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Mammalian cells are organized into different compartments
that separate and facilitate physiological processes by
providing specialized local environments and allowing
different, otherwise incompatible biological processes to be
carried out simultaneously. Proteins are targeted to these
subcellular locations where they fulfill specialized,
compartment-specific functions. Spatial proteomics aims to
localize and quantify proteins within subcellular structures.
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Introduction

Mammalian cells are organized into different compart-
ments that separate and facilitate physiological processes
by providing specialized local environments and allow-
ing different, otherwise incompatible biological pro-
cesses to be carried out simultaneously. Proteins are
targeted to these subcellular locations where they fulfill
specialized, compartment-specific functions. Spatial pro-
teomics aims to localize and quantify proteins within
subcellular structures to provide three important biolog-
ical insights: First, placing a protein in a specific location
within the cell provides a hypothesis about what func-
tion the protein might have. For example, proteins
localized to the mitochondria could have roles in energy
production or apoptosis. Second, it can indicate a specific
state of the cell or provide potential hypotheses about a
new function of a protein if the protein is found in
different subcellular locations simultaneously or upon
perturbation. Third, determining the localization of pro-
teins is important to understand the functions of orga-
nelles and compartments. Most importantly though,
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spatial proteomics of the non-perturbed state also pro-
vides a baseline for detecting aberrant localization of
proteins, which is an important cause for a number of
different human diseases.

Protein biology and subcellular localization
Because spatial proteomics requires the enrichment of
proteins before identification, results are fundamentally
limited with regards to several basic aspects in subcellular
biology of proteins. One aspect is that proteins can be
present at different subcellular locations simultaneously.
For example, actin prominently assembles the actin
cytoskeleton in the cytoplasm. While 3-actin has been
also observed in nuclear preparations by mass spectrom-
etry, it was usually discarded as non-nuclear contaminant.
Elegant genetic and imaging studies now show that
nuclear actin plays a role in the repair of DNA double
strand breaks and in transcriptional activation in the
nucleus [1-4].

Another problem complicating spatial proteomics is the
fact that proteins can shuttle between different subcellu-
lar localizations and their function can change accord-
ingly. The tumor suppressor protein p53 and the Rel-
family transcription factor NF-kB are two well studied
example proteins that shuttle from the cytosol to the
nucleus [5,6]. In both cases, not only the subcellular
location of the two proteins change but also their activity
and protein—protein interactions. When p53 is located in
the cytosol in healthy cells, it is usually in an inactive state
and bound to MDM2, which degrades p53 [7-9]. In the
event of cell stress, p53 is released from MDM2, translo-
cated into the nucleus, and acts as transcription factor to
induce apoptosis [10]. The same is true for NF-kB, which
is inactive in the cytosol, but is activated by induced
nuclear import [11]. Spatial proteomic approaches to
study diseases such as cancer and inflammatory diseases
thus need to account for such dynamic protein location
and specific cellular circumstances as well as protein
modifications and mutations, which may determine the
cellular ‘zipcode’ of a protein.

Furthermore, protein location may not be the same
during the entire life-cycle of a protein. For example,
during protein biogenesis, membrane proteins will be co-
translationally inserted into the ER before journeying in
vesicles through the ERGIC (ER-Golgi-intermediate
compartment), the Golgi, and in different vesicles to their
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target destinations at the plasma membrane (either apical
or basolateral). Thus, individual protein molecules
change location and protein—protein interaction partners
several times before arriving at their final cellular desti-
nation. Other aspects of changing location and function
include protein turnover, receptor recycling and degrada-
tion as well as protein localization change depending on
stimulus. Thus, a protein may be found in several differ-
ent cellular compartments at the same time. Furthermore,
proteins may change their location depending on the cell
cycle phase, circadian rhythm or upon various stressors
and may become concentrated in exceptional subcellular
compartments that constitute itself through liquid-liquid
phase transitions [12].

Such details of localization need to be considered when
designing spatial proteomics approaches and validation
experiments. Several newer approaches try to address
these challenges and improve the confidence in protein
localization studies to complement more traditional
approaches.

Methods in spatial proteomics

Several methods are available to monitor protein locali-
zation in cells and tissues, the most prominent being
imaging methods. A recent large scale study used immu-
nofluorescence to localize 12 073 proteins to 33 subcellular
structures comprising 13 human organelles [13°], (www.
proteinatlas.org). Other large-scale studies successfully
localized several hundreds of proteins that were directly
labeled with fluorophores [14,15]. Still, the function and
localization of approximately 50% of the human proteome
has not been characterized in detail and is annotated
solely based on structural or sequence features of the
protein or by inference from other species, some of them
quite distant from human.

Combining proteomic technologies with biochemical
purification of subcellular compartments enabled enor-
mous synergies and opportunities to characterize the
content of organelles and, thus spatial protcomics was
developed as a global method to characterize the subcel-
lular location of proteins in an unbiased way to provide
functional context [16-18]. Classical spatial proteomics
approaches include the purification of organelles by sub-
cellular fractionation (Figure 1). Such approaches have
produced some clinically relevant results. The MitoCarta
studies, which aim to characterize the mouse and human
mitochondrial proteome, found several proteins in mito-
chondria that were not previously annotated as mitochon-
drial, but that play a role in the activity and assembly of
respiratory chain complex I. Mutation of one of the newly
localized proteins, C8o0rf38, was subsequently found to be
causative for Inherited Complex I deficiency [19,20].
Spatial proteomics studies have also helped to detect
developmental differences in protein location. McClat-
chy e al., for example, quantitated synaptosomal and
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Different approaches used in spatial proteomics reveal different
aspects of subcellular organization.

mitochondrial proteins at different developmental time
points in different locations of the rat brain and found
surprising differences in protein expression and protein
abundances [21°]. Amin ¢ 4/., used the INTACT (isola-
tion of nuclei tagged in specific cell types) method to
enrich the nuclei from heart cells of Xenopus [22]. This
strategy identified 12 human protein orthologs whose
genes have been identified to be important in congenital
heart disease and thus important in heart development. In
addition, spatial protcomics has helped to define the
proteome of the post synaptic density (PSD) of neurons.
Cell biological techniques for enriching PSD are quite
well established and thus there have been a number of
studies to identify the proteins present in PSD [23,24],
many of which are involved in neurodegenerative and
psychological diseases. The proteome of large, stable
structures such as chromatin [25,26] or cilia have also
been performed and led to the identification proteins
linked to ciliopathies [27].

Despite the success of subcellular fractionation
approaches, several difficulties remain, such as the co-
purification of different organelles with similar biophysi-
cal properties or the co-purification of cytoplasmic local-
ized proteins that associate with or are in close proximity
to the purified organelle. Other organelles and subcellular
structures also do not lend themselves as easily to purifi-
cation as nuclei and mitochondria or synapses. For exam-
ple, more filamentous structures such as the Endoplasmic
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Reticulum (ER) that are intricately connected to other
compartments, are generally ‘shredded’ during isolation,
generating microsomes, which are very difficult to sepa-
rate from other cellular vesicles.

A strategy called Protein Correlation Profiling (PCP) was
developed to better assess the enrichment of organelles
using standard enrichment methods like density centri-
fugation [28°]. The method follows the ‘least common
denominator’ approach and uses mass spectrometry to
identify proteins of which the relative abundance maxi-
mally correlates with the band of interest in the density
gradient that contains a marker protein for the organelle
of interest. A similar strategy was used to assign proteins
to the nuclear envelope by using subtractive analysis
based on spectral counting [29]. As the nuclear envelope
is contiguous with the ER, sorting out which proteins
belong to the ER or the nuclear envelope is difficult.
Therefore, Schirmer ez al., first isolated the ER-enriched
microsomal fraction and then enriched the nuclear enve-
lope using several different strategies. The proteins were
then identified and quantified using mass spectrometry
and this information was used to subtract away from the
nuclear envelope those proteins likely to be from the ER.
Interestingly, this strategy identified 67 ORFs as novel
nuclear envelope localized proteins, of which 23 mapped
to genomic regions associated with a variety of dystro-
phies. The concepts of the PCP method were subse-
quently further advanced by incorporating more accurate
and robust quantification by labeling proteins in density
gradient bands with isotope tags (LOPIT), which offers
the ability to multiplex up to 11 fractions for simultaneous
analysis of peptide abundances [30°,31]. Protein abun-
dance is therefore co-localized to the enrichment distri-
bution with well-annotated marker proteins in a manner
similar to PCP. However, the approach can only deter-
mine proteins that are significantly enriched in one com-
partment over the remainder and thus any protein that co-
localizes to different compartments will be missed in this
protein centric quantification approach.

Interactome studies for spatial proteomics

Interactome studies can provide insights into the life-
cycle and the subcellular locations of proteins. For exam-
ple, a protein known to localize to a specific compartment
can be used to enrich for interacting proteins in the same
cellular compartment. A very large-scale study of the
human interactome has been conducted and is known
as Bioplex [32°,33]. The Bioplex interactome has desig-
nated several uncharacterized proteins as members of
known complexes with specific functions and localiza-
tions, and led to subcellular localization predictions for a
few other hundred proteins based on their first and second
degree interactors. Through this ‘guilt-by-association’
strategy, several proteins were discovered that are in
complexes associated with disease. The interactome of
the Cystic Fibrosis Transmembrane Conductance
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Regulator (CFTR), shed light onto the complicated
life-cycle of membrane proteins and revealed protein
interaction partners at different subcellular locations
[34°]. Interactome approaches are also useful to better
understand defects associated with aberrant protein local-
ization, often based on misfolding of the respective
protein. Comparison with the interactome of the mis-
folded AF508 CFTR variant, which causes Cystic Fibro-
sis in more than 90% of CF patients, revealed for example
different cellular location as well as differences in traf-
ficking of the wt and misfolded mutant AF508 CFTR
proteins, using well-annotated first or second-degree
interactors in a strategy similar to ‘guilt-by-association’.
The results reflected the well-established fact that the
misfolded AF508 CF'TR mutant is mainly localized to the
ER and early secretory pathway, whereas wt CF TR is also
localized to the plasma membrane (Figure 2a). GO sub-
cellular location enrichment analysis revealed similar
results — proteins interacting mainly with wt CFTR
were enriched in plasma membrane associated locations,
whereas proteins interacting with AF508 CFTR were
enriched in the ER-Golgi intermediate compartment
(ERGIC) or the lateral plasma membrane. This latter
analysis did not reveal as clear a picture as the first
strategy though — mainly because of ambiguous annota-
tion of proteins such as kinectin, which is involved in
vesicle mediated transport, but is annotated as localized
to the cilium basal body (Figure 2b). It is clear that by
looking at the interactome by these different approaches,
different interactions occurring in different compart-
ments of the cell can be discovered and that this infor-
mation can be used to gain clinical insight. CF-therapies
for example have aimed to correct the misfolding defect
and move the AF508 CFTR protein from the ER to the
plasma membrane. Since protein isoforms as well as
protein homologues often share significant sequence
similarity, but may be localized in different cellular
locations and have different functions, smart software
that can differentiate between these proteoforms in quan-
titative bottom-up proteomics experiments is also needed
to address differential subcellular location in health and
disease states.

New software such as ProteinClusterQuant (PCQ) can
address this issue by assembling bipartite peptide—pro-
tein networks and using the quantitative peptide infor-
mation to tease out the regulation of proteoforms [35]. If
used to quantify different heat shock proteins, some of
which are located in the ER (such as endoplasmin and
HSPAS) and some of which are located in the cytoplasm,
more detailed insight into the quantity and interaction of
a protein at different subcellular locations can be gained.
An analysis of the heat shock proteoform quantities
within the CFTR interactome dataset for example
revealed increased interaction of the AF508 CFTR
mutant with HSPA2, which is implicated in the activation
of proteolysis of misfolded proteins — a result, which
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(a) Quantitative analysis of CFTR Co-IPs with subcellular marker proteins in a guilt-by-association approach reveals different subcellular locations
for wt CFTR and the Cystic Fibrosis causing AF508 CFTR mutant. Blue nodes, enhanced interaction with wt CFTR; green nodes, reduced
interaction with wt CFTR. Values represent log2 ratios (wt/AF508 CFTR). (b) GO analysis using Uniprot subcellular location also reveals different
subcellular locations for wt and AF508 CFTR, with interactors in subcellular locations associated with the plasma membrane enriched for wt
CFTR. (c) Bipartite protein—peptide network shows enhanced interaction of AF508 CFTR with HSPA2, a chaperone which initiates proteolytic

processing of misfolded proteins.

would likely have been missed by conventional quanti-
tative analysis, as HSPAZ shares peptides with other heat
shock proteins that were differentially regulated (see
Figure 2c¢).

Two new methods, APEX and BiolD, localize proteins
within close proximity (~150 nm) to epitope tagged pro-
teins and can be used to determine the subcellular loca-
tion of neighboring proteins [36,37°,38,39°,40]. In both
cases, a protein of known subcellular localization is genet-
ically fused with a protein designed to chemically label
nearby proteins. The appended protein moiety is either
an engineered ascorbate peroxidase (APEX) or the BirA
protein which is a promiscuous bacterial biotin ligase
(BioID). In APEX, phenoxyl free radicals are generated

from hydrogen peroxide and biotin phenol. The phenoxyl
radical labels proteins that are within the diffusion limit of
its free radical state in cells. Free radicals are rapidly
quenched in aqueous solution and do not diffuse far and
this turn proximity labeling with APEX in a fast and
location-sensitive method. The biotinylation reaction by
the biotin ligase BirA is slower and requires high intra-
cellular concentrations of biotin for a prolonged period of
time. A molecular engineered version of BirA labels
within 10 min and has been named TurbolD [41]. Recent
studies have therefore used APEX to map proteins in the
intermembrane space of human mitochondria and char-
acterized the proteome of the synaptic cleft of neurons
with APEX [39°,42] whereas BiolD mapped proteins in
subcellular structures like cilia [43]. Carefully crafted
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experimental setups mitigate issues like background
noise due to endogenously biotinylated proteins as well
as a potential mis-localization of the tagged proteins due
to the inevitable change in amino acid sequence. The
cited studies verified and complemented newly identified
subcellular localizations of proteins with orthogonal
approaches such as immunofluorescence in conjunction
with high-resolution confocal or super resolution
microscopy.

The role of bioinformatics in spatial
proteomics

Predicting subcellular localizations based on amino acid
sequence motifs was introduced more than three decades
ago with the study of signal peptides [44]. One of the first
methods to predict multiple localizations was PSOR'T
[45] which has been extended over the last years to
support the prediction of sequences from a larger variety
of organisms [46,47]. While some methods focus on pre-
dicting the presence of a protein in one single, specific
subcellular compartment [48,49] others can predict pro-
tein localization in a few [50] or in a wide range of
localizations [51-54]. Most software use different sources
of information, such as the sequence composition (the
amino acid distribution and their physicochemical prop-
erties or sequence motifs annotations [55-60]), phyloge-
netic information, and gene ontology annotations
[51,52,61,62]. Other tools combine different sources of
information or multiple predictor algorithms [63,64].

Other computational tools use the available MS-based
information to obtain more confident insight on the
localization of proteins. One of these tools is pRoloc
(Bioconductor R package, www.bioconductor.org) [65],
which uses quantitative mass-spectrometry data to create
organelle-specific profiles using known organelle markers
and matches these to the distribution profiles of the
unknown proteins. This software implements several
classification methods previously used in the field such
as: partial least-square discriminant analysis [66], SVMs
[67], random forest [68], neural networks [69] and naive
Bayes [70], as well as novel algorithms such as PerTurbo
[71].

More integrative and comprehensive tools may include
additional annotations and information such as protein
structure and protein pathways. In this regard, it is impor-
tant to consider the nature of the already known annota-
tions to infer the localization of other proteins. Protein
localization annotations, such as gene ontology (GO)
terms, can be weighted according to their discriminative
power in a training dataset [62] or by origin and metadata
like whether the localization is iz si/ico or experimentally
derived or whether the localization was described in a
particular tissue or for a specific cell type. Databases
should integrate this metadata so that it can be used
properly by external tools.
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While databases like UniprotKB often correctly annotate
proteins with multiple cellular localizations, and the ori-
gin of the annotation is usually present, additional infor-
mation upon protein life cycle, enzymatic activity, or even
experimental design is missing which makes it difficult to
filter and interpret spatially resolved annotations of pro-
teins. Linking spatial information to different protein-
annotated features such as pathways, functions or 3D
conformations will aid to resolve and better understand
ambiguities in spatial localization. For example to spa-
tially resolve the initial event of protein misfolding in
sporadic neurodegenerative diseases is of high impor-
tance but challenging. The self-templating ability of
amyloid-B peptide and tau protein that are implicated
in Alzheimer disease amplifies protein aggregation at one
cellular location, but might obscure the location of initial
protein misfolding. In sporadic Alzheimer disease the
underlying conjuncture for a misfolding of both proteins
remains unclear because both protein aggregates are
observed as temporally as well as potentially spatially
separated.

Summary statement

Taken together, if designed and validated carefully and
complemented by appropriate bioinformatics solutions,
spatial proteomics is an invaluable tool to identify aber-
rant location of proteins in human diseases, which is often
the first step to understand underlying molecular mecha-
nisms of disease to enable new therapeutic avenues.
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