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ScienceDirect
Protein functions are tightly regulated by their subcellular

localization and dynamic alteration. Chemical proteomics

offers convenience and efficiency for profiling protein features

in a native context. In this review, we summarize the recent

progress of subcellular-compartment-focused chemical

proteomics which do not rely on organelle fractionation.

Organelle-specific activity-based protein profiling (ABPP) and

engineered ascorbate peroxidase (APEX) have been developed

for proteome analysis within organelles and even sub-

organelles. In parallel, our lab designed organelle-localizable

reactive molecules (ORMs) to selectively tag nuclear and

mitochondrial proteins. ORMs-based proteomics is applicable

to primary neurons and brain slices, as well as cultured cell

lines. In addition, we invented a conditional proteomics

approach to elucidate zinc homeostasis by labeling and

identifying proteins localized in Zn2+-rich space of live cells.
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Introduction
Protein functions are closely associated with its subcellu-

lar distribution in live cells. Each subcellular compart-

ment, or organelle, contains varied protein compositions

that underlie the diversity of biochemical reactions in a

single cell. Protein localization and expression level are

dynamically varied in response to environmental changes.

The spatiotemporal changes of proteomes reflect the

biological states of resided organelles. Organelle-focused

proteomics relying on subcellular fractionation have been

used to identify the components of cellular organelles [1–

3]. However, the conventional methods [1] often suffer

from the limited specificity and the low coverage.
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Moreover, they can neither accurately report temporal

dynamics of proteins, because of the time-consuming

biochemical purification processes, nor readily access

the sub-organelle proteomes.

Chemical proteomics is now a powerful strategy for the

focused protein profiling [4–6]. The proteome of interest

is covalently tagged with chemical reagents in live cells,

followed by standard enrichment and mass spectrometry

(MS) analysis, which allows for fixing protein information

before cell lysis and, thus is able to obtain a snapshot of

dynamically altered subcellular proteomes that cannot be

addressed by the organelle fractionation. Organelle-

focused chemical proteomics exploits spatially limited

reactions by directing labeling reagents or enzymes to

specific subcellular compartments. These may provide

organelle and even sub-organelle proteome mapping with

high spatiotemporal resolutions.

In addition to subcellular localization, cellular microen-

vironments, such as pH, concentrations of metals, hyp-

oxia/hyperoxia and redox states, tightly regulate local

protein structures and activities. Such environmental

conditions are spatially heterogeneous and dynamically

fluctuated in live cells and tissues. Useful methods to

precisely address the local proteomes are enormously

desirable for comprehensive elucidation of proteome

dynamics. We firstly proposed a strategy termed

‘conditional proteomics’ [7��] as a powerful approach to

selectively label and identify the conditional proteomes

and profile their dynamics.

In this review, we introduce the recent progress of chem-

ical proteomics that focus on subcellular compartments,

including organelle-focused proteomics and conditional

proteomics (Figure 1).

Organelle-focused proteomics
Organelle-specific ABPP

Activity-based protein profiling (ABPP) represents one of

the most successful examples of chemical proteomics,

which was invented by Cravatt’s group [8,9]. Proteins

exhibiting an enzymatic activity-of-interest are selec-

tively labeled by activity-based probes (ABPs) through

a bioorthogonal reaction. For organelle-specific ABPP,

Wright and co-workers developed a lysosome-targeting

ABP by conjugating a weakly basic amine (DAMP) to a

cathepsin-reactive warhead [10�]. Liquid chromatogra-

phy (LC)–MS/MS analysis of labeled macrophages

showed an increased enzyme activity of cathepsins B

and Z during starvation-induced autophagy.
Current Opinion in Chemical Biology 2019, 48:1–7

mailto:ihamachi@sbchem.kyoto-u.ac.jp
http://www.sciencedirect.com/science/journal/13675931/48
https://doi.org/10.1016/j.cbpa.2019.02.001
https://doi.org/10.1016/j.cbpa.2018.08.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2018.08.001&domain=pdf
http://www.sciencedirect.com/science/journal/13675931


2 Omics

Figure 1

Live Cell

Ribo
PM

Golgi

Lyso

Iysis

ER

Pex

Mito

Chemical
tagging

centrifuge

Nu Mito, Lyso, Pex

supernatant
centrifuge

supernatant
centrifuge

supernatant
centrifuge

PM, ER Ribo

A
b

u
n

d
an

ce

= tags

Iysis enrichment

LC-MS/MS

m/z

Organelle proteome information is fixed

Current Opinion in Chemical Biology

Organelle-focused proteomics workflow. Top: conventional methods isolate cell organelles by subcellular fractionation after cell lysis. Bottom:

chemical proteomics can fix organelle proteome information by chemical tagging before cell lysis. Abbreviations: Nu, nucleus; Mito, mitochondria;

Lyso, lysosomes; Pex, peroxisomes; PM, plasma membrane; ER, endoplasmic reticulum; Ribo, ribosomes.
Proximity proteomics

In the past few years, several groups have independently

developed a class of methods termed ‘proximity labeling’

for protein network mapping [11–14]. The basic strategy

exploits engineered peroxidase or biotin ligase to gener-

ate highly reactive and short-lived reagents that cova-

lently tag proteins with biotin in the vicinity (within

nanometers) of the enzyme. For organelle-focused prote-

omics, the enzyme is directed to specific cellular com-

partments, using genetically encodable organelle locali-

zation signals. Ting and co-workers explored the

engineered ascorbate peroxidase (APEX or APEX2) in

proteome profiling of various organelles and even organ-

elle subcompartments, such as sub-mitochondrial spaces,

ER lumen and membranes [15�,16–19]. It now turns out

that APEX-based organelle proteomics is powerful to

uncover novel components of organelles and determine

the subcellular localization of unknown proteins.

Recently, the same group used the engineered horserad-

ish peroxidase in live neurons and characterized the

proteomes of excitatory and inhibitory synaptic clefts

[20], many of which are membrane-unbounded and bio-

chemically unpurifiable. The resultant proteome lists are

highly specific to synaptic clefts with high coverages,

where new synaptic proteins were discovered and sub-

type localizations of some of synaptic proteins were

revealed. In addition, APEX-based organelle proteomics

can serve as spatially specific references, for example,

endosome and plasma membrane, to reveal protein inter-

action networks that necessitate higher spatial resolution

[21] (Figure 2).
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Organelle-localizable reactive molecules

In parallel, we developed a new method for organelle-

focused proteomics that does not require genetic manip-

ulation and is not limited to active enzymes as targets.

The organelle-localizable reactive molecules (ORMs)

composed of an organelle-localizing moiety and a chemi-

cally reactive moiety were designed in this technology.

ORMs can penetrate biomembranes and spontaneously

accumulate in target organelles of live cells, where the

protein labeling is facilitated by the condensation effect

[22�,23��]. In the case of mitochondria-localizable reac-

tive molecules (MRMs), for example, the concentrations

of inside cells are 4 to 21-fold higher than those extracel-

lularly added [23��] (Figure 3).

For nucleus-focused proteomics, nucleus-localizable

reactive molecules (NRMs) were firstly prepared [22�],
in which the Hoechst acts as a molecular vehicle to the

nucleus [24,25] and chloroacetyl is employed as a reactive

handle that shows potential reactivity to cysteine. Incu-

bation of HeLa cells with NRMs allowed for their selec-

tive localization in the cellular nucleus as observed by

CLSM imaging, and plenty of labeled proteins were

detected by SDS–PAGE and Western blotting (WB)

analysis. The labeled proteins were enriched by immu-

noprecipitation using anti-Hoechst antibody, and charac-

terized by mass proteomics. 67 proteins were identified in

total, among which 58 proteins (87%) were assigned as

nucleus-localized proteins. This first report successfully

demonstrated the feasibility of our strategy for organelle-

focused proteomics by ORMs.
www.sciencedirect.com
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Figure 2

Activity-based protein labeling

APEX-based proximity labeling

transfection

Mito-APEX H2O2

H2O2

N3

Probe-N3
conjugate

OH

OHB

B O
.

HO

HOB

B

B

OH

protein

protein protein

protein

protein protein

B

alkyne handle

warhead
organelle
targeting

(a)

(b)

protein

protein active
enzyme protein

protein

active
enzyme

Current Opinion in Chemical Biology

Organelle-focused chemical labeling for proteomics. (a) Activity-based protein labeling. ABPs are guided to target organelles and label a limited

number of active enzymes. (b) APEX-based proximity labeling. APEX is engineered to be selectively expressed in target cellular compartments.

Biotin-phenol and H2O2 are added to initiate the labeling. Abbreviation: B, biotin.
Since ORMs are modular, proteomes of other organelles

can be analyzed by varying the organelle-localizing moi-

ety and their chemical reactivity. In MRMs, for instance,

tetraethyl-rhodamine (Et4-Rhod) was employed for tar-

geting mitochondria [26] and various reactive functional-

ities exhibiting distinct amino acid preference [27] were

tethered as the reactive moiety [23��]. Rapid and sponta-

neous localization of MRMs in mitochondria were

observed by CLSM. The labeled proteins could be

detected by in-gel fluorescence imaging, interestingly

which showed distinct band patterns by different labeling

reagents. Further, LC–MS/MS analysis determined the

Et4-Rhod-modified peptides, clearly indicating the

amino acid preference of these reactive moieties in live

cells. Annotation analysis of the whole labeled proteins

revealed that 69% are assigned to mitochondrial proteins

that mainly localize in matrix and inner membrane of

mitochondria.

Our organelle-focused chemical labeling is free of pre-

treating cells with gene transfection, thus, it is supposed

to be applicable to sensitive and complicated biological

samples that are not easily amenable to exogenous gene

manipulation [28]. We explored the use of MRMs in

primary cultured neurons and acutely prepared mouse

brain slices. Among the whole identified proteins, �61%

and 64% were assigned to mitochondrial proteins for

cultured neurons and brain slices, respectively.

Finally, the MRM approach was combined with quanti-

tative MS technique, SILAC (stable isotope labeling by
www.sciencedirect.com 
amino acids in cell culture) [29], to explore the dynamics

of mitochondrial proteome of HeLa cells during an apo-

ptosis process induced by paraquat (PQ)-mediated oxi-

dative stress [30,31]. In PQ-treated cells, 65% of identi-

fied proteins were classified into mitochondrial proteins.

Of the quantified proteins, 21 proteins were up-regulated

by more than 2-fold in PQ-treated cells and 7 proteins

were down-regulated by more than 2-fold. Among such

significantly changed proteins, some have been estab-

lished to regulate oxidative stress and apoptosis, while

some were discovered for the first time, for example, up-

regulated AIFM1 and down-regulated NDUFAF4 which

are supposed to be associated with mitochondrial dis-

eases. This new finding clearly demonstrated that the

MRM-based method is useful for identification and quan-

tification of key proteins in dynamically dysfunctioned

mitochondria.

Conditional proteomics
As described above, organelle-focused chemoproteomic

approaches enabled to profile protein localizations, the

dynamically altered expression levels of organelle pro-

teins and these activities. Recently, we reported a new

method that can explore an ‘environment’ in which

proteins exist in live cells [7��].

It is now discussed that Zn (II) ion (Zn2+) acts as a signaling

molecule inside and outside cells, and the local concentra-

tion of Zn2+ dynamically changes. Zinc signaling and

dynamics play significant roles in many physiological

responses and diseases. To decipher the physiological roles
Current Opinion in Chemical Biology 2019, 48:1–7
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Figure 3
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Organelle-focused proteomics by organelle-localizable reactive molecules (ORMs). (a) ORMs-based organelle labeling. (b) Structures of NRMs and

MRMs. Abbreviations: NRMs, nucleus-localizable reactive molecules; MRMs, mitochondria-localizable reactive molecules; Et4-Rhod, tetraethyl-

rhodamine; CA, chloroacetyl; EP, epoxide; SF, sulfonyl fluoride; TE, thiophenyl ester; TZ, thiazolidinethione; BP, benzophenone; PA, phenylazide.

(c) Colocalization of CA with Rhodamine 123 in neurons. Blue staining: Hoechst. (d) Distinct labeling patterns by different MRMs in brain cerebrum

slices. (e) Dynamic change of mitochondria proteome upon PQ stimulation in HeLa cells. The variation in expression levels of highlighted proteins

was validated by Western blotting analysis.
of Zn2+ in detail, comprehensive characterization of pro-

teins under high concentration of mobile Zn2+ is crucial.

Toward this end, we developed a conditional proteomics

approach to identify Zn2+-associated proteins [7��]. This
Current Opinion in Chemical Biology 2019, 48:1–7 
method reliesondesigner labelingreagents (AIZin) that are

selectively activated in response to Zn2+ concentration.

AIZin is comprised of a Zn2+-binding site, dipicolylamine

(DPA), conjugated to an electrophilic reactive group, acyl
www.sciencedirect.com
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Figure 4

AIZin

conditional labeling

Inactive

Labeling

(acyl transfer)

AIZin-2

SNOC 10 min

SNOC 180 min

AIZin-1

Fluorescence CBB
(d)

(e)
25

20

15

10

5

0

(c)

protein

protein protein

protein

protein

protein

protein

protein

Active

DPA

Acyl imidazole

AlZin

(b)

Zn2+-rich vesicles

Zn2+

Zn2+

(a)

Zn2+

TPEN

(kDa)

75 —

37 —

25 —

—

— — +

++

—2 —1 0 1 2

Log2 (H/M)

PPIA

CALR

PDIA3

ENPL
EF1A1

NO-180 min (H) vs NO-10 min (M)

RAB1A
ARF4

3

Current Opinion in Chemical Biology

Conditional proteomics by Zn2+-responsive chemical labeling. (a) Zn2+ conditional protein labeling. (b) Schematic illustration of Zn2+-promoted

protein labeling. Abbreviations: DPA, dipicolylamine; FL, fluorophore; Nu, nucleophilic amino acid. (c) In-gel fluorescence imaging of Zn2

+-responsive protein labeling in HeLa cell lysates. (d) Imaging of NO-induced zinc segregation process by FluoZin-3 AM in C6 cells. (e) Time-

dependent change of zinc-associated proteome in SNOC-treated C6 cells. The highlighted proteins were validated, showing complete or partial

colocalization with zinc distribution.
imidazole (AI), which was originally developed by our lab

for ligand-directed chemical labeling of proteins [32,33].

Upon Zn2+ coordination with DPA and closely connected

AI, the electron density of the imidazole ring is reduced,

which enhances the reactivity of the carbamate unit of AI
www.sciencedirect.com 
for covalent conjugation with nucleophiles on surrounding

proteins.

The reactivity of AI moiety in AIZin-1 is enhanced by

23 folds upon zinc complexation, and the activation was
Current Opinion in Chemical Biology 2019, 48:1–7
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selectively induced by Zn2+ among several metal cations.

In the analysis of Zn2+-responsive protein labeling in

HeLa lysates, in-gel fluorescence imaging showed intense

fluorescent bands over the whole molecular weight range

in the presence of Zn2+. This labeling disappeared when

depleting Zn2+ by TPEN, clearly demonstrating the Zn2

+-dependent protein labeling. The labeling sites cover a

wide range of nucleophilic residues, including Lys, Ser,

Thr, Tyr, and His. For live-cell labeling, we applied

AIZin-2, which has a diacetyl fluorescein as the tag moiety

and can spontaneously penetrate live cell membranes.

This probe uniformly distributed inside cells and can be

activated in response to an increase in Zn2+ levels.

We applied our AIZin-based conditional proteomics to

clarify zinc homeostasis under NO-triggered oxidative

stress in glioma cells. Without stress, most of Zn2+ is

bound to metalloproteins and mobile Zn2+ is negligible

[34]. Upon exposure to NO, NO-mediated S-nitrosylation

of metalloproteins causes the rapid release of mobile Zn2+

in live cells [35]. It is reported that excess Zn2+ are

sequestered in small cytoplasmic vesicles [36,37], how-

ever, these Zn2+-rich vesicles have remained largely

uncharacterized. In our experiment, C6 glioma cells were

treated with AIZin-2 after stimulation with S-nitrosocys-

teine (SNOC), a NO donor, for 0, 10, or 180 min. Fluo-

rescent bands indicating labeled proteins in whole cell

lysates dramatically increased after NO stimulation. The

labeled proteins were captured by immunoprecipitation

and analyzed by TMT (tandem mass tags)-based quanti-

tative MS technique [38], by which 331 proteins were

identified and quantified in total. Interestingly, the

labeled proteome changed remarkably in a NO stimula-

tion time-dependent manner, revealing reduced enrich-

ment of nuclear proteins and increased enrichment of

vesicle and endoplasmic reticulum (ER) proteins from

10 min to 180 min incubation after NO stimuli. The most

enriched proteins, such as calreticulin, peptidyl–prolyl

isomerase, and endoplasmin, colocalized with the Zn2

+-rich vesicles imaged by FluoZin-3, which validated our

MS proteomics results. The detailed analysis of our

proteomics data and colocalization imaging finally

allowed for characterizing the unknown zinc-rich vesicles

generated by oxidative stress as ER-related and Golgi-

related vesicles (Figure 4).

Conclusions and perspectives
Chemical proteomics has been proved powerful for sub-

cellular proteome analysis. It does not rely on conven-

tional organelle purification and can provide detailed

insights into the microenvironments of diverse subcellu-

lar compartments. Proximity labeling, especially by

APEX, have been successfully applied to high-resolution

proteome mapping restricted in specific organelles and

even organelle sub-compartments. The two types of

chemical proteomics developed by our group, using

ORMs or AIZin, do not require the expression of
Current Opinion in Chemical Biology 2019, 48:1–7 
engineered fusion proteins and thus these complement

genetically encoded methods such as proximity labeling.

Given the modular structure of ORMs, we envision the

extension of our organelle-focused-labeling strategy to

other organelles such as ER and lysosomes by varying the

localizable moiety. After proteome analysis within one

individual organelle, multi-organelle proteomics may be

carried out by a couple of ORMs to investigate protein

trafficking between organelles. As for AIZin, there is still

a big scope of applying it to identify the composition of

Zn2+-rich environments, such as Zn2+ spark in fertiliza-

tion, synaptic vesicles and insulin granules, that play

many crucial roles in biological zinc signaling. Like

ORMs, the conditional proteomics could be further

developed to target other conditions, such as other metals

and reactive oxygen species, by metal-coordination-

enhanced reactivity (like AIZin) or stimuli-activated

unmasking of latent electrophiles. Furthermore, our con-

ditional labeling for imaging (in both live and fixed cells)

and proteomics hold great potentials on applications to

tissues and whole animal bodies, by which protein locali-

zation and dynamics associated with cell types would be

elucidated in molecular details.
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