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SUMMARY

Deciphering the sub-compartmental location of a
given protein of interest may help explain its physio-
logical function, but it can be challenging to do using
optical or biochemical methods. Imaging with elec-
tron microscopy (EM) can provide highly resolved
mapping of proteins; however, EM requires complex
sample preparation and a specialized facility. Here,
we use engineered ascorbate peroxidase (APEX)-
generated molecular labeling patterns to provide in-
formation regarding intracellular microenvironments
in living cells. Using APEX labeling of specific pro-
teins, we uncovered subcellular localization at sub-
compartmental resolution and successfully eluci-
dated the membrane protein topology of HMOX1
and sub-mitochondrial localization of recently iden-
tified mitochondrial proteins. This method can be
expanded to confirm sub-mitochondrial localization
and membrane topologies of previously identified
mitochondrial proteins.

INTRODUCTION

High-resolution protein mapping technologies have been used to
provide detailed insight into the microenvironments of diverse
cellular compartments (Martell et al., 2012; Rhee et al., 2013;
Shim et al., 2012; Uhlen et al., 2010; Williams et al., 2014). Each
cellular compartment contains varying protein compositions that
underlie the diversity of biochemical reactions in a single cell.
These compartments, or organelles, are further divided into sub-
compartments. For example, mitochondria consist of three sub-
compartments: the matrix, intermembrane space (IMS), and outer
mitochondrial membrane (OMM) space. Even single endoplasmic
reticulum (ER) membranes can have drastically different biochem-
ical compositions on their cytosolic and luminal faces (Friedman
etal.,2010; Shibata et al., 2006). Each of these sub-compartments
plays a different role and hence contains a unique set of biomol-
ecules. Therefore, it is important to determine the exact sub-
compartment location of a particular protein to better understand
its physiological function (Davis, 2004; Rees et al., 2015).
Identifying the subcellular localization of a protein of interest
(POI) at the sub-compartment level is challenging using tradi-

tional optical or biochemical methods. Because of the low reso-
lution of conventional optical imaging (~220 nm), the sub-organ-
elle membrane localization of a POl cannot be distinguished
(e.g., the distance between the inner-mitochondrial membrane
[IMM] and the OMM is 15 nm). Even super-resolution imaging
methods are unable to clearly distinguish protein topology on
single organelle membranes (Shim et al., 2012). Additionally,
biochemical methods that involve membrane perturbation with
detergents or protease treatment of purified organelles may
generate inaccurate findings because of inadequate purification
and digestion techniques performed under non-physiological
conditions, and thus the results can be inconsistent (Forner
etal., 2006; Lorenz et al., 2006; Rees et al., 2015). Such a mistake
in localization can lead to an inaccurate understanding of the
physiological functions of a POl if placed in the context of inap-
propriate surrounding components (Koch et al., 2004; Medlock
et al., 2015; Rhee et al., 2013).

Recently, a method for generating radicals in situ by engi-
neered ascorbate peroxidase (APEX) was developed for target
proteome profiling of sub-mitochondrial spaces (Chen et al.,
2015; Hung et al., 2014; Rhee et al., 2013), the ER-PM junction
(Jing et al., 2015), and primary cilia (Mick et al., 2015). APEX
generates biotin-phenoxyl radicals in situ in the presence of
hydrogen peroxide, and these short-lived radicals biotinylate
neighboring proximal proteins in tight spaces because they
have a small labeling radius (less than 20 nm) (Bendayan,
2001). Prior mass spectrometry analysis of the surrounding pro-
teome of APEX-generated biotinylated proteins revealed various
unknown proteins in the sub-mitochondrial proteome, further
demonstrating that in-situ-generated radicals have a very short
labeling radius. In this previous work, we recognized a “pattern”
of short-lived biotin-phenoxyl radicals containing valuable infor-
mation, not only for mass spectrometry analysis of the unknown
surrounding proteome but also for identifying the exact location
of a conjugated POI. For example, we found that the mitomatrix-
APEX had a restricted biotin-labeling pattern because the mito-
chondrial matrix is surrounded by the impermeable IMM (Rhee
et al., 2013), while a diffuse biotin-labeling pattern was observed
by IMS-APEX (Hung et al., 2014) because OMM is porous to
small molecules, such as biotin-phenoxyl radicals biotin-tagged
proteins, and other molecules (Colombini, 1979). The results of
IMS-APEX imaging may be due to their relocalization, rather
than a long labeling radius of the biotin-phenoxyl radical (Hung
et al., 2014). Furthermore, we found that mitomatrix- and IMS-
APEX had distinct biotinylation patterns according to western
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blot analysis. However, POI-APEX biotinylation patterns cannot
be used as general indicators for the identification of POl location
before systematic comparison of biotinylation patterns from
other POI-APEXs in other organelles, such as the ER.

The ER is a single-layered membrane organelle involved in
the generation of many secretory proteins and proteins along
the secretory pathway. ER membranes separate the oxidative
luminal space from the reductive cytosolic space. Transmem-
brane (TM) proteins in the ER membrane have at least two do-
mains: the cytosolic and luminal domains, which interact with
completely different subsets of peripheral membrane proteins.
Therefore, it is crucial to determine the subcellular localization of
eachdomainin order to correctly understand their functions. How-
ever, conventional biochemical methods and even recently devel-
oped super-resolution imaging methods are unable to provide suf-
ficient resolution to discriminate whether target proteins or target
sites are located on the cytosolic or luminal side (Shemesh et al.,
2014). Therefore, we investigated whether this could be resolved
based on the APEX-generated molecular labeling pattern in
mammalian cell lines (e.g., HEK293T, HelLa, and U20S cell).

RESULTS AND DISCUSSION

Characterization of Biotin-Phenol Labeling Pattern
across the ER Membrane

First, we evaluated whether APEX-generated patterns were
different in the luminal space compared to the cytosolic space
of the ER. To accomplish this, we examined the biotinylation pat-
terns of the ER luminal space-targeted APEX (ss-APEX2-KDEL)
and the ER cytosolic face-targeted APEX (C1(1-29)-APEX2) (Kal-
deron et al., 1984). We used APEX2 for all experiments in this
report, because APEX2 is a further engineered version of APEX
with higher catalytic efficiency (Lam et al., 2015). As shown in
Figure 1, different patterns of biotin labeling were clearly
observed. APEX2-KDEL displayed a very ER-restricted biotin-la-
beling pattern. In contrast, C1(1-29)-APEX2 showed a very diffu-
sive whole-cell biotin-labeling pattern in which the nuclear region
was also heavily labeled with streptavidin-AF568. This same nu-
clear region was not labeled by the ER luminal-targeted APEX2
as observed even in the over-exposed imaged. Thus, we
confirmed that “restricted or diffuse” biotin-labeling patterns
(RD pattern) clearly indicate whether the APEX-tagged POI
was on the inner membrane or outer membrane on the targeted
organelle in a living cell.

ER Transmembrane Protein Topology Identification by
APEX-Generated Pattern

APEX was further investigated for its ability to generate different
biotin-labeling patterns when conjugated to different termini of
single-pass ER membrane proteins. SEC61B, which is a sin-

gle-pass ER TM protein that has a well-known topology with
its N and C termini localized to the cytosolic side and luminal
side, respectively, was used as a model (Friedman et al,
2010). As expected, APEX2-SEC61B (N-terminal tagging) and
SEC61B-APEX2 (C-terminal tagging) generated notably different
RD patterns, as shown in Figure 1. This RD pattern corre-
sponded well to the previously known SEC61B topology on the
ER membrane.

APEX was then used to determine the controversial mem-
brane topology of the heme oxygenase 1 (HMOX1) protein
(Gottlieb et al., 2012). The HMOX1 protein plays a crucial role
in heme metabolism as it degrades heme to biliverdin and inter-
acts with the amyloid beta precursor protein, which is related
to Alzheimer’s disease (Takahashi et al., 2000). HMOX1 is known
to be an ER membrane protein; however, its membrane topology
is unclear (Gottlieb et al., 2012). In Uniprot, HMOX1 is annotated
as a peripheral ER membrane binding protein with no trans-
membrane domain, while earlier studies showed that HMOX1
has a C-terminal transmembrane domain. Thus, we generated
APEX2-HMOX1 (N-terminal tagging) and HMOX1-APEX2 (C-ter-
minal tagging) and imaged the RD pattern in U20S cells. As
shown in Figure 1B, APEX2-HMOX1 showed a diffuse biotin-la-
beling pattern, whereas HMOX1-APEX2 showed a restricted
biotin-labeling pattern. These results imply that the N terminus
of HMOX1 is exposed to the cytosol and the C terminus is
located in the ER lumen. Moreover, electron microscopy (EM)
imaging results (Figure S2) suggest that the C terminus of
HMOX1 is in the ER lumen, similar to that of SEC61B. Our pro-
posed topology of HMOX1 is shown in Figure 1D. Our proposed
model of HMOX1 is consistent with the previously proposed tail-
anchored model from other studies (Gottlieb et al., 2012; Yosh-
ida and Sato, 1989).

Western Blot Analysis of Biotin-Labeled Pattern from
Various POI-APEXs

In the above imaging experiments, biotin-labeling patterns were
determined to be either diffuse or membrane restricted. Addi-
tionally, we found that streptavidin-horseradish peroxidase
(SA-HRP)-stained western blots show diverse and unique pat-
terns (Figure 2A). As shown in Figure 2B, the western blot pat-
terns for APEX2 conjugated to nuclear, cytosolic, mitochondrial
matrix, and IMS proteins were distinct. This unique biotin-label-
ing pattern may reflect a different inventory of proteins located in
each of the subcellular compartments.

Interestingly, biotin-labeling patterns generated using two
different APEX targeting sequences targeted to the same
compartment showed remarkable similarities. For instance, the
biotin-labeling patterns of TOM20-APEX2 (OMM) and APEX2-
NES (cytosol) were very similar because both the C terminus of
TOM20 and NES were localized in the cytoplasm and hence

Figure 1. Confocal Microscopy Imaging of Biotin-Labeling Patterns by Various ER-Localized POI-APEXs

(A) Scheme of restricted and diffusive biotin-labeling patterns.

(B) Confocal microscope imaging of biotin-phenol labeling patterns by various ER-localized POI-APEX2s in U20S cells. Labeling was conducted in living cells,
and imaging was conducted after fixation/permeabilization. Scale bar represnts 10 pm.

(C) Construct map of various ER-localized POI-APEX2s.

(D) Previous and proposed topology of HMOX1 based on our results. Previous topology information is from Uniprot (P09601). Crystal structure of soluble catalytic
domain (10-233 amino acids) of HMOX1 is from protein database bank (PDB: 1N45). Heme is colored red in the structure.
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(A) Scheme of organelle barcode generation of different cellular organelle-targeted APEX2-tagged proteins. Different sizes and band intensities of biotin-phenol
labeled proteins by various POI-APEX2-generated barcode-like patterns in streptavidin-HRP western blots.

(B) SA-HRP detection of biotinylated proteins of APEX2s from various subcellular compartments, including cytosol by V5-APEX2-NES, nucleus by V5-APEX2-
NLS, OMM by TOM20-V5 APEX2, IMS by LACTB-Flag-APEX2, and Mitomatrix by Mito-V5-APEX2. V5 epitope tag detection of the expressed enzyme is shown to

the right; LACTB-Flag-APEX2 was not detected because it had a Flag tag.

(C) SA-HRP detection of biotinylated proteins from various nuclei and ER-APEX2 constructs (left) and anti-V5 western blot (right). The arrow indicates endog-
enous biotinylated proteins and the asterisk indicates biotinylated tubulin proteins.

(D) Line-scan analysis graph of SA-HRP western blot of (C).

labeled as the same milieu cytosolic proteins (Figure 2B).
Furthermore, H2B-APEX2 and APEX2-NLS were targeted to
the nucleus using different targeting sequences, and their mo-
lecular patterns were very similar (Figure 2C). This similarity
was also recognized when blot images were converted to a
line-scan analysis graph (x axis: molecular weight, y axis: band
intensity) as shown in Figure 2D. Therefore, the unique biotin-
labeling pattern of each subcellular compartment, referred to
as the “organelle barcode” (Figure 2A), is a strong predictor of
the origin of a protein.

To determine whether the organelle barcodes can be used as
indicators for membrane topology, the biotin-labeling pattern of

4 Cell Reports 15, 1-11, May 24, 2016

four ER-targeted POI-APEXs (APEX2-KDEL, C1(1-29)-APEX2,
SEC61B-APEX2, APEX2-SEC61B) were evaluated. The barco-
des were very homologous among the groups of proteins from
the same sub-compartments (i.e., lumen or cytosol), which
were previously determined based on RD patterns (Figures 2C
and 2D). We think that the strongly labeled protein in lanes 3,
4, and 5 (Figure 2C) might be a tubulin protein because it is
known that ER is mainly supported by physical interaction
with the microtubular network (Friedman et al., 2010). Further-
more, the fact that the observed molecular weight of tubulin
is 55 kDa also supports this hypothesis. The reason why
Sec61B-APEX2 (lane 5, Figure 2C) can label tubulin protein
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might be that Sec61B is a subunit of a translocon channel that is
porous for small molecules (Heritage and Wonderlin, 2001).
Thus, we postulate that biotin-phenoxyl radicals that slightly
leaked from SEC61B-APEX2 can react with tubulin at the ER
cytosolic face (Friedman et al., 2010).

Furthermore, the organelle barcode of HMOX1-APEX2 was
similar to that of SEC61B-APEX2, and the barcode of APEX2-
HMOX1 was similar to that of APEX2-SEC61B, indicating that
HMOX1 has the same orientation as SEC61B (Figure S1). We
also used APEX-EM imaging methods with these constructs.
Both the SEC61B-APEX2- and HMOX1-APEX2-diaminobenzi-
dine (DAB)-labeled regions were on the ER lumen (Figure S2),
which also supports our proposed membrane topology of
HMOX1 on the ER membrane (Figure 1D). There are several sug-
gested mechanisms for ER transport of tail anchored (TA) mem-
brane proteins (Hegde and Keenan, 2011). However, how TA
substrates are inserted into the ER membrane is still elusive.
We think that our C term-tagged APEX2 results may suggest
that membrane insertion mechanism of SEC61B and HMOX1
should not be followed by spontaneous pathway (Brambillasca
et al., 2005). Thus, in the future, it might be intriguing to investi-
gate the translocation pathway that HMOX1 and Sec61B are
following during ER transport.

Overall, the microscopy and western blot results of APEX-
generated molecular patterns showed good agreement, and
both methods are useful for identifying the sub-compartmental
localization of POI.

Quantitative Barcode Analysis for Identifying Sub-
organelle Spaces of Mitochondrion

Because APEX-generated biotinylation patterns show highly
distinguishable resolution across single organelle membranes,
this method was expanded to identify the sub-compartmental
identification of mitochondrial POls in mitochondrion in which
sub-compartmental information is particularly important to un-
derstand their physiological roles. To examine this point, the C
termini of several mitochondrial proteins were APEX2-tagged
(PDK1 [matrix], SCO1 [IMS], and TOM20 [OMM)); their sub-
compartmental locations within the mitochondria are well-docu-
mented. Microscopy imaging experiments demonstrated that
PDK1-APEX2 had a restricted biotin-labeling pattern that was
the same as Mito-APEX2 (mitochondrial matrix), and SCO1-
APEX2 and TOM20-APEX2 had diffuse patterns similar to
LACTB-APEX2 (IMS) (Figure S3). Additionally, organelle barco-
des obtained by western blotting showed high similarity to barc-
odes from standard APEX2-tagged proteins with known
compartmental localization (Mitomatrix, LACTB [IMS], and
NES) (Figure 3A). To quantify these results, a western blot image
was converted to a line-scan analysis graph (Figure 3B), and cor-
relation values of each graph with others were scored as bar-
code correlation values (highest, 1; lowest, 0) using the correla-
tive function (see the Experimental Procedures). For example,
the PDK1 to mitomatrix correlation value was 0.90, and the
PDK1 to LACTB correlation value was 0.34. Additionally, the
SCO1 to LACTB correlation value was 0.83, and the SCO1 to
matrix correlation value was 0.38 (Figure 3C). We found that
the correlation values for these model proteins were strong pre-
dictors of their locations and therefore applied them to predict

the sub-compartmental localization of the newly identified mito-
chondrial proteins TRMT61B and MGSTS3.

TRMT61B and MGST3 are newly identified mitochondrial pro-
teins and their sub-compartmental localization has not been
confirmed (Hung et al., 2014; Rhee et al., 2013). Thus, we conju-
gated APEX2 to the C terminus of these proteins and examined
the RD patterns and organelle barcodes. As shown in Figure 3D,
the biotin-labeling pattern of TRMT61B-APEX2 was membrane
restricted, whereas the biotin-labeling pattern of MGST3-
APEX2 was diffuse. This strongly suggests that TRMT61B is
localized in the mitochondrial matrix, and MGST3 was either in
the IMS or OMM. The exact sub-compartmental localization of
MGSTS3 (i.e., IMS or OMM) in the mitochondrion could not be
solely determined through microscopy image analysis because
the diffuse biotin-labeling patterns from both sub-compartments
were very similar. Thus, we analyzed the organelle barcodes
of MGST3-APEX2 to determine whether this protein local-
izes to the IMS or OMM. Barcodes of MGST3-APEX2 were
compared to other APEX-generated barcodes of standard pro-
teins, including mitomatrix, LACTB (IMS), TOM20 (OMM), NES
(cytosol), and well-known sub-mitochondrial proteins (PDK1
and SCO1). Quantitative correlation analysis revealed that the
barcode of MGST3 had high-correlation values with the barco-
des of TOM20 (0.82) and NES (0.88) and low-correlation values
with SCO1 (0.38) and LACTB (0.49), indicating that the C termi-
nus of MGST3 was localized on the OMM. Furthermore, the bar-
code of TRMT61B showed high-correlation values with standard
matrix (0.76) and PDK1 (0.81), confirming that TRMT61B was
localized to the mitochondrial matrix. Based on the correlation
value of barcodes and RD pattern analysis, the C terminus of
TRMT61B is localized in the matrix, while the C terminus of
MGSTS is localized at the OMM (Figure 4D).

To confirm the predicted sub-mitochondrial localization of
TRMT61B and MGST3, we performed transmission electron mi-
croscopy (TEM) imaging of TRMT61B-APEX2, MGST3-APEX2,
and SCO1-APEX2 as an IMS control using the APEX-EM method
(Lam et al., 2015; Martell et al., 2012). As shown in Fig-
ure 3E, MGST3-APEX2 was clearly localized on the OMM, while
TRMT61B-APEX2 was localized in the matrix. Overall, these re-
sults demonstrate that the APEX-generated molecular pattern
predictions matched the TEM imaging results.

Notably, MGST3 was recently identified as a mitochondrial
protein in a recently mapped IMM/IMS/OMM proteome list by
IMS(LACTB)-APEX (Hung et al., 2014). MGST3 was shown to
be an ER protein; however, our method clearly demonstrated
that MGST3 is localized at the OMM. By using monoclonal anti-
body for MGST3, we also confirmed that endogenous MGST3 is
localized at the mitochondria by confocal microscopic imaging
(Figure S7) and is clearly localized at the OMM by EM imaging
(Figure S8). Thus, our results suggest that the previous annota-
tion of MGST3 as a microsomal protein in the secretory pathway
should be revised to be a mitochondrial protein at the OMM.

TRMT61B was recently detected in the mitochondrial matrix
proteome list by using mitomatrix-APEX, but no subsequent
studies have confirmed whether it is localized in the mitochon-
drial matrix. In this study, all of our APEX-generated pattern/
EM results and previously APEX-mediated proteome map-
ping results were in good agreement and demonstrated that
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TRMT61B is a mitochondrial matrix protein. This result also sug-
gests that the proteins with no sub-mitochondrial annotation
in the recently sub-mitochondrion proteome list (265 proteins
in mitomatrix-APEX’s list [Rhee et al., 2013]; 55 proteins in IM-
S-APEX’s list [Hung et al., 2014]) belong in the same space to
that in which the APEX is targeted.

APEX Pattern Method Identified Sub-mitochondrial
Spaces of Several Mitochondrial Proteins
In Mitocarta, a gold list of whole-mitochondrial proteins in
mammals (Pagliarini et al., 2008), several hundred mitochondrial
proteins whose sub-mitochondrial localizations have not been
completely annotated are listed. Thus, we further expanded
our study to identify sub-mitochondrial locations of some of
these unannotated sub-mitochondrial proteins. To identify sub-
mitochondrial protein localization, we selected 12 mitochondrial
proteins (AURKAIP1 [Koc et al., 2013], BIT1/PTRH2 [Jan et al.,
2004], COX14 [Mick et al., 2010], MRPL12 [Surovtseva
et al.,, 2011], MRM1 [Lee et al., 2013], MRPS15 [Cavdar Koc
et al., 2001], PLGRKT [Andronicos et al., 2010], QIL1/MIC13
[Guarani et al.,, 2015], SFXN1 [Fleming et al., 2001], SVH/
ARMC10 [Serrat et al., 2014], and TRMT2B) and conjugated
APEX to the C terminus of each protein. Based on imaging
experiments, we found that expression patterns of all APEX2
constructs overlapped well with the mitomarker, Mito-BFP, indi-
cating that mitochondrial targeting of these proteins was not
compromised by APEX tagging (Figure 4). Among these pro-
teins, five proteins (MRPL12, MRPS15, TRMT2B, MRM1, and
AURKAIP1) showed very restricted biotin patterns (Figure 4A),
and thus we classified these proteins as mitochondrial matrix
proteins based on imaging assays. For proteins showing diffu-
sive biotin-labeled patterns, their organelle barcodes were
analyzed by a correlation method with the standard organelle
barcodes of SCO1 (IMS) and NES (cytosol) (Figure 4B). Based
on the barcode correlation value shown in Figure 4C, we sug-
gested that the C termini of SFXN1, QIL1/MIC13, and PLGRKT
are localized in the IMS, and the C termini of SVH, COX14, and
BIT1/PTRH2 are localized at the OMM. Our suggested localiza-
tion of the C terminus of each protein is summarized in Figure 4D.
SFXN1 is a mitochondrial iron transporter protein directly
linked to mitochondrial iron metabolism (Fleming et al., 2001)
and whose sub-mitochondrial localization has not been charac-
terized. In this study, we found that the C terminus of SFXN1 was
localized at the IMS. QIL1/MIC13 is a recently identified interact-
ing component with the MICOS complex (Guarani et al., 2015)
and is known to be localized in the IMS; our results clearly
showed that its C terminus localizes in the IMS. PLGRKT is
known to be localized at the plasma membrane (Andronicos

et al., 2010); however, our results suggest that this is a mitochon-
drial protein whose C terminus was localized in the IMS. Its
IMS correlation is more clearly shown in the correlation values
of a low-molecular-weight barcode less than 55 kDa, and all
the predicted IMS-localized proteins also showed values more
correlative with each other at this range. As shown in a line-
scan analysis graph of these POls, strong labeled protein signals
below 25 kDa generate a high correlative score (Figure S4). We
hypothesize that abundant small-size protein population in IMS
(e.g., cytochrome c) might generate this unique signature of
IMS barcode.

SVH/ARMC10 is known to interact with MIRO-1 and MIRO-2
at the OMM (Serrat et al., 2014), and we confirmed its OMM
localization based on its high barcode correlation value with
APEX2-NES. BIT1/PTRH2 is known to play an important role
in controlling apoptosis on the OMM (Jan et al., 2004), and
we confirmed its OMM localization based on its barcode. In
the case of COX14, previous biochemical assays revealed
that its C terminus is exposed in the IMS (Mick et al., 2010);
however, our results showed that its C terminus is exposed in
the cytosol. All these OMM-predicted POls also showed higher
correlation values with each other than with IMS-predicted
PQls (Figure 4C).

TRMT2B is first observed to be localized in mitochondrial ma-
trix in our study. MRPL12 (Surovtseva et al., 2011) and MRM1
(Lee et al., 2013) are associated with mitochondrial RNA poly-
merase and the mitochondrial nucleoid complex, respectively,
and MRPS15 (Cavdar Koc et al.,, 2001) and AURKAIP1 (Koc
et al., 2013) are known to be components of the mitochondrial
ribosome complex. Because all of these protein complexes are
localized in the mitochondrial matrix, they are likely targeted to
the matrix. Our APEX pattern results confirmed that MRPL12,
MRPS15, MRM1, and AURKAIP1 were localized in the mito-
chondrial matrix. Our C-terminal mapping results are summa-
rized in Figure 4D. Additionally, taking the predicted transmem-
brane domains and our identified C-termini localization into
consideration, we propose the membrane topology of several
known transmembrane proteins (Figure S6).

In this study, we demonstrated that our proposed APEX-
generated molecular pattern recognition method is a general
method for the identification of POI localization and membrane
topology. Notably, several reported membrane topology map-
ping methods have used enzymatic glycosylation in living cells
(Kim et al., 2006; Lee et al., 2012). However, these methods
may be limited to the membrane proteins within the secretory
pathways in which glycosyl modification occurs. Compared to
this method, our APEX pattern method can be applied to various
organelles in mammalian cells.

Figure 3. Sub-mitochondrial Localization of TRMT61B and MGST3 via Tagged APEX-Generated Biotin-Labeling Pattern Recognition
(A and B) SA-HRP western blot image of the labeled proteins from whole-cell lysates of various mitochondrial POI-APEX2 with 500 uM biotin-phenol (A) and its

line-scan analysis graph (B).

(C) Table of calculated barcode correlation values of organelle barcodes (A and B).

(D) Confocal microscope imaging of the biotin-labeling patterns of TRMT61B-V5-APEX and MGST3-V5-APEX. Green fluorescence represents immunofluo-
rescence of enzyme expression (Alex Fluor 488 anti-mouse conjugate/anti-V5 detection), and red fluorescence detects biotin-labeled proteins (Alexa Fluor 568
streptavidin conjugate detection). Labeling was conducted in living cells, and imaging was conducted after fixation/permeabilization. Scale bar represents 10 um.
(E) Electron microscopic imaging of TRMT61B-APEX2, MGST3-APEX2, and SCO1-APEX2. Scale bar represents 200 nm for TRMT61B-APEX2 image and 0.5 um

for MGST3-APEX2 and SCO1-APEX2 images.
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Figure 4. Sub-mitochondrial Space Mapping of Several Mitochondrial Proteins

(A) Confocal microscope imaging of the biotin-labeling patterns of various mitochondrial POI-V5-APEX2. Green fluorescence represents immunofluorescence of
enzyme expression (Alexa Fluor 488 anti-mouse conjugate/anti-V5 detection), and red fluorescence detects biotin-labeled proteins (Alexa Fluor 568 streptavidin
conjugate detection). Labeling was conducted in living cells, and imaging was conducted after fixation/permeabilization. Scale bar represents 10 um.

(legend continued on next page)
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Similar to the APEX-EM methods, our APEX pattern method
can be used to provide very highly resolved mapping results.
APEX-EM methods are useful for identifying sub-compart-
ment localization of a POl in a fixed-cell state, and APEX
fusion constructs were successfully employed to clearly identify
the membrane topology of MCU (Martell et al., 2012) and
MICU1(Lam et al., 2015). However, EM imaging requires compli-
cated sample preparation, including embedding, sectioning,
and imaging by well-trained scientists in a TEM facility. In this
study, we found that the APEX pattern method in living cells
also provided highly qualified mapping results with simple sam-
ple preparation steps. Furthermore, APEX pattern methods are
easy to employ using a conventional fluorescence microscope
and western blotting instruments in any molecular biology
laboratory.

Conclusions

In the current study, we demonstrated that APEX-generated mo-
lecular pattern recognition is a robust method for providing high-
resolution sub-organelle localization information of a POI. Using
this method, we successfully identified the membrane topology
of HMOX1 on the ER membrane and sub-mitochondrial localiza-
tion of MGST and TRMT61B, as well as several other mitochon-
drial proteins. Our method could be useful to the biology
research community because it is easy to implement and pro-
vides an efficient solution to determining membrane topology
and sub-organelle protein localization.

EXPERIMENTAL PROCEDURES

Biotin-Phenol Labeling in Live Cells

Genes were introduced into HEK293T or U20S cells through transient trans-
fection with Lipofectamine 2000 (Life Technologies). After 18-24 hr (transfec-
tion), the medium was changed to 1 ml of fresh growth medium containing
500 uM biotin-phenol. This culture was incubated at 37°C under 5% CO, for
30 min in accordance with previously published protocols. Next, 110 pl of
10 mM H,0, (diluted from 30% H,O,, H1009, Sigma Aldrich) was added to
each well for a final concentration of 1 mM H,O,, and the plate was gently
agitated for 1 min at room temperature. The reaction was then quenched by
washing three times with Dulbecco’s PBS (DPBS) containing 5 mM Trolox,
10 mM sodium azide, and 10 mM sodium ascorbate; then lysis was performed
for western blot analysis, or fixation was performed for imaging analysis.

Western Blot Analysis of Biotin-Phenol Labeling

Cells were labeled under the same conditions described for the biotin-phenol
labeling above. Then cells were lysed with RIPA lysis buffer containing 1x pro-
tease cocktail, 1 mM PMSF, 10 mM sodium azide, 10 mM sodium ascorbate,
and 5 mM Trolox for 10 min at 4°C. Lysates were transferred to e-tube and clar-
ified by centrifugation at 15,000 x g for 10 min at 4°C before separation on a
10% SDS-PAGE gel. For blotting analysis, gels were transferred to nitrocellu-
lose membrane and blocked with 2% (w/v) dialyzed BSA (dBSA) in TBST
(0.1% Tween-20 in Tris-buffered saline) at 4°C overnight or at room tempera-
ture for 1 hr. The blots were immersed in streptavidin-HRP in 2% dialyzed
BSA in TBST (1:10,000 dilution, Thermo Scientific, cat. no. 21126) at room
temperature for 30-60 min and then rinsed with TBST before development
with Clarity reagent (Bio-Rad) and imaging on an ImageQuant LAS 4000 (GE
healthcare).

Fluorescence Microscope Imaging

Biotin-labeled cells were fixed with 4% paraformaldehyde solution in DPBS at
room temperature for 15 min. Cells were then washed with DPBS three times
and permeabilized with cold methanol at -20°C for 5 min. Cells were washed
again three times with DPBS and blocked for 1 hr with 2% dBSA in DPBS at
room temperature.

To detect APEX2-fusion expression, the primary antibody, such as anti-V5
(Invitrogen, cat. no. R960-25, 1:5,000 dilution) or anti-Flag (Sigma Aldrich,
cat. no. F1804, 1:3,000 dilution), was incubated for 1 hr at room temperature.
After washing four times with TBST each 5 min, cells were simultaneously
incubated with secondary Alexa Fluor 488 goat anti-mouse immunoglobulin
G (IgG) (Invitrogen, cat. no. A-11001, 1:1000 dilution) and streptavidin-Alexa
Fluor 568 IgG (Invitrogen, cat. no. S11226, 1:1000 dilution) for 30 min room
temperature. Cells were then washed four times with TBST each 5 min and
maintained in DPBS on ice for imaging by FV1000SPD (Olympus) of UOBC
in UNIST, Korea.

Line-Scan Analysis and Correlation Value Calculation

Barcodes of streptavidin-HRP western blot images of Figures 3 and 4 were
scanned and analyzed using Imaged software (NIH) after background subtrac-
tion (ball-point size: 10 pt for Figure 3A and 30 pt for Figure 4B) was applied
in the software. The resultant graph is shown in Figures 3B and S4. For quan-
tification, we introduced the correlation index Cj to quantify similarity between
two barcodes j and . For the given evenly spaced density values pg, p4, ..., Py,
li(k) for a barcode i indicates the concentration with the mass density ranging
pk_1 to p. Given a pair of the barcodes /;(k) and /;(k), the correlation C; is
defined as shown in Equation 1.

S k)
1N o TN B
\/NZI(: itk \/NZk: i)

This Equation 1 gives a greater or smaller value when two barcode shapes
are more or less similar, respectively, and two identical barcodes result in a
maximum value. The result is shown in Figures 3C and 4C.

C,‘,'=

)

TEM Imaging

HEK293T cells were grown on six-well cell culture plates. Cells were fixed on
ice using cold 4% formaldehyde (Electron Microscopy Sciences) in PBS buffer
for 15 min. All subsequent work was performed using pre-chilled buffers and
reagents. Cells were again washed with PBS three times. DAB staining was
initiated by adding freshly diluted 1 mg/ml (2.8 mM) DAB (Sigma; from a stock
of the free base dissolved in 0.1 M HCI) and 10 mM H,O, in PBS. After 20 min,
the reaction was stopped by removing the DAB solution, and the cells were
again washed with PBS 3 x 5 min each. Cells were then imaged by bright-field
microscopy. Acquisition times ranged from 50 to 100 ms. For MGST3-APEX2
and Scol-APEX2 EM, as shown in Figures 3E and S2, transiently transfected
cells were grown in plastic six-well plates to 90% confluence, fixed using
room temperature 2% glutaraldehyde (Electron Microscopy Sciences) in
PBS and then quickly moved to ice. Cells were kept on ice for all subsequent
steps until resin infiltration. After 30-60 min, the cells were rinsed 5 X 2 min
each in chilled buffer and then treated for 5 min in buffer containing 20 mM
glycine to quench the unreacted glutaraldehyde, followed by another 3 x
5 min rinses in chilled buffer. A freshly diluted solution of 1 mg/ml (2.8 mM)
DAB free base was combined with 10 mM H,05 in chilled buffer, and the so-
lution was added to cells for 20 min. To halt the reaction, we removed the
DAB solution and the cells were rinsed 3 x 5 min with chilled buffer. Post-fix-
ation staining was performed using 2% (w/v) osmium tetroxide (Electron Mi-
croscopy Sciences) for 1 hr in chilled buffer. Cells were rinsed 5 x 2 min
each in chilled distilled water. Cells were brought to room temperature,
washed in distilled water, and then carefully scraped off the plastic,

(B) SA-HRP western blot image of the labeled proteins from whole-cell lysates of various mitochondrial POI-APEX2.

(C) Table of calculated barcode correlation value of organelle barcodes (B). Top-left part table is from whole-range barcode correlation (blue-yellow color-code),
and down-left part table is from barcode correlation in the range of lower molecular weight proteins less than 55 kDa (red-green color-code).

(D) Sub-mitochondrion localization of C termini of mitochondrial POls characterized in this study.
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resuspended, and centrifuged at 1,600 x g for 1 min to generate a cell pellet.
The supernatant was removed, and the pellet was dehydrated in a graded
ethanol series (50%, 60%, 70%, 80%, 90%, and 100%) for 15 min each
time; then it was infiltrated into EMBED-812 (Electron Microscopy Sciences)
using 1:1 (v/v) resin and anhydrous ethanol for 1 hr. The second change of
2:1 (v/v) resin and anhydrous ethanol was incubated overnight. After removing
the resin, the sample was exchanged once more with 100% resin for 2 hr
before transferring the sample to fresh resin, followed by polymerization at
60°C for 24 hr. Embedded cell pellets were cut with a diamond knife into
50-nm sections and imaged on a FEI-Tecnai G2 Spirit bio transmission elec-
tron microscope (operated at 120 kV) at the Korea Basic Science Institute in
Daejeon, Korea.
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