and mito-
chondrial biogenesis.
molecular complexes at the IMM (e.g, OxPhos complex,?’_6
TIM/TOM complex,” MICOS complex,” MCU complex,” and
mitochondrial nucleoid complex'’), and the IMM proteins in
each complex are often coupled with each other to regulate
mitochondrial physiology.'”'> Because abnormal functionality
of IMM protein complexes are directly connected to various

Many IMM proteins form macro-

human metabolic diseases including cancer, diabetes, aging and
neurodegenerative diseases, "> ™'
correct architecture of the IMM proteome in live cells for
efficient development of mitochondria-targeted therapeu-
tics.'®” However, there has been no method to reveal the

it is crucial to understand the
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topology of mitochondrial membrane proteins in live cells until
now.

Conventional biochemical assays for the topological
identification of mitochondrial membrane proteins have been
applied only to purified organelle, and the results were often
controversial.'® Furthermore, this method could not be
employed in a high-throughput manner. Additionally, several
three-dimensional (3D) protein structure analysis methods
(e.g, X-ray crystallography and NMR spectroscopy) have been
employed only for ultrapurified samples.” ® However, these
techniques are also limited by the quantity, solubility, and
crystallizability of the protein required for the analyses for other
membrane protein complexes.19 Furthermore, all of these in
vitro samples are evaluated under nonphysiological conditions;
thus, the structures determined by these methods might not
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Figure 1. In vivo proteomic topology mapping by LC—MS/MS analysis. (a) Scheme of DBP-labeling method and the identification of labeled site
for topology mapping. (b) Mapping of DBP-labeled sites on BSA (PDB ID: 3 V03). The labeled sites are marked with different colors according to
the MS1 intensity of the labeled peptides. (c) Correlation graph between solvent accessible surface area (A% x-axis) and MS1 intensity of labeled

peptide per labeled sites on BSA.

perfectly reflect the endogenous protein structure under the
heterogeneous conditions of live cells (e.g, protein—protein
interactions, post-translational modifications).”” Thus, another
tool that can orthogonally provide in vivo structural
information on proteins is required.

In this article, we introduce a new proteomic architecture
mapping method by in situ-generated phenoxyl radical probe.
Owing to the short lifetime (<1 ms) of phenoxyl radical in
aqueous solution,”’ the radical-labeled tyrosine residues may
reflect the solvent-exposed sites on the endogenous proteins.
Moreover, this radical probe can be in situ generated by
genetically targeted peroxidase (APEX) in subcompartmental
space of mitochondrion. Thus, the mass spectrometry (MS)
identification of labeled tyrosine residues provides topological
information on the labeled proteins at each subcompartmental
space of the mitochondrion. It is noteworthy that previous
analyses by using APEX labeling could not resolve structural
identification because these analyses performed based on the
unlabeled peptide detection.”'~**
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Topological information can be obtained only by the mass
spectrometric analysis of directly modified peptides by
phenoxyl radicals. In previous studies, however, only a handful
of the labeled peptide were identified mainly due to poor
recovery of biotinylated peptides from streptavidin (SA)-
beads.”"** Consequently, with those lacking number of the
labeled sites, a thorough investigation about the correlation
between the MS intensity and the solvent exposure level of the
labeled peptides could not be carried out. Thus, we designed a
new chemical probe, desthiobiotin-phenol that enabled more
efficient recovery and stronger MS intensity of the labeled
peptides, and applied it to topological mapping of IMM
proteome. Our new method resulted in significantly compre-
hensive identification of labeled sites (Spot-ID) from in situ
labeling of mitochondrial matrix and IMM proteome. With the
most comprehensive labeled site information so far, we
expanded and corrected the topological annotation of
mitochondrial membrane proteins, providing a proteomic
architecture of IMM proteome in live mammalian cells.
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B RESULTS

Characterization of the Desthiobiotin-phenol (DBP)-
Labeling by LC—MS/MS Analysis. The thioether of
conventional probe, biotin-phenol (BP), in labeled peptides is
easily oxidized to the sulfoxide group during the radical
generation reaction,”>*® which may reduce the signal intensity
of the labeled peptides and consequently compromises the
identification of low-abundant or inefficiently labeled proteins.
In fact, the LC—MS intensity of the oxidized BP-labeled
peptides on the tyrosine residue (+377 Da) amounted up to
~20% of the BP-labeled, original peptides (+361 Da) in human
cell lines (Supporting Figure S1). However, the significant
sulfur oxidation of BP might be solved by using nonsulfurated
biotin or desthiobiotin,”” as desthiobiotin also has a sufficient
binding affinity to SA. Thus, we synthesized desthiobiotin-
phenol (DBP) and analyzed its labeled peptides on tyrosine
residue (+331 Da) in BSA by LC—MS/MS (Figure 1a). Several
DBP-labeled peptides were identified without any further
oxidation on DBP, whereas BP-labeled peptides showed an
oxidized product at the same sequence (Supporting Figure Sla
and Supporting Data Set S1). Notably, LC—MS/MS analysis
also indicated that both DBP- and BP-labeled peptides are
shown multiple times on the chromatogram, suggesting that
heterogeneous products form during the radical coupling
reaction (Supporting Figure S1b).

Before SA-enrichment, DBP-labeled peptides showed com-
parable MSI1 intensity to BP-labeled peptides with the
identically labeled sites in the 1:1 mixture of BP- and DBP-
labeled BSA digests (Supporting Figure S2a). This result
indicates that the global labeling efficiency of DBP-labeling is
similar to that of BP-labeling. After SA-enrichment, however,
the relative intensity of DBP-labeled BSA peptides was
enhanced to ~30% over that of BP-labeled BSA peptides
(Supporting Figure S2b), whereas the MS2 response of both
labeled peptides with the identical sequence was very similar in
terms of fragmentation pattern (Supporting Figure S2c). These
results from BSA suggest that the improved MS sensitivity of
DBP-labeling might be mainly attributed to the increased
elution efficiency of DBP than BP from the SA-beads, not to
increased labeling efficiency. The relative affinity difference in
both biotin and desthiobiotin to SA also supports this
hypothesis. The solid binding affinity (K, = 10> M™") of
biotin to SA might be too strong to allow detergent-free elution
of the biotin-labeled peptides even in the harsh elution
condition.”® However, the lower binding affinity (K, = 10"
M™) of desthiobiotin toward SA not only appears to be
sufficient to bind the labeled peptides to the SA-beads but may
also enable the labeled peptides to be easily released from the
SA-beads in the detergent-free elution condition (e.g.,
formamide elution), which is friendly for LC—MS/MS analysis.
This result supports that the topology mapping based on the
proximity of labeled sites would be practical in proteomic scale
using APEX with a DBP probe.

Furthermore, we found there was a positive correlation
between the MS1 signal intensity of peptides containing DBP-
labeled tyrosine and solvent accessible surface area (SASA, A%)
of the labeled tyrosine in crystal structure of BSA (Figure 1b
and c). Among the labeled tyrosine residues of BSA, we noted
solvent-exposed tyrosine residues (Y424, Y475) showed higher
MS1 labeling intensity compared with other buried tyrosine
residues (Y357, Y376) of BSA. This result implies that DBP
radical more efficiently reacts with more exposed tyrosine
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residues and the MS1 intensity level of labeled peptides can be
used for the rough estimation or comparison of solvent exposed
surface area of labeled tyrosine. It is noteworthy that Y376,
which is completely buried Tyr residue (SASA = 0 A?) in BSA
crystal structure, was also labeled by DBP (Figure 1b and c).
This result suggests that Y376 might be temporally solvent-
exposed and could be reacted with DBP radical during dynamic
structural changes in solution at room temperature.”

Submitochondrial Proteome Mapping by Spot-ID. To
investigate the reactivity of DBP with subcellularly expressed
APEX in living cells, we treated various APEX2’’ conjugate-
expressing cells with BP (500 M) and DBP (500 puM). As
shown in Supporting Figure S3a, BP and DBP generated
remarkably similar labeled-protein band patterns, indicating
that DBP retains comparable membrane permeability and
reactivity with APEX, and its phenoxyl radical efficiently reacted
with endogenous proteins as well. To monitor the SA-bead-
enrichment property of DBP-labeled proteins, BP- and DBP-
labeled proteome by SCO1-APEX2 were analyzed by SA-HRP
Western blots before and after enrichment using much more
harsh elution condition containing SDS detergent than that
condition for LC—MS/MS analysis, in which both the enriched
proteome showed similarly strong intensity in SA-HRP
Western blots (Supporting Figure S3b). This data confirms
that the binding affinity of DBP is practically sufficient for the
SA-bead enrichment of labeled protein and the differential LC—
MS sensitivity of DBP over BP surely comes from the
difference of elution efficiency between the probes on SA-
beads, not labeling efficiency, as we described.

Next, the mitochondrial matrix-targeted (Matrix-APEX2)
and IMS-targeted LACTB-APEX2 were coupled with DBP-
labeling to map the labeled sites (Spot-ID). Previously, these
APEX2s were employed for the proteome mapping of
submitochondrial spaces based on unlabeled peptide ID;
hence, the labeling specificity and the coverage of Spot-ID in
our method could be compared with the previous data set.”"**
Furthermore, we employed a new IMS-targeted APEX2, SCO1-
APEX2, which is localized in the IMS and interacting with the
cytochrome oxidase complex (Complex IV) as an assembly
factor.>’ Thus, we attempted to examine whether SCOI-
APEX2 could generate a different set of labeled sites from those
of LACTB-APEX2. The expression patterns of Matrix-APEX2,
and SCOI-APEX2 were imaged by transmission electron
microscope and each DAB/OsO, staining pattern was well-
matched to the expected submitochondrial space (Supporting
Figure S4b).*

The transiently expressed samples with Matrix-APEX2,
LACTB-APEX2, SCO1-APEX2 by Lipofectamine 2000 (L2K)
transfection and the untransfected sample were labeled with
DBP. From the analysis of this transiently expressed sample
analysis, we found not only a distinct cluster of labeled sites
from each submitochondrial targeted APEX2 but also a
considerable number of labeled peptides from cytosolic
proteins, which might be labeled during APEX2 translocation
from cytoplasm to the mitochondria (Supporting Figure S4 and
Supporting Data Set S2). The labeled sites overlapped between
Matrix-APEX2 and IMS-APEX2 are practically important as
“background” labeled sites (e.g., CYPS1Al) for other APEX-
labeled site identifications (see Supporting Information). We
expected that these “background” sites could be diminished
when APEX expression and the concentration of DBP would be
stringently controlled at low levels in stable cell lines for less
spurious phenoxyl radical labeling.
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Figure 2. Identified DBP-labeled sites by APEX2. (a) Overview of 686 DBP- and BP-labeled sites of mitochondrial Matrix-APEX2, LACTB-APEX2
and SCO1-APEX2 stable cell lines. The table shows the findings for each reproducibly labeled site per biological replicate experiment. The color
intensity represents number of peptide spectra match (PSM) of the labeled peptides per unique labeled site over replicate experiments with various
APEX2s. Detailed information is shown in the Supporting Data Set S3. (b) Overlaps of identified DBP- and BP-labeled unique sites in parallel
experiments for Matrix-, LACTB-, and SCO1-APEXs. (c) Mitochondrial specificity check of Groups I to III. The number of total labeled sites is
depicted over the column. (d) Differential MS1 intensity of respectively labeled peptide between SCO1- and LACTB-APEX2 sample. x-axis: labeled
site, y-axis: log2 value of differential peptide MS1 intensity of SCO1 (S) over LACTB (L). (e) Electron microscopic imaging of AGK-VS-APEX2 and

OCIADI1-VS-APEX2. Scale bar: 1 ym.

We generated Flp-In T-REx 293 stable cell lines with Matrix-
APEX2, LACTB-APEX2, and SCO1-APEX2 and performed
Spot-ID with these cell lines. Labeled sites were assigned when
they were reproducibly observed in each biological replicate.
From the analysis of DBP-labeled peptides from six
independently labeled samples, we identified 608 unique
DBP-labeled sites, which were reproducibly discovered in
each replicate of APEX2-labeled samples. We also confirmed
that DBP showed better depth of coverage (e.g, peptide
spectrum match and unique labeled site number) than by using
the previous probe (BP) in the parallel experiments by using
Matrix-APEX2, LACTB-APEX2 and SCO1-APEX2 (Figure 2b
and Supporting Data Set S3). We clustered four exclusively
labeled sets (Groups I-IV) of DBP- and BP-labeled tyrosine
residues (total 686 sites) from the three APEX2s results (Figure
2a, Supporting Data Set S3). Group I sites (443 sites) were
exclusively labeled only by Matrix-APEX2, and Group II sites
(152 sites) were labeled by both LACTB-APEX2 and SCO1-
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APEX2, but not by Matrix-APEX2. Over 98% of Group I and
over 90% Group II sites were mapped on the mitochondrial
proteins with high mito-specificity (Figure 2c).

Furthermore, the majority of Group I's mitochondrial
proteins were mapped onto mitochondrial matrix or IMM
proteins (Supporting Data Set S3). Only two IMS proteins,
PNPT1 (also known as PNPase)” and STOML2** were
assigned to Group 1. However, PNPT1 has been recently
reidentified as a mitochondrial matrix protein with supporting
evidence of EM imaging in the previous study.”" Since we could
not find any labeled sites of STOML2 by IMS-APEX2, this
peripheral membrane protein should be localized in the
mitochondrial matrix. In contrast, we found two matrix proteins
(NDUFA4 and NDUFB10, known as matrix-side subunits of
OxPhos Complex,***) were reproducibly labeled by IMS-
APEX2 (Group II, Supporting Data Set S3). From the
immunoprecipitation experiment, we confirmed that
NDUFB10 and STOML2 were exclusively DBP-modified in

DOI: 10.1021/jacs.6b10418
J. Am. Chem. Soc. 2017, 139, 3651-3662


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://dx.doi.org/10.1021/jacs.6b10418

Journal of the American Chemical Society

IMS- and Matrix-APEX2 sample, respectively (Supporting
Figure SSa). This result indicates that our MS-identification
of these proteins based on the modification site is not false
positive. Because NDUFA4, NDUFB10 and STOML?2 contain
no predicted transmembrane domain, their submitochondrial
localization should be revised according to their labeled sites by
APEXGs.

We also found that CLPB, a known mitochondrial matrix
chaperone protein,”” were exclusively labeled by IMS-APEX2.
For confirmation of CLPB’s localization in mitochondrion, we
prepared CLPB-APEX2 and examined its biotinylation pattern
which can tell its submitochondrial localization.”® We could
observe very diffusive biotinylated pattern of CLPB-APEX2
from mitochondria, which supports that CLPB should not be
localized within the mitochondrial matrix (Supporting Figure
SSb). Furthermore, analysis of correlations between CLPB-
APEX2’s biotinylated protein pattern with that of other
standard submitochondrial-targeted APEX2 constructs (e.g.,
Matrix, SCO1 and TOM?20-APEX2s), using Western blot with
SA-HRP (Supporting Figure SSc and d) revealed a high
correlation with the pattern observed with SCO1 (0.89) and
low correlations with TOM20 (0.64) and Matrix (0.67),
indicating that the CLPB C-terminus localized to the IMS
(Supporting Figure SSe). Thus, our data suggest that CLPB
should be located at IMS and its function as molecular
chaperone should be rediscussed in the IMS not in the
mitochondrial matrix.>’

A distinct cluster of labeled sites by either LACTB-APEX2
(28 sites) or SCO1-APEX2 (58 sites) was also detected in
Group III (Figure 2a). LACTB-APEX2 exclusively labeled
more number of cytosolic proteins (e.g, YBX1, YWHAQ),
whereas SCO1-APEX2 labeled inner mitochondrial membrane
proteins such as OPAI, TIMM17B and MICU1. Among the
respectively DBP-labeled peptides by SCO1-APEX2 and
LACTB-APEX2 in Group II, several peptides showed
distinctively differential MS1 signal intensities (Figure 2d).
For example, SCO1 (bait, Y216, Y244), NDUFB7 (Y89) and
CHCHD4/MIA40 (Y105) PTGES2 (Y263) and AIFMI1
(Y347) showed reproducibly higher MS1 intensity in SCO1-
APEX2 than LACTB-APEX2, whereas STARD7 (Y171),
NDUFBS (Y171) and ALDOA (Y364) showed higher MS1
intensity in LACTB-APEX2 than SCOI1-APEX2. Since the
stronger MS1 signal intensity should be originated from more
efficient DBP labeling which is dependent on proximity, we
postulated that these differentially labeled proteins including
exclusively labeled proteins might be considered as a clustered
proteome that is proximal to SCO1-APEX2 or to LACTB-
APEX2 in IMS.

Among the labeled proteins by IMS-APEXs (LACTB-APEX2
or SCO1-APEX2), we found several mito-orphan proteins (e.g.,
ACOT1, SMIM4 and TMEM223, Supporting Data Set S3) and
a considerable number of mitochondrial proteins still have no
any submitochondrial annotation, which were labeled either by
Matrix-APEX2 (Matrix-orphan, Supporting Data Set S3) or
IMS-APEX2 (IMS-orphan, Supporting Data Set S3). For
example, AGK is known as a mitochondrial protein without
submitochondrial annotation and it is exclusively labeled by
IMS-APEX2, which suggests that AGK should be an IMS
protein or at least an IMS-exposed domain containing protein.

For the confirmation of their submitochondrial location,
AGK-VS-APEX2 and OCIADI1-VS-APEX2 (C-term tagged
APEX2 at the target protein) were constructed and used for
imaging by electron microscope (EM). The EM images showed
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that AGK-VS-APEX2 was clearly localized to IMS, while
OCAID1-V5-APEX2 was localized to outer mitochondrial
membrane (OMM) (Figure 2e), indicating its C-terminus
headed for OMM. Considering the labeled sites (Y25, Y128,
Y129, Y199, Y210) of OCIAD1 by IMS-APEX2, we postulated
that OCIAD1 should contain plausible transmembrane domain
through OMM.

TMEM261 Is a Newly Identified Mitochondrial Protein
in IMS. Notably, we reproducibly found DBP-labeled Y12 of
TMEM261 (also known as C9orf123) in LACTB-APEX2 and
SCO1-APEX2 samples, which is a transmembrane (TM)
protein without subcellular annotation. To confirm its
subcellular localization, we cloned TMEM261-V5-APEX2 and
checked its expression and biotin-labeled pattern. Although this
protein is not currently annotated as a mitochondrial protein,””
TMEM261-VS-APEX2 showed a clear mitochondrial pattern,
which overlaid well with the mitochondrial marker protein,
mito-BFP (Figure 3a). Furthermore, its biotinylation pattern
was not restricted to mitochondria, indicating the biotinylated
proteins by TMEM261-APEX2 were diffused from the porous
outer mitochondrial membrane and this result implies that C-
terminus of TMEM261 might be localized to IMS or OMM.**
We also performed transmission electron microscopy (TEM)
imaging of TMEM?261-V5-APEX2, which clearly localized in
IMS (Figure 3b). This result indicates that the C-terminus of
TMEM261 is exposed in the IMS (Figure 3c). Considering its
two expected TM domains, the labeled site (Y12) by IMS-
APEX2 and EM imaging result of C-term tagged APEX2 at
TMEM261-APEX2, TMEM261 is likely to be an IMM or
OMM protein, with its N- and C-terminus exposed to the IMS
(Figure 3¢).

To understand its role in the mitochondria, we also
performed Spot-ID experiments with TMEM261-APEX2 stable
cell line. We collected 470 DBP-labeled sites in TMEM261-
APEX2 (Supporting Data Set S4) and among these labeled
sites, ~39% of sites (182 sites) were overlapped with labeled
sites of IMS-APEX2 (Group II, Figure 3d). In this analysis, we
could observe again that DBP showed much better depth of
coverage of labeled sites (total 470 sites) than by using the
previous probe (BP, total 284 sites) in the parallel experiments
(Figure 3e and Supporting Data Set S4). Interestingly,
distinctly labeled sites of endoplasmic reticulum (ER) lumen
or secretory pathway proteins such as CALU, RCN1, RCN2,
HSP90B1, PDIA3, and PDIA6 were observed in its exclusively
labeled sites of TMEM261-APEX2 (Group III, Figure 3d and
f). The labeled sites of these ER lumen proteins were not
covered by other IMS-APEX2s or Matrix-APEX2. In further
analysis, these labeled sites on ER-lumen proteins were also
identified by ss-APEX2-KDEL whose APEX2 is localized at the
ER lumen, whereas these labeled sites were not covered by
APEX2-NES whose APEX2 is localized at the cytoplasm
(Supporting Data Set SS). This result implies that TMEM261
might be very proximate to the ER-mitochondrion tethered
junction;*>*' thus, its generated DBP radical can diffuse
efficiently into the ER lumen through OMM (Figure 3g). We
also found that several DBP-labeled nuclear proteins (e.g,
DDX3X and RUVBL1) in Group III have known mitochon-
drial functions.””* Thus, it might be intriguing to investigate
whether functions of nuclear proteins labeled by TMEM?261-
APEX2 are related to mitochondria and nuclear crosstalk*** in
future studies.

Interestingly, a recent report suggested this gene is
significantly overexpressed in human breast cancer in the
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Figure 3. TMEM261 is a newly identified mitochondrial protein. (a)
TMEM261-VS-APEX2 labeling imaging; the green channel (anti-VS)
is for enzyme expression pattern; the red channel (SA-568), for the
DBP labeling pattern; and the blue channel is for the mitochondrial
marker mito-BFP. HeLa cell was used for this imaging experiment.
Scale bar = 10 ym. (b) Electron microscopic imaging of TMEM261-
VS-APEX2. TMEM261-VS-APEX2 labeling sites are depicted by blue
asterisks. Scale bar: 500 nm. (c) The proposed membrane topology of
TMEM261 in the mitochondrion. (d) Overview of 470 DBP-labeled
sites of TMEM261-APEX2. The table shows the findings of each
reproducibly labeled site per biological replicate experiment. The color
intensity represents number of peptide spectra match of the labeled
peptides per unique labeled site over replicate experiments. Detailed
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Figure 3. continued

information is shown in the Supporting Data Set S4. (e) Overlaps of
identified DBP- and BP-labeled unique sites in parallel experiments for
TMEM261-APEX2. (f) Suborganelle specificity of labeled sites in
Group II and Group III. The number of total identified sites with
subcellular information is depicted over the column. (g) Schematic
representation of TMEM261 localization in IMS near the ER-
mitochondrial junction based on the Spot-ID result.

context of gene copy number ampliﬁcation.46 Moreover, we
found the possibility of TMEM261 as an oncogene in prostate
cancer from bioinformatics analysis (Supporting Information).
Thus, further study is required to investigate its physiological
role related to mitochondrial function in cancer tissues in the
future.

In Vivo Membrane Protein Topology Determination
by Spot-ID. Our Spot-ID results provided valuable informa-
tion on the topological direction of membrane proteins; due to
the short lifetime of in situ-generated phenoxyl radicals and the
high impermeability property of the IMM, the labeled sites
should be in the same direction as that of targeted APEX. For
instance, MIC60/IMMT (also known as mitofilin) is a core
IMM protein component of the MICOS complex,47 and the N-
terminus domain (1—46 aa) is localized in the matrix, and the
C-terminus domain (65—758 aa) is localized in the IMS. The
33rd tyrosine residue of MIC60 was labeled by Matrix-APEX2
(Group I), and the 95th, 358th, 543rd and S78th tyrosine
residues of MIC60 were labeled by IMS-APEX2s (Group II and
III) (Figure 4a). The topological direction of 16 TM including
MIC60 proteins at IMM were also well-matched with labeled
sites either by Matrix-APEX2 or IMS-APEX2 (SCO1-APEX2
and LACTB-APEX2) (Figure 4b and Supporting Figure S6a).
For peripheral membrane proteins, 26 matrix-localized proteins
were exclusively labeled by Matrix-APEX2, and 16 IMS-
localized proteins were exclusively labeled by IMS-APEX2s
(Figure 4c and Supporting Figure S7a). Given that our labeled
site accurately reflected its sublocalized spaces, we determined
the topology of 44 mitochondrial TM proteins at the IMM
(Figure 4d, h and Supporting Figure S6b) and membrane-
localized direction of 33 mitochondrial peripheral membrane
proteins at the IMM (Figure 4e, h and Supporting Figure S7b).

Interestingly, we found that Y17 of UQCRQ was
reproducibly labeled by Matrix-APEX2 while Y60 and Y78 of
UQCRQ was reproducibly labeled by IMS-APEX2. Although
UQCRQ contains no reported TM domain in Uniprot, our
results strongly suggest that UQCRQ _should be a TM protein
at the IMM. Similarly, we also found Y38 of COX4I1 was
labeled by Matrix-APEX2, whereas Y126 of COX4I1 was
labeled by IMS-APEX2. This result also suggests that COX4I1
should have a single TM domain between 38 and 126 aa at
IMM. It is noteworthy that the Dense Alignment Surface
(DAS)-TM analysis™® predicted a single transmembrane
domain for both COX4I1 and UQCRQ, consistent with our
result (Supporting Figure S6¢ and d). The proposed topologies
of these proteins are shown in Figure 4d.

Among the labeled sites, we observed several OMM proteins
labeled by IMS-APEX2. For example, MUL1, an OMM
transmembrane protein with both N- and C-termini exposed
to the cytosol,” was labeled by IMS-APEX2 at Y173, which is
exposed to IMS (Figure 4f). We also found that several beta-
barrel OMM proteins such as VDACI1, VDAC2, VDAC3, and
SAMMS0 were labeled by IMS-APEX2. Intriguingly, all four
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Figure 4. Labeled sites for in vivo protein topology determination. (a) MIC60/IMMT protein topology confirmation by our labeled sites. (b) IMM-
TM protein topology confirmation. Other confirmed IMM-TM proteins are shown in Supporting Figure S6a. (c) Peripheral membrane protein-
binding face confirmation by our results. Other confirmed IMM-peripheral membrane proteins are shown in Supporting Figure S7a. (d) Proposed
membrane topology of IMM-TM proteins of OxPhos complex by our labeled site result. Other proposed IMM-TM proteins are shown in
Supporting Figure S6b. (e) Proposed membrane-binding face of several peripheral membrane OxPhos complex proteins at the IMM based on the
labeled sites. Other proposed IMM-peripheral membrane proteins are shown in Supporting Figure S7b. (f) Confirmed and proposed orientation of
OMM proteins based on the sites labeled by IMS-APEX2. N- and C-termini of VDAC1 (PDB ID: 3ENM) and VDAC2 (PDB ID: 4BUM) are
shown in yellow, and tyrosine residues labeled by IMS-APEX2 are in blue. (g) IMS side of VDAC2 protein. (h) Proposed membrane topology of
LETM1, OXA1L, STOML2, NDUFA4, and NDUFB10 by our labeled site results. The proposed TM direction is shown in blue. The proposed
newly identified TM domain is shown in yellow. Either DBP- or BP-labeled sites by Matrix-APEX2 are marked by green circles with “D” or “B”
respectively, and DBP- or BP-labeled sites by IMS-APEX?2 are marked with blue circles with “D” or “B” respectively. Detailed information is shown in

the Supporting Data Set S3.

DBP-labeled tyrosine residues (Y78, Y184, Y236, and Y258) of
VDAC?2 were positioned at the same side of the protein (Figure
4f and g), indicating that this side of VDAC2 is exposed to IMS.
Additionally, we could determine that the N- and C-termini of
VDAC! were exposed to IMS based on the labeled site (Y62,
Y67). Our data proposed that these two VDAC proteins have
the same orientation based on the sites labeled by IMS-APEX2
(Figure 4f). Considering that the orientation of VDAC protein
is still under debate,’ it is noteworthy that our proposed
orientation of VDACI is consistent with the previously
determined orientation of tagged VDACI*"? and a dynamic
simulation study of VDAC1.” Similarly, for the first time, we
proposed the orientation of VDAC3’* and SAMMS0™ at
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OMM based on our labeled sites. Furthermore, the labeled sites
of VDAC1 and VDAC?2 in our data set, which are located at the
same side of the structure, supports that these crystal structures
of VDAC1°® and VDAC2” are close to their native
conformation in live cells.*®

We also found some results conflicting with previously
established topologies of IMM membrane proteins such as
LETM1 (Uniprot ID: 095202)°” and OXAIL (Uniprot ID:
Q15070).°° To confirm that the N-terminus domain of LETM1
containing Y141 is exposed in the mitochondrial matrix, we
prepared a VS-APEX2-LETM1 construct, in which APEX2 is
inserted between 151-aa and 152-aa of LETMI1 (Supporting
Figure S8a). We checked the expressed and biotinylated

DOI: 10.1021/jacs.6b10418
J. Am. Chem. Soc. 2017, 139, 3651-3662


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://dx.doi.org/10.1021/jacs.6b10418

Journal of the American Chemical Society

Complex IV
a Complex Ill (10CC)

(1BCC)

ATP Synthase
(2WSS)

Complex |

(5LDW) HotEE>

COX6AT
Complex Il P
(1ZOY)

cYes»

ATP?I 4

NDUFAF1 COX7A2L

NDUFAF2
NDUFAF3
NDUFAF4
NDUFAF7

uacet

ATP5L

ATPSS
ATPAF1
ATPIF1

c
Cytochrome BC1 Complex

(PDB ID: 1BCC) ATP Synthase

(PDB ID: 2WSS)
cYct  cve
Y174

«’\q‘k g
,{*&m ‘

UQCR10
Y44

uQcCRrQ
Y78

¥~ UQCRQ

,,\ 7§ uacks
s

b l‘{ UQCRB
aAsd
- 3 UQCRB

~_UQCRB
> vse

UQCRQ
Y17

UQCRC1

UQCRC1
Y257

MS intensity :

Low

Complex |
(IMS side, 5LDW)

NDUFC2 NDUFB10

NDUFA3

NDUFBS5

NDUFB6

d Cytochrome BC1 Complex ATP Synthase
(PDB ID: 1BCC) (PDB ID: 2WSS)
6.0E+09 1.2E+10
Y35
.
z [ 9.0E+09 Y395
2 > °
£ Y44 Y257 2 196 Yeze .
5 3OE09 |1l vaor ¢ & 60809 vzyssenggyzso !
= Y123 | e4Y174  YTIEOX A Y56 o
. « Y60 S 3.0E+09 Yé67ya1g . YAT6
Vlo‘%g o4~ Y55 . . Y193
s YBaysL Y56y Y vas ves
0.0E+00 0.0E+00 e .
50 100 150 200 0 50 100 150 200

Solvent Accessible Surface Area (A2) Solvent Accessible Surface Area (A2)
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patterns in HEK293T cells, and it showed a good
mitochondrial pattern and very restricted biotinylated pattern
(Supporting Figure S8b), which implies APEX2 in thlS
construct should be positioned in the mltochondrlal matrix.”
In addition, we performed EM imaging’” of VS-APEX2-
LETM1, which very clearly showed mitochondrial matrix
staining (Supporting Figure S8c and d). Thus, we can correct
that LETM1’s N-terminus stretched out to the matrix, not to
IMS, which concurs with its labeled site (Y141) by Matrix-
APEX2. When considering the two predicted TM domains
(204—232 aa and 413—421 aa, Supporting Figure S8e) along
with its DBP-labeled sites (Y141, Y422, Y598) by Matrix-
APEX2, we propose that LETMI1 exhibits the membrane
topology shown in Supporting Figure S8f.

Interestingly, the DAS-TM prediction program also indicates
that OXAIL may contain 4 TM domains (Supporting Figure
S9a), whereas S annotated TM domains are shown in Uniprot.
The number of TM domains is important in membrane
topology because the odd or even number of TM domains
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indicates cross-membrane localization or colocalization of N-
and C-termini of OXAIL, respectively. Thus, we sought to
determine whether OXAI1L’s N-terminal and C-terminal
domains localized to the mitochondrial matrix by APEX-
EM.°" For this, we prepared OXAIL(1—435 aa)-V5-APEX2
where VS-APEX2 was conjugated to the C-terminus of full-
length OXAIL (Supporting Figure S9b). Notably, APEX-EM
imaging showed clear mitochondrial matrix staining (Support-
ing Figure S9c). This finding was subsequently confirmed by
bioinformatics analysis with Mitoprot,®> which predicted that
N-terminal domain of OXAIL (1—72 aa) harbors a strong
mitochondrial targeting sequence with over 97% confidence
that would be cleaved after mitochondrial translocation.
Following this result, we prepared OXAIL(1-73 aa)-V5-
APEX2 where VS-APEX2 was conjugated to the C-terminus of
the N-terminal OXA1L(1—73 aa) domain construct (Support-
ing Figure S9b) and found obvious mitochondrial matrix
localization with APEX2-EM (Supporting Figure S9d). Thus,
EM imaging with Spot-ID results (Y196) proposed a topology
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with 4 TM domains (Supporting Figure S9¢). We also
identified that cleavage of OXAIL N-terminal signal peptide
(1—72aa) occurred by Western blotting (Supporting Figure
S9f). Our proposed topology of LETMI and other membrane
proteins (OXA1L, PNPT1, STOML2, NDUFA4, and
NDUFB10) are displayed in Figure 4h.

In Vivo Structural Identification of Mitochondrial
Protein by Spot-ID. In our data set, numerous tyrosine
residues of OxPhos subunits were identified as labeled sites by
Matrix- or IMS-APEX2. On the basis of the resulting labeling
information in matrix or in IMS, the orientation of these
subunits was proposed (Figure 4). Our proposed topology of
the OxPhos complex is consistent with the crystal or EM
structure of these complexes (Figure S). For example, Complex
I in mammalian mitochondria, whose structure was recently
reported by the Hirst group,” comprises 45 proteins, including
31 supernumerary subunits. Among these proteins, 21 proteins
were mapped by both Matrix- and IMS-APEX2, and their
labeled sites exactly matched either matrix-side or IMS-side
exposed tyrosine residues on the complex (Figure Sa).
Interestingly, NDUFB10, which was annotated as a matrix
protein in Uniprot but was labeled by IMS-APEX2 in our data,
was positioned at the IMS side in a recently reported Complex
I structure (Figure 5b).° In other mitochondrial complexes
(e.g, Complex II, I, and IV and ATP Synthase),3_5’ % the
discovered labeled sites were well-matched with the determined
protein structure in terms of the orientation of the tyrosine
residue at IMM (Figure S and Supporting Figure S10). Given
that some of our identified protein topology of OxPhos
complex subunits are indeed well-supported by identified
crystal structures of OxPhos complex, our proposed membrane
topologies of other IMM and OMM proteins should be
considered as a true positive resource (Supporting Data Set
S7).

We also found that the labeled sites were primarily localized
at the surface-exposed subunits of the complexes. For instance,
none of the core membrane subunit proteins (e.g., ND1, ND2,
ND3, and ND4) of Complex I were labeled by either APEX,
but the supernumerary subunits (e.g, NDUFA3, NDUFAS,
NDUFA13, NDUFAB1, NDUFB4, NDUEBS5, NDUFB6,
NDUFB7, NDUFBS, NDUFB9, NDUFB10, and NDUFC2),
which are components for building a cage structure around the
core membrane subunits, were found to be labeled by APEX2
(Figure Sb and Supporting Figure S10). This result indicates
that the solvent-accessible protein subunits were preferentially
labeled by APEX over the structurally buried protein subunits
in the complex. There are several supernumerary subunits of
OxPhos complex that were not characterized by the atomic
structures but identified in our study. The topological direction
of those accessory subunits (e.g, NDUFAF1, NDUFAF2,
NDUFAF3, NDUFAF4, NDUFAF7, TIMMDC1/C3orfl,
TMEMI126B for Complex I; UQCC1 for Complex II;
TTC19 for Complex III, NDUFA4, COX6A1, COX7A2L,
SCO1, SCO2, CMC2, TACO1, LRPPRC for Complex IV;
ATPSI, ATPSL, ATPSS, ATPAF1, ATPAIIL for ATP Synthase)
are proposed in Figure Sa and Supporting Figure S11.

As we described in Figure 1c, the short-lived phenoxyl radical
tends to react on the protein surface tyrosine residue in a
simple in vitro experiment. We further examined a correlation
between the surface exposure level and the MS intensity of
labeled peptides in the living cells by matching several identified
sites with the crystal structure of mitochondrial macromolecular
protein complexes. As shown in Figure S5, we marked the
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identified tyrosine residues on the ATP Synthase and
cytochrome BC1 complex (also known as Complex III) with
differential color codes according to the MS1 intensity (Figure
5c). We observed that more exposed residues (e.g, Y35 and
Y82 of ATPSO; Y257 of UQCRC1) were more strongly
labeled than other tyrosine residues. In this macromolecular
complex, a positive correlation between MS1 signal intensity of
the labeled sites and its exposure level (solvent accessible
surface area, A%) was also observed (Figure Sd). Interestingly, a
couple of the labeled sites with considerably high MS1 intensity
were not fully exposed on the surface. For example, Y17 of
UQCRAQ possesses a negligible solvent accessible surface area
(2.7 A?) in the crystal structure, however, its labeled peptide
showed the highest MSI intensity (4.8 X 10°) among the
labeled tyrosine residues of cytochrome BC complex. Since the
protein structure can be dynamically changed by interaction
with other proteins or post-translational modification, we
postulated that this site might be exposed to solvent in their
dynamic native structure and followed by phenoxyl radical
labeling. Thus, we postulated that the MS intensity of our Spot-
ID peptides can reflect the native dynamic structure of protein
in a living cellular context.*"%

B DISCUSSION

We found our proposed topologies of mitochondrial membrane
proteins can provide insights for physically interacting domain
within certain mitochondrial complexes. For example, it was
reported that OXA1L interacted with mitochondrial ribosome
in the matrix with its C-terminus;*® however, our identified
topologies of OXAIL propose that its N-terminus should
interact with mitochondrial ribosome (Supporting Figure S12).
Because OXAIL plays a major role in nuclear-encoded protein
translocation from the cytosol,’® our result supports that C-
terminus of OXAIL should interact with its substrate proteins
at the IMS side. Interestingly, our proposed topologies of PHB
(IMS-side) and STOML2 (matrix-side) hypothesizes whether
these two protein interaction’* should be mediated by a IMM-
TM protein (e.g, ATAD3A) at IMM. Our proposed
connectome of protein subunits in other mitochondrial
macromolecular complexes at IMM (e.g, TIM23 complex,
MICOS complex, PHB complex) are shown in Supporting
Figure S12.

Compared to previous identification results based on SILAC
ratio of the unlabeled peptides,”"** our Spot-ID approach
showed lower numbers of identified proteins (Supporting
Figure S13b); however, previously identified results contain
false positives due to the indirect determination of proximity
labeled proteins, as we described. For example, CHCHD3 is a
mitochondrial peripheral membrane protein at IMS-side,
however, it was previously identified as a mitochondrial matrix
protein by Matrix-APEX.”" In current study, we did not observe
any labeled peptide of CHCHD3 reported by Matrix-APEX2,
while multiple labeled peptides of CHCHD3 were detected by
LACTB-, SCO1-, or TMEM261-APEX2s, with strong MS1
intensity. From the immunoprecipitation experiment, we
confirmed that CHCHD3 was not labeled in the Matrix-
APEX2 sample, whereas it was strongly labeled by either
LACTB-APEX2 or SCO1-APEX2 (Supporting Figure S13c). It
is possible that CHCHD3 was mis-annotated as a matrix
protein in previous study via the strong interaction with
biotinylated transmembrane protein (e.g, MIC60)*" at the
matrix-side by Matrix-APEX (Supporting Figure S13d). Like-
wise other peripheral IMM proteins (e.g., ATPSJ, COXSA and
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COXSB) with labeled sites from Matrix-APEX2 in this study,
but previously annotated as IMS proteins,”” should be regarded
as matrix proteins. Overall, this analysis supports that our
proposed submitochondrial localization of ~250 mito-orphan
proteins should be considered as a true resource for the spatial-
resolved clustered proteome within the mitochondrion
(Supporting Data Set S3). We also found that the coverage
of labeled peptides by Spot-ID workflow with DBP (Supporting
Figure S13e) were significantly higher than that of previously
identified BP-labeled peptides with low false discovery rate
(Supporting Figure S13).

The MS signal enhancement after enrichment in DBP-
labeling over BP-labeling was observed in APEX2-labeled
human cell line sample. The MS signal gain of DBP-labeled
peptides was ranging up to >10-fold higher than that of BP-
labeled peptides for ~80% of labeled peptides and was not
dependent on protein abundance (Supporting Figure Sl4a).
Overall, the DBP-labeling clearly resulted in a higher number of
identified spectra (+35—97%), and unique labeled sites (+41—
112%) than BP-labeling method in human cell lines
(Supporting Figure S14b). In addition, the MS signal intensity
of the DBP-labeled peptides was highly reproducible between
the replicates (Supporting Figure S14c).

We also performed a Spot-ID analysis by using ss-APEX2-
KDEL and found that various ER luminal proteins were labeled
by this construct (Supporting Figure S15 and Supporting Data
Set S5). This result indicates that our DBP-APEX method
universally works in other subcellular compartments, in contrast
to other proximity labeling methods using promiscuous biotin
ligase (pBirA), which is less active in the secretory pathway.”!
Compared with the same mitochondrial targeting sequence of
Matrix-APEX2, we also found that translocation of pBirA to the
mitochondrial matrix was not efficient (Supporting Figure S16).
Other in vivo membrane topology identification methods using
enzymatic glycosylation® are limited to the secretory pathway
and cannot be employed in other subcellular spaces such as the
mitochondrion.

Notably, conventional biochemical analysis by proteinase K
digestion and digitonin treatment showed that NDUFB10 and
STOML?2 localized to the mitochondrial matrix and IMS,
repectively, and this results are inconsistent with that
determined by Spot-ID (Supporting Figure S17). However,
the recently characterized Complex I° atomic structure
provided clear evidence that NDUFBI10 is located in the
IMS. In addition, the proteinase K/digitonin preparation
method may have also resulted in incorrect conclusions on
the number of transmembrane domains in OXAIL charac-
terized in a previous study.”” Thus, we assert that our Spot-ID
method may provide more reliable results for submitochondrial
protein localization and membrane topology analysis than
conventional biochemical assays.

Technically, our Spot-ID approach is conceptually similar to
chemical modification methods that have been employed for
membrane protein topology identification”’ or for probing
solvent accessible residues on the protein surface’’ using
reactive biotin-probes.'” In contrast to the radical probe in the
APEX system, however, conventional probes such as biotin
ester or biotin maleimide have a much longer lifetime in
aqueous solution (t;,, = 15 min to 2 h),” thus, these probes are
not compatible for spatiotemporal protein labeling in a specific
intracellular compartment of the live cell. Therefore, to the best
of our knowledge, our approach might be the only currently
available method to identify the proteomic topology of
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mitochondrial membrane proteins in a high-throughput
manner. Furthermore, our Spot-ID method can be potentially
employed to map other types of subcellular proteomic topology
in live cells.

In conclusion, we developed a new approach to map
phenoxyl-radical labeled sites using a newly designed chemical
probe for APEX labeling. We found that our new method,
Spot-ID, provided unbiased mapping results with higher spatial
resolution than the previous indirect identification approach.
Furthermore, the labeled sites on the protein provided valuable
structural information, such the topological orientation of
membrane proteins or surface-exposed residues of endogenous
proteins in live cells, which was largely unobtainable by
traditional chemical or biological methods. In this study, we
were able to confirm and propose the membrane topologies of
135 IMM proteins and 4 beta-barrel OMM proteins. Our
proposed topology of subunits of OxPhos complex are
consistent with that of macromolecular complexes previously
identified by EM or X-ray crystallography, which supports our
proposed topologies for other mitochondrial proteins. We also
found a positive correlation between the MS intensity of
labeled peptides and their solvent-exposed level in the crystal
structure. Overall, all of these data support that our approach
can identify the in vivo structural topology of the subcellular
proteome in live cells.

B EXPERIMENTAL PROCEDURES

Desthiobiotin-Phenol Synthesis. Desthiobiotin (100 mg) was
dissolved in 2 mL DMSO (dimethyl sulfoxide) at room temperature.
1.1 equiv of HATU (2-(7-aza-1H-benzotriazole-1-y1)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate) and 2.0 equiv of DIPEA (N,N-
diisopropylethylamine) were added into the solution. The mixture was
stired for 10 min at room temperature. Then 2.0 equiv of the
tyramine was added. The reaction mixture was stirred overnight at
room temperature. Detail product purification method and chemical
characterization data are shown in Supporting Information.

Stable Cell Line Selection and Culturing. Flp-In T-REx 293
cells (Life Technologies) were transfected using Lipofectamine 2000
(Life Technologies), typically with 20 uL Lipofectamine 2000 and
4000 ng plasmid (9:1 = pOG44:pCDNAS) per T2S flask. After 24 h,
cells were cultured and selected with hygromycin B (100—200 yg/mL)
for 2—3 weeks. To induce the protein expression in stable cells, cells
were treated with 100 ng/mL doxycycline. Cells were desthiobiotin-
phenol-labeled and lysed 18—24 h after induction. Detail information
is shown in Supporting Information.

Desthiobiotin-Phenol Labeling in Stably Expressed APEX
Cell Line. The stable cells were incubated with 250 yM desthiobiotin-
phenol or biotin-phenol. at 37 °C under 5% CO, for 30 min.
Afterward, 750 pL of 10 mM H,0, (diluted from 30% H,0,, Sigma-
Aldrich H1009) was added to each flask, for a final concentration of 1
mM H,0,, and the flasks were gently agitated for 1 min at room
temperature. The reaction was then quenched by adding 7.5 mL of
DPBS containing 10 mM Trolox, 20 mM sodium azide, and 20 mM
sodium ascorbate to each flask. Then, cells were washed three times
with cold quenching solution (DPBS containing S mM Trolox, 10 mM
sodium azide, and 10 mM sodium ascorbate) and lysed with 1.5 mL
RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Triton X-100), 1 X protease cocktail, 1 mM
PMSF (phenylmethylsulfonyl fluoride), 10 mM sodium azide, 10 mM
sodium ascorbate, and 5 mM Trolox for 10 min at 4 °C. Lysates were
clarified by centrifugation at 15000g for 10 min at 4 °C. Detail
information is shown in Supporting Information.

Labeled Peptide Enrichment. For removal of unreacted free
desthiobiotin-phenol or biotin-phenol, cell lysates was moved into
Amicon filter (Merck Millipore, 10 kDa-off) followed by centrifugation
at 7500g for 15 min at 4 °C. PBS (phosphate-buffered saline)
containing 1 mM PMSF and 1 X protease cocktail was added up to 4

DOI: 10.1021/jacs.6b10418
J. Am. Chem. Soc. 2017, 139, 3651-3662


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_006.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_006.xlsx
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10418/suppl_file/ja6b10418_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b10418

Journal of the American Chemical Society

mL followed by centrifugation three more times. Finally, the cell
lysates was transferred to an Eppendorf tube and mixed with 300 uL of
streptavidin beads (Pierce). The sample was rotated for 1 h at room
temperature and washed twice with PBS. After removing the PBS, 100
uL of denaturing solution (6 M urea, 2 M thiourea, 10 mM HEPES)
was added and reduced using 20 L of 100 mM DTT (dithiothreitol)
in 50 mM ammonium bicarbonate (ABC) buffer for 60 min at 56 °C
using a Thermomixer (Eppendorf). Protein alkylation was performed
by adding 35S uL of 300 mM iodoacetamide in 50 mM ABC buffer with
shaking in the dark for 30 min. Afterward, trypsin gold (Promega) was
added.to the solution and incubated at 37 °C with shaking for
overnight. Afterward, formic acid was added to terminate the trypsin
reaction and the beads were washed with PBS four times and eluted by
boiling at 95 °C for 10 min after adding 250 uL of 95% formamide, 10
mM EDTA, pH 8.2. Eluted peptide samples was desalted with Varian
Bond ELUT (Agilent, 12109301) and home-made column. Detailed
information for desalting and LC—MS/MS is described in Supporting
Information.

LC—MS/MS Data Processing. All MS/MS data were searched by
MS-GF+ algorithm73’74 (v.9979) and MaxQuant (version 1.5.3.30)
with Andromeda” search engine at 10 ppm of precursor ion mass
tolerance against the SwissProt Homo sapiens proteome database
(20199 entries, UniProt (http://www.uniprot.org/)). The False
discovery rate (FDR) was set at <1% for peptide spectrum match
including unlabeled peptides for both search algorithms. FDR less than
1% was obtained for unique labeled peptide and unique labeled
protein level as well. The extracted ion chromatogram (XIC) was
plotted by Qual Browser in Xcalibur software (Thermo Scientific).
Detail information is described in Supporting Information.
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