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Abstract

The eukaryotic cell is compartmentalized into subcellular niches, including membrane-bound

and membrane-less organelles. Proteins localize to these niches to fulfil their function,

enabling discreet biological processes to occur in synchrony. Dynamic movement of proteins
between niches is essential for cellular processes such as signalling, growth, proliferation,

motility and programmed cell death, and mutations causing aberrant protein localization are
associated with a wide range of diseases. Determining the location of proteins in different

cell states and cell types and how proteins relocalize following perturbation is important for
understanding their functions, related cellular processes and pathologies associated with their
mislocalization. In this Primer, we cover the major spatial proteomics methods for determining the
location, distribution and abundance of proteins within subcellular structures. These technologies
include fluorescent imaging, protein proximity labelling, organelle purification and cell-wide
biochemical fractionation. We describe their workflows, data outputs and applications in exploring
different cell biological scenarios, and discuss their main limitations. Finally, we describe
emerging technologies and identify areas that require technological innovation to allow better
characterization of the spatial proteome.

Compartmentalization of the eukaryotic cell into membrane-bound and membrane-less
organelles and other subcellular niches allows biological processes to occur synchronously?.
Proteins often localize to specific subcellular niches to fulfil their function and dynamic
movement of proteins between compartments is essential for cellular processes including
signalling, growth, proliferation, motility and programmed cell death; indeed, cells employ
dedicated mechanisms to ensure the correct trafficking of proteins and mislocalization of
proteins has been implicated in various different pathological states?-3. Mutations causing
aberrant protein localization underpin some forms of obesity?, cancers®, laminopathies® and
lung and liver disease’, and translation at inappropriate subcellular locations has been linked
to cancer® and dementia®.

Determining the subcellular location of a protein and how it changes upon perturbation or
varies between different cell types is essential for understanding the protein’s biochemical
function. This is complicated in the case of multi-localized proteins (MLPs), which reside
in multiple subcellular locations because trafficking between locations is part of their
cellular function or enables them to adopt different functions in the cell in a context-
specific mannert0.11, Up to 50% of the proteome is estimated to be composed of MLPs1,
Recently, community-led spatial proteomics approaches and the refinement of experimental
techniques have made substantial progress in determining and understanding the subcellular
localization of proteins and assembling subcellular protein atlases1-18, These experimental
methods range from single-cell approaches to those giving information on bulk steady-state
protein location in multiple cells, tissues or even whole organisms. The application of these
techniques to dynamic systems has detailed protein relocalization events associated with
pathologies, cellular stresses and exposure to therapeutic agents. Together, these studies have
uncovered details of the spatial proteome and revealed the context-specific properties of its
components19:20,
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In this Primer, we cover the major spatial proteomics approaches for determining the
localization and abundance of proteins within intricate subcellular structures, rather than
whole cell protein abundance in tissue-specific cell types. These technologies include
fluorescent imaging approaches and protein proximity labelling, organelle purification or
cell-wide biochemical fractionation coupled to mass spectrometry (MS), summarized in
Fig. 1. We discuss the experimental procedures and data analysis principles for these
techniques and cover examples of their applications. Irrespective of the approach taken, the
importance of rigorous data analysis and raw data accessibility is of paramount importance
and is described along with emerging high-throughput methods for the identification,
quantification and subcellular mapping of proteins within the cell and at the cell surface.

Experimentation

Workflows required to interrogate the spatial proteome are extremely varied and the choice
of workflow depends on the system and scale of spatial information required?L. For
simplicity, we divide methods into those that use quantitative MS or fluorescent imaging.

Mass spectrometry-based methods

MS approaches offer accurate proteome-wide identification and quantification of proteins
and proteoforms. MS-based workflows for subcellular proteomics use biochemical
fractionation or proximity labelling methods to separate or discriminate specific subcellular
compartments before MS analysis. We describe specific strategies for producing spatially
informative samples for MS analysis and common quantitative MS techniques below. Note
that we focus on centrifugation-based and detergent-based fractionation methods, although
electrophoresis and affinity purification strategies have also been employed for organellar
fractionation22-28,

Proteoforms

Different molecular forms in which the protein product of a single gene can be found.

Biochemical fractionation and enrichment.—Biochemical fractionation separates
organelles based on size, density, membrane solubility or charge prior to their analysis

by MS. Methods that produce fractions enriched for specific organelles typically achieve
very high sensitivity and proteome coverage in MS-based analysis. A common strategy
uses differential centrifugation to pellet a crude organelle preparation, followed by

density centrifugation using sucrose, Nycodenz, iodixanol or Percoll to produce discrete
organelle fractions?%-38. Bona fide target organelle components can be differentiated from
co-purifying contaminants in MS data using subtractive proteomics3%; in this experimental
workflow, a single fraction containing contaminant organelles serves as a negative control.
The control can also consist of several subcellular fractions collected during purification of
the target organelle, which are then analysed using protein correlation profiling approaches
to differentiate the target niche from the control. Fractions from density centrifugation will
inevitably contain contaminant proteins and these may account for the majority of protein
identifications2?; it is therefore important to achieve adequate enrichment of the target
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organelle or organelles in the purified sample over the control fraction(s). A typical amount
of starting sample for the purification of a target organelle such as the mitochondria from
human cell lines (for example, HeLLa or HEK293) is 2 x 108 cells, although the required
starting material varies between model systems and the organelle of interest?1,

Protein correlation profiling

Using distributions profiles of proteins unique to different organelles and protein
complexes across subcellular biochemical fractions to determine the subcellular location
or complex association of uncharacterized proteins.

In correlation profiling methods such as protein correlation profiling3940, localization

of organelle proteins using isotope tagging (LOPIT)1041-43 dynamic organellar maps*4,
Prolocate?>, COLA%* and SubCellBarCode?’, fractions are collected across a separation
gradient using either density or differential centrifugation and analysed using MS and
multivariate statistics, and machine learning methods are used to compare the abundance
distribution of every protein with known organelle markers in order to determine the
probable locations of the proteins10:42:44.48-53 and make inferences regarding protein
trafficking##47:5455_ These techniques can identify organelle protein distribution trends
even in the presence of structural alterations, which may not be captured by traditional
fractionation methods that focus on enriching a specific organelle®356, They are based on de
Duve’s principle®’, which states that proteins from the same subcellular niche will share a
distinct abundance profile across a separation gradient. Typically, these approaches require a
minimum of ~1 x 107 cells or ~1.3 g of tissue*%:44, although this is highly dependent on cell
size and type, the number of organellar fractions required, the organelles of interest and the
homogenization technique used.

de Duve’s principle

Comparing the distribution pattern across subcellular fractions of proteins known to be
resident within a specific organelle of interest allows for inference of other proteins with
similar distribution profiles that must also reside in the same compartment.

Detergent-based subcellular fractionation methods separate subcellular compartments based
on their solubilization. This strategy allows the capture of a broader distribution of

proteins in individual fractions than density centrifugation methods, for example comparing
cytosolic, membrane and nuclear distributions. The required starting material is 10-107
cells or 25-50 mg of tissue; this approach is therefore useful where starting material is
limited, for example when using primary cell cultures. Frequently used detergents for these
methods and resultant subcellular fractions are summarized in TABLE 1 (REF.#/).

During any biochemical fractionation experiment, samples should be maintained at 4 °C
or on ice throughout organellar enrichment. For centrifugation-based methods, disruption
and breakage of the compartments should be avoided during cell lysis; this can be
minimized by performing sonication, hypotonic shock, Dounce homogenization or ball
bearing homogenization in detergent-free lysis buffer®8, Quality control checks can be
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performed following organellar enrichment to ensure successful fractionation by measuring
organelle-specific protein markers using immunablotting or targeted MS, or by assessing
the biophysical homogeneity of fractions using electron microscopy or fluorescence
microscopy®?. Independent replicates should be generated at this stage.

Proximity labelling.—In proximity labelling techniques, a *bait’ protein is fused to

a labelling enzyme that can covalently label neighbouring ‘prey’ proteins in the cell.
Labelled proteins can then be purified and characterized by MS to generate spatially
resolved proteomic data. Two main labelling approaches are used in spatial proteomics.
The first uses an engineered ascorbate peroxidase — either APEX or the derivative APEX2
(REFS®0.61) _ which biotinylates the tyrosine residues of proteins within a radius of ~20
nm upon stimulation with peroxide. The second approach, BiolD, uses a mutated bacterial
biotin ligase, which creates a ~10 nm cloud of activated and reactive biotin-AMP®2 that
can covalently biotinylate lysine e-amines on proximal proteins. Labelling enzymes for
BiolD include a mutant form of the Escherichia coli BirA protein known as BirA*3,

the more active miniTurbo or TurbolD variants54 and biotin ligases from other species
such as BiolD2 (REF.5%) and BASU®®. Biotinylated proteins are recovered from the lysate
using streptavidin—agarose or magnetic beads before MS analysis (FIG. 2). Unlike the
fractionation approaches mentioned above, organelles and protein—protein interactions do
not need to be intact during cell lysis, and detergents and chaotropic agents — such as SDS
or urea, respectively — can be employed to efficiently solubilize subcellular compartments.

The range of labelling proteins is far shorter than the size of membrane-bound

and membrane-less organelles, which are generally hundreds of nanometres to a few
micrometres in diameter. Therefore, proximity labelling can obtain detailed information
about the spatial organization of proteins within organelles. Quantitative proteomics
comparisons can be made between prey proteins from baits in an organelle of interest

and those from control baits labelling adjacent compartments; this is exemplified in an
early study of the mitochondria inner membrane space®’. Sub-organellar organization of
proteins can be inferred when an experimental set-up involves multiple baits both inside
and outside an organelle, as demonstrated in the characterization of different modules within
the centrosome—cilium compartment®®. Large data sets can also reveal the organization

of subcellular proteomes in a prey-centric fashion, as preys in close proximity should be
co-labelled by the same set of baits. Finally, correlation of prey profiles can be used to
reveal clusters of preys defined by their organellar association®®:70, For further information
on proximity labelling methods, we refer readers to recent reviews’1.72,

Mass spectrometry techniques.—In a typical bottom-up or shotgun spatial proteomics
workflow, proteins isolated from the above biochemical fractionation or proximity labelling
techniques are enzymatically digested to produce peptides that are then characterized using
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). The initial
liquid chromatography step separates peptides to reduce sample complexity (improving
proteome coverage) before aerosolization and direct injection of the samples into the MS
using electrospray ionization. Matrix-assisted laser desorption/ionization is an alternative to
electrospray ionization, but has a smaller mass range of detection that is not as suitable
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for peptide samples with diverse molecular masses. In commonly used data-dependent
acquisition (DDA) approaches using MS/MS, an initial MS scan (MS1) detects peptide

ions of which the most highly abundant are then isolated and fragmented before a
subsequent MS scan (MS2) to determine their specific amino acid sequence. Mass spectra
are compared against a reference database of canonical sequences to infer peptide identity’3.
In emerging data-independent acquisition (DIA) approaches, large overlapping isolation
windows are used at the MS1 stage to allow more peptide ions to be measured in MS2.

DIA can improve peptide identification, reproducibility and detection of low-abundance
proteins’4, although the complex MS2 spectra from DIA can be difficult to interpret.
Experimental considerations of DDA and DIA are covered in a recent review’. Note that
spatial proteomics strategies are not restricted to shotgun proteomics and can include other
analytical methodologies; for example, SDS-PAGE and western blotting can assess a small,
targeted group of proteins. MS technology can also be used for cell imaging, which is briefly
covered in BOX 1.

Label-free MS approaches are popular amongst most groups owing to their ease of
application, although proteins can be labelled with stable isotopes before DDA to reduce
missing values caused by and improve reproducibility over label-free approaches’6-80 (FIG.
3). Missing values can be caused by biological variation or technical issues arising from
sample storage, protein extraction, the stochastic sampling of peptide ions during MS
acquisition or signal-to-noise thresholding®l. Labelling allows for multiplexing of samples,
which minimizes some of these technical issues. In stable isotope labelling by amino acids
in cell culture (SILAC)’8, non-radioactive, stable isotope-labelled amino acids — typically
Arg and Lys — are incorporated into the proteome during cell culture. This is arguably the
most robust labelling approach and allows up to three samples to be combined immediately
after cell culture and analysed simultaneously (FIG. 3b). Higher multiplexing capacity is
theoretically possible with SILAC, although only a limited set of reagents are currently
available82. In tandem mass tagging (TMT)83-85 (FIG. 3c), peptides generated after cell
lysis and protein digestion are chemically labelled with an isobaric compound containing
an identifiable mass reporter ion. During fragmentation, these reporter ions are cleaved and
can be quantified using their MS2 spectra. This technique allows for multiplexing of up to
16 samples and has applications beyond in vivo incorporation of labels. Isobaric tags suffer
from more experimental variation than SILAC approaches, owing to their incorporation and
multiplexing later in the sample preparation workflow. TMT also suffers from precursor
co-isolation issues (see REFS8486). To achieve higher proteome coverage and include low
abundance and low molecular mass proteins when performing bottom-up techniques, the
use of alternative proteases or orthogonal peptide fractionation techniques such as high-pH
reversed-phase chromatography is advised?%:87. In most spatial proteomics applications,

it is common practice to scale intensities of each protein to values between zero and

one (REFS#488.89) Normalization at the sample preparation stage is also important to
consider, such as creating balanced experiments to minimize batch effects and normalizing
protein amounts when using TMT labelling. These are just a couple of examples and these
considerations are extensively reviewed in REF.%C.
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Fluorescent imaging methods

Imaging approaches give subcellular information of protein distribution in intact cells,

and microscopy has been used for centuries to explore the cell interior. Recent advances

in genome-wide RNA interference technologies and CRISPR-Cas9 (CRISPR-associated
protein 9) have further contributed to imaging being a powerful approach for linking
phenotype — including changes in subcellular location — to genotype®192. Two main
fluorescent imaging approaches can be employed to capture subcellular information: live-
cell imaging, where the protein of interest is modified to express a fluorescent tag to

enable detection; and immunocytochemistry, where fluorescently tagged affinity reagents are
applied to fixed material to bind specific proteins and allow their visualization. Antibodies
are the most commonly used affinity reagents and can be labelled directly with fluorophores
for detection of the bound protein (primary antibodies), or secondary antibodies conjugated
to fluorophores can be used, which bind to unlabelled primary antibodies in turn.
Alternatives to antibodies include nanobodies, affimers and aptamers3-9°, Several chemical
dyes are available for live and fixed material to counterstain cellular structures such as the
nucleus, cell membranes, mitochondria and actin filaments®>:9. We refer readers to a review
on the range of available counterstains®’.

Nanobodies

Antibody fragments consisting of a single monomeric variable antibody domain.

Affimers

Small proteins that bind to target molecules with a similar specificity and affinity to
antibodies.

Aptamers

Oligonucleotides or peptide molecules that bind to a specific target molecule.

Use of live or fixed cells.—The biological context, accessibility of samples,
instrumentation, technological expertise and number of studied proteins can determine
the method of choice. Studying transient protein dynamics in real time requires live-cell,
time-lapse microscopy, with instrumentation that enables temperature and CO, control to
promote cell survival throughout several cell cycles. Using fixed material and antibody
labelling is useful in cases where the protein of interest is difficult to tag or express
endogenously, in cases where the cell type of relevance is difficult to genetically modify
or for large-scale experiments of hundreds of proteins. Further, once affinity reagents are
generated, they can be validated and applied to detect the same protein in different cell
types under various conditions, allowing for comparative studies. For these reasons, we
focus on immunocytochemistry (FIG. 4); however, most global microscopy studies so
far have been performed with protein tagging approaches and we refer readers interested
in these methodologies for subcellular profiling to other studies?8-101, These efforts and
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methodologies serve as complementary methods for the validation of data obtained from
fixed material102,

Sample preparation.—Imaging-based spatial proteomics techniques can be applied to
cell cultures, tissue sections and organoids. Cultured cells are most often used owing to their
accessibility and flexibility. Cell culture samples are often fixed using paraformaldehyde
(PFA)103 to preserve subcellular structures and permeabilized using detergents to allow
penetration of affinity reagents; this can be done using non-ionic detergents such as Triton
X-100, Tween-20 and NP-40, or saponin glycosides, which better preserve membrane
morphology than detergents194.195 Alternatively, alcohols or other organic solvents can fix
and permeabilize cells in a single stepl%6 and could be an option when more rigid structures
of the cells, such as cytoskeletal components or nuclear structures, are to be visualized107.
Fixation and permeabilization protocols should be optimized for the specific target protein
and associated affinity reagents197-111, Tissue samples should be frozen immediately and
stored at —20 °C112 or preserved in formalin-fixed paraffin-embedded blocks13 before
sectioning using a cryostat or microtome. To resolve fine subcellular structures, the sample
thickness should be <10 um to reduce scatter from out of focus light. Frozen sections can be
stained directly after sectioning, whereas formalin-fixed paraffin-embedded sections require
de-paraffinization and an antigen retrieval step to allow for affinity reagent penetration and
binding of the protein target!14.115,

Microscope instrumentation.—The use of different fluorophores can allow for
simultaneous detection of signals from different proteins. Choosing fluorophores with
narrow excitation and emission peaks or microscope systems that detect broad spectral
ranges can increase the number of proteins that can be imaged at once. Spectral overlap
when introducing additional fluorophores can limit the number of proteins that can be
detected simultaneously, although approaches are being developed based on the cyclic
detection of a few proteins at a time that enable more proteins to be detected in a single
sample without introducing additional fluorophores101.116-118

Instrumentation for image capture depends on several factors and is usually a trade-off
between resolution, sample size and speed. For example, high-resolution imaging requires
an objective with a high numerical aperture and short working distance that captures a
smaller field of view, requiring many images to be taken to collect data from a large area. By
contrast, in high-throughput screening techniques — used extensively by the pharmaceutical
industry owing to the information-rich data being generated from imaging1® — throughput
is more important than achieving the best possible resolution, as these approaches require a
large number of replicates to gain statistical power.

Confocal microscopy can block out of focus light and has an improved signal-

to-noise ratio compared with conventional fluorescence microscopy, allowing the
localization of proteins to fine structures such as fibrillar centres, microtubule ends

and substructures of the cytokinetic bridgel29. Confocal microscopy is limited by the
diffraction limit of light according to abbe’s law and minimum resolution is therefore
around 200 nm121, Super-resolution microscopy techniques, such as stimulated emission
depletion microscopy22, photoactivated localization microscopy23 and stochastic optical
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reconstruction microscopyl24, can resolve distances as low as 20 nm and are therefore able
to localize proteins to smaller structures or sub-organelle domains. We refer readers to a
review of these techniquest??.,

Abbe’s law

The approximate diffraction limit of a microscope determined using the wavelength
of light (1), the refraction index of the medium the imaged object is in () and the
numerical aperture (6).

Results

Subcellular proteomics approaches give rise to diverse and complex data sets. Here, we
discuss the expected data outputs from these approaches and the recommended manual and
computational data analysis strategies for these methods.

Shotgun MS proteomics data processing

The raw output of organellar fractionation and proximity labelling approaches consists of
thousands of tandem mass spectra and it is therefore impractical to manually sequence
peptides from spectra. Complex algorithmic database searching tools have been developed
for DDA spectra, including Andromedal?®, Sequest126, Mascot12” and X!Tandem128, These
compare experimental peptide spectra with theoretical in silico spectra and generate peptide
spectral match scores, which reflect the likelihood that the corresponding peptide was
present in the sample. To ensure that peptide spectral match scores are reliable, spectra are
searched against the target species peptide database and a decoy database that consists of a
reversed or randomized version of the target database12%.130, This allows for the calculation
of the percentage of peptide spectral match hits that are false positives, enabling estimation
of the false discovery ratel31. Database searching tools are often packaged into user-friendly
software such as Proteome Discoverer and MaxQuant that allow for customizable and
experiment-specific pipeline designl32. For DIA spectra deconvolution, alternative software
is required, such as OpenSWATH133| Skylinel34 and DIA-NN13% which are reviewed
elsewhere!38, The output of these packages is a list of peptides and proteins alongside their
quantitation across all samples, as well as other statistical and descriptive data. Statistical
and visual analysis of this output can be performed using Perseus3’, Jupyter!38, Python139
or R programming packages. We direct interested readers to a repository of open-source
Python tools for proteomics analysis.

Analysing fractionation experiments

All organellar fractionation methods coupled with MS use ion intensities as a proxy for
protein abundance. Proteins with similar abundance profiles or characteristics of defined
organellar proteins are assigned to their respective organelles. As proteins are dynamic

and can simultaneously reside in multiple cellular compartments40, validation of organelle
markers within different biological contexts is critical. Subtractive proteomics data must
include an accurate reference set of known protein components of the target organelle

and reference lists for protein contaminants from other subcellular compartments. These
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can be selected using Gene Ontology41:142  although Gene Ontology is frequently not a
robust way to define marker sets as terms can be broadly applied. Other databases can

be used in conjunction with Gene Ontology that contain evidence-based information, such
as COMPARTMENTS!43 and UniProt144, Calculation of the abundance ratios of reference
proteins against contaminant proteins allows proteins with enrichment comparable with
the reference markers to be assigned to the target organelle and visualized in a ratio

versus intensity plot (FIG. 5a). This analysis accounts for impure isolations and enables
high-confidence assignment; however, proteins that also reside outside the target organelle
can easily elude identification.

Correlation profiling data do not require a contaminant reference and consist of multiple
organelle profile plots, where the abundance of the protein is plotted across the biochemical
fractionation gradient (FIG. 5b). To reduce complexity and improve visualization, dimension
reduction methods such as principle component analysis (PCA) can assess subcellular
resolution as proteins associated with the same subcellular niche should form defined
clusters in PCA plots!4® (discussed further in BOX 2). Supervised, semi-supervised or
unsupervised machine learning algorithms can also be used for correlation profiling;
supervised and semi-supervised algorithms require the spatial profile of known organelle
marker proteins to assign proteins with unknown localizations to subcellular niches#4:146-149
and include support vector machines, neural networks, random forest models and naive
Bayes algorithms. The choice of machine learning algorithm is dependent on the available
computation power, processing time frames, experience and what assumptions about the
data are appropriate to make. We refer readers to a review of common machine learning
algorithms in proteomics?0,

Unsupervised clustering algorithms, such as Ameans clustering or DBSCAN, are useful
when training data are scarce, for example when investigating non-model organisms with
limited marker proteins#>151.152_ These methods are most suited to static and single locale
assignment of proteins. Dynamic classification of proteins and classification of MLPs using
these methods is challenging, but has been performed in previous studies#4:47:56,89.153-155
Bespoke pipelines that use training data have recently facilitated dynamic classifications
and MLP classifications, including T-augmented Gaussian mixture model approaches able
to quantify the posterior probabilities of proteins residing in multiple organelles and
TRANSPIRE (Translocation Analysis of Spatial pRotEomics), which models synthetic
translocations from experimental organelle marker profiles to train a classifier to identify
true protein dynamic events®2:54.149.156,157,

Posterior probabilities

In bayesian statistics, the revised or updated probability of an event after incorporating
prior knowledge with observed data.

Proximity labelling data

The selection of benchmarking baits as organellar markers and appropriate controls informs
downstream analytical pipelines. Negative controls must identify likely contaminants’?,
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which include endogenously biotinylated proteins and proteins that become biotinylated

by BirA* or APEX2 in a dose-dependent manner irrespective of the bait used’?. These
controls may include samples omitting the substrate or activator (for example, biotin or
biotin-phenol/peroxide) or the fused enzyme, or samples where the labelling enzyme is
fused to an irrelevant protein and this fusion protein is expressed at the same level as the bait
fusions in the experimental samples®0:71, Input of bait and control data into computational
tools such as SAINT (Significance Analysis of INTeractome) allows the probability of bona
fide protein—protein interactions to be derived!58. Depending on the questions being asked,
inclusion of additional controls assists in organellar proteome definition on a case-by-case
basis and can help to discriminate between adjacent compartments. For example, to define
the proteome of the mitochondrial intermembrane space, a ratiometric strategy based on
SILAC was used to distinguish intermembrane space resident proteins from those in the
cytoplasm®7.

When analysing compartments that are not separated by membranes, using components of
adjacent organelles or structures as controls can also help compartment annotation. This
was exemplified by use of the SNARE VAMPS8 as an adjacent-compartment bait to identify
proteins enriched with the endolysosome-specific VAMP7 bait1®9. The use of multiple baits
— labelling both the desired organelle and its neighbours — has been exploited to define
the composition of membrane-less organelles such as the centrosome88, RNA granules

and processing bodies®. Sub-organellar protein organization and contact sites between
organelles and other structures can be resolved by interrogating multiple organellar baits, as
was recently demonstrated within the mitochondria’®. For these data sets, which typically
contain data from at least 20 baits, prey-wise analysis using factorization or correlation
approaches aids in organellar inference®9.70.160 Factorization approaches are most useful
for the definition of distinct groups of proteins associated with sets of structures, whereas
correlation approaches produce continuums of scores displaying the relationships between
pairs of tested proteins. In either case, the integration of these scoring tools into visualization
and analysis schemes helps to explore localization assignments and relationships between
proteins predicted to co-localizel61-163,

Processing imaging data

Imaging data give spatial information regarding target proteins in intact cells. A trained
human eye can distinguish between more than 20 subcellular structures using no more
than three standard markers!!; however, reference proteins or dyes are needed to stain
and distinguish between organelles with similar distributions and size, for example
cytosolic bodies and vesicles. Adequate controls and replicates are crucial to distinguish
true localization from false staining patterns caused by non-specific binding or artefacts
from sample preparation. Negative controls can include a sample lacking the affinity
reagent towards the protein target, or a sample lacking the expression of the protein
target, such as a knockout cell line to allow for background subtraction164.165 Affinity
reagents targeting specific cellular structures, such as cytoskeletal components or the
intranuclear domain, should be included to evaluate reproducibility, fixation and sufficient
permeabilization. Affinity reagents can be validated by evaluating signal loss following
partial or complete knockdown of the target protein, comparing the staining pattern with
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the same, endogenously tagged protein or examining correlations between signal intensity
and target protein expression levels according to RNA sequencing data across samples. To
date, manual pattern recognition has been the primary approach to assign protein subcellular
localization simply by inspecting images using the microscope software or any software
supporting the image file format. Popular open-source software for image analysis include
ImageJ, CellProfiler, QuPath, ilastik and Orbit166-170,

A significant proportion of proteins localize to multiple cellular structures! and populations
of genetically identical cells show variability in their protein expression levels and
localization!1:171-173 Quantitative analysis techniques are needed to reveal subtle cell to cell
variations and partial translocations between organelles across cellular states. This requires
cells, and sometimes also subcellular structures, to be segmented by measuring the signal
intensity for a structure-specific marker and determining the boundaries of the structure with
respect to a threshold for defining a positive signal from the background. Once the objects
are defined, fluorescence intensities from any stained marker can be measured and compared
across segmented objects.

Machine learning and especially deep learning methods are becoming increasingly popular
for image analysis owing to their superior performance and scalability, which make them
attractive for analysing large data sets174175. These involve training a prediction model on
an existing data set of images representing known protein localization patterns defined by
the user — referred to as the “ground truth’. The model extracts features from this training
data set and through iterative cycles of model fitting and improvement can predict the
subcellular localization of a protein based on the staining pattern in sample data. Machine
learning techniques such as A-nearest neighbour classifiers, artificial neural networks and
support vector machines use feature sets to capture protein location in relation to cellular
morphology, as displayed by reference markers for certain organelle structuresl76-179,

As many proteins localize to more than one organelle, models must accurately assign
complex staining patterns to several fluorescent labels representing different organelles.
This challenge was addressed in the Kaggle challenge for multi-label classification of cell
organelles using the proteome scale collection of immunofluorescence images from the
Human Protein Atlas (HPA) to generate a model that could assign subcellular locations
for proteins in various cell lines displaying different morphologies8%. Machine learning
techniques have also been applied as high-content screening approaches for identifying
changes in phenotypes in response to small molecules76:180.181 ‘NModel generation and
training analysis software include WEKAZ82 and Scikit-learn183.

Applications

Pinpointing the subcellular localization of proteins provides insights into their biochemical
function, and spatial proteomics has become an invaluable tool for characterizing the
proteomes of individual organelles across cell types, organisms and conditions. Improved
accessibility of technologies has enabled researchers from various backgrounds to conduct
subcellular studies in a broad range of biological settings. We discuss some of these below.
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Characterizing organelle proteomes

Early organelle-centric purification methods generally isolated target organelles at a high
purity before systematically identifying organellar proteins using LC-MS184-189, These
approaches established the protein inventories of organelles, although they could not
discriminate between targeted organellar constituents and co-purified proteins originating
from non-target subcellular compartments. Typically, fewer than 1,000 proteins were
measured over as few as four fractions in these early studies99-191 — a decade later, more
than 8,000 proteins were identified in four distinct fractions from mouse lungs following the
rapid development of liquid chromatography and MS technology192.

Subtractive proteomics methodologies using differential separation technologies were
first applied to define the nuclear envelope proteome from mouse liver3?. Subsequently,
the quantitative comparison of a crude preparation of mitochondria against purified
mitochondria from ten different mouse tissues greatly contributed to the mitochondrial
compendium, MitoCarta3®. Subtractive proteomics has helped establish the protein
inventories of peroxisomes'93-196 autophagosomes!®” and lysosomes98, A landmark
single-organelle spatial proteomics paper described the systematic study of the human
centrosome using intensity-based, label-free protein correlation profiling of consecutive
density gradient fractions30. Several adaptations of subtractive proteomics have used
SILAC ratios produced by spiking a differentially labelled internal standard into each
fraction33:34.199.200: this approach, with or without stable isotope labelling, has been used
to characterize the proteome of peroxisomes38201 nuyclei2%2, autophagosomes33199, [ipid
droplets34, vesicles?%0 and mitochondria3°:203,

For proximity labelling approaches, the initial BiolD study in which BiolD was fused

to lamin A identified new components of the nuclear lamina®3. The first APEX study
targeted the peroxidase to the mitochondria to define the proteome of the mitochondrial
matrix and inner mitochondrial space®”. Proximity labelling has now contributed to the
characterization of various organelles and some of the more recent studies have employed
multiple baits to provide extensive coverage of specific structures, in some cases revealing
their organization88-70.204-212 proximity labelling is typically performed on whole cell
lysates; upstream fractionation steps can also be coupled with the capture of biotinylated
proteins to assist in defining specific proteomes, although these approaches can have issues
with post-lysis artefacts and imperfect fractionation209:211,

Imaging approaches have helped characterize the proteome of many organelles, such as the
centrosome and nucleolus?13, and revealed novel structures including cytoplasmic rods and
rings11:214 and the nucleoli rim213, Complete characterization of the organelle proteome
using affinity reagents or fluorescent protein fusions is both expensive and laborious; these
approaches are complementary to MS-based approaches and valuable for validation of
subsets of proteins identified in MS data.

Cell-wide correlation profiling

Cell-wide mapping of proteins using correlation profile approaches has been achieved in
many cell types104447 tissues and even whole organisms. Models include Arabidopsis root-
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derived cells*2, chicken DT-40 cells!3, mouse neuronal cells!?, rat liver4045, Saccharomyces
cerevisiae'®, Drosophila embryos® and the photo-synthetic bacterium Synechocystist®. A
recent study achieved the first subcellular-resolution proteome of an apicomplexan parasite,
Toxoplasma gondift™; T. gondiiis a widespread parasite that infects 30% of the human
population, leading to various pathologies in infected individuals?!®. Using a variant of the
LOPIT workflow known as hyperplexed LOPIT (or hyperLOPIT) along with image-based
validation10-216, this study mapped two-thirds of the predicted proteome to 26 subcellular
and sub-organellar niches in the tachyzoite form of the parasite. High-resolution isoelectric
focusing LC-MS (HIRIEF-LC-MS)217 coupled with differential detergent solubility and
TMT 10-plex labelling was recently used to generate comprehensive subcellular maps with
an 8,140-protein overlap between replicates across five human cell lines*’. Using support
vector machines, 9,594 proteins were classified into 15 specific compartments and 12,125
proteins were classified into 4 subcellullar “‘neighbourhoods’ — groups of functionally
related subcellular compartments such as those involved in the secretory pathway. Cell-wide
correlation profiling can also be used to characterize protein complexes (BOX 3).

The imaging equivalent of these cell-wide organellar fractionation methods to achieve
cell-wide distribution of proteins is the work by the HPA project. This is the largest
collection of subcellular imaging data to date, with 12,813 human proteins mapped to

30 different subcellular structures on a panel of 22 different human cell lines using
immunofluorescence and confocal microscopy as of January 2021. This project has
predicted that up to 50% of human proteins localize to multiple compartments, with

17% showing single-cell variations!®. Several studies have investigated the sources of this
single-cell heterogeneity1:218.219 Characterizing single-cell heterogeneity has implications
in health and disease; for example, many proteins are expressed heterogeneously across
tumours, which has presented a challenge for developing treatments22%:221 Imaging further
enables analysis of spatio-temporal human proteome reorganization over the course of the
cell cycle or as a response to metabolic change222:223,

Sub-organellar resolution

The application of tailored and combinational biochemical separation approaches, such as
centrifugation and affinity purification, has enabled the definition of the sub-organellar
proteomes of lysosomes32, nuclear envelopes37-39, chloroplast envelopes3! and sub-
compartments of mitochondria2%:35224.225 For example, the incorporation of organelle
purification, proximity labelling and subtractive methods effectively achieved sub-organellar
resolution of the nuclear envelope, lipid droplets and centrosomes in Arabidopsis®”:68:211 To
map the nuclear envelope, subtractive proteomics was used to distinguish proteins associated
with the nuclear envelope from microsomal membrane proteins, followed by BiolD2 with
several bait proteins to provide complementary data for the characterization of the plant
nuclear membrane proteome and nuclear pore complex. Subsequent studies used LOPIT

in a targeted manner alongside electrophoresis-based protein separation to resolve and
identify previously unknown endoplasmic reticulum proteins and ¢/s, medial and #rans-Golgi
proteins in Arabidopsis*1>1226; these findings have implications for understanding the role
of Golgi proteins in the cell wall synthesis pathway and the development of biofuels227.

A recent large-scale subtractive proteomics study used a combination of label-free and
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SILAC-based MS profiling to profile the sub-organellar compartments of mitochondria in S.
cerevisiae cultures grown in different carbon sources. Integration of these multiple MS data
sets resulted in the high-confidence identification of 901 mitochondrial proteins, including
numerous proteins of previously unknown mitochondrial residency and some with multiple
cellular locations?®.

As mentioned above, the breadth and precision of organellar and sub-organellar proteomics
by proximity labelling can be improved by selecting multiple baits for organelle profiling.
In a ground-breaking 2015 study, 58 baits mapping to the centrosome and primary cilia
were systematically profiled to define the composition of these structures using bait—

prey hierarchical clustering, revealing different groups of proteins that performed distinct
functions®8. This study set the stage for mapping organelles with more extensive sets of
baits. Recently, the steady-state composition and organization of RNA stress granules,
processing bodies®® and mitochondria’® were defined using more than 100 baits. In each
of these studies, clustering of preys rather than baits provided a high-resolution map of
these structures, in some cases suggesting direct protein—protein interactions within the
structures that could be experimentally validated using immunoblotting and microscopy®?. A
comprehensive map of the human cell made using ~190 baits spanning most organelles!60
provided a global reference map. As these resources become increasingly available,
selection of ideal baits to profile an organelle across different cell types or following
different treatments will permit more in-depth investigation of spatio-temporal changes in
organellar composition and organization. As imaging allows the study of proteins in their
native cellular environment without the need for cell lysis, fine sub-organellar structures
can be preserved in situ to enable detection of dynamic and MLP behaviour across

the sub-organellar proteomell. This trait of immunofluorescence has enabled the spatio-
temporal characterization of the nucleolar proteome and its relocalization to the mitotic
chromosomes during mitosis?28, Further, MS analysis has exposed diverse extracellular
vesicle subpopulations with roles in important biological functions and disease, such as
angiogenesis and cancers?29-232 Multiple strategies to isolate extracellular vesicles can

be used; some are similar to subtractive proteomics or correlation profile strategies, such
as density or differential centrifugation, and others use alternative biochemical isolation
strategies, such as size exclusion, microfluidics and immune purification. These methods are
detailed and compared in a recent review?33,

Multi-localized proteins

Owing to the dynamic nature of proteins during signalling and heterogeneity between
different cell types, there is no consensus on exactly what proportion of the proteome

is multi-localized. Predictions of MLPs vary and have been reported as 50% of the
human proteome by hyperLOPIT studies and the HPALL but as little as 10% or less

by other correlation profiling studies#’23. This discrepancy could be owing to low
confidence measurements, the type of classification tool used or biological variation#’:53
and demonstrates the difficulty of accurately measuring MLPs.

There is a growing repertoire of tools for describing MLPs. An unorthodox citizen
science-based deep learning approach was able to create a robust tool for overcoming the
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challenges of automated subcellular allocation of MLPs for the analysis of the HPA12, This
approach robustly classified proteins into 29 subcellular compartments across 17 human

cell lines. Despite inaccurate annotation of structurally similar subcellular features such

as centrosomes and microtubule organization centres, unusual features such as blebs and
condensed chromosomes were successfully profiled using this approach2. The identification
of MLPs in 7. gondii using T-augmented Gaussian mixture model-Markov-chain Monte
Carlo models demonstrated that these proteins are primarily associated with organelles
associated with protein transportation, such as the plasma membrane and Golgi. Organelles
known to be relatively static such as rhoptries, micronemes and dense granules showed more
proteins with single assignments?’.

Dynamic studies

A study to chart the mitochondrial importome in 7rypanosoma brucei employed an
approach known as importomics to identify substrates of glycosomal and mitochondrial
import pathways°%:234, Importomics approaches can assess changes in protein abundance
in a target organelle following RNAi-mediated knockdown of a central component of

the protein import machinery, to determine potential substrate proteins that are trafficked
to the organelle and imported via this machinery155:234 |mportomics is not limited

to use with organelle-enriched fractions and can be used to globally study organellar
protein import using cell lysates95235. A more simplistic importomics study design for
investigating the nucleus used nucleocytoplasmic fractionation coupled with quantitative
MS to study mechanisms underlying nucleocytoplasmic partitioning in Xenopus laevis
eggs?02. Knockdown of the nuclear export receptor exportin 1 largely did not affect
nucleocytoplasmic partitioning, suggesting that protein distribution between the nucleus and
cytoplasm is largely maintained through passive processes rather than active trafficking202.

Cell-wide dynamic studies studying trafficking proteins on the proteome scale using
correlation profiling have given unprecedented insight into EGFR-related protein trafficking
events®’. The combination of CRISPR—Cas9-based gene knockouts with dynamic organellar
maps has been used to assess AP-4 vesicles!®3 and AP-5 cargo®* and perform

the first cell-wide, dynamic correlation profiling experiment intended to define drug
mechanisms236, Recently, LOPIT was coupled with a technique where selective capturing
of vesicles destined for the Golgi were relocated to mitochondria by replacing the Golgi
targeting domains of golgins with a mitochondrial transmembrane domain®®. This enabled
characterization of vesicle cargo and regulatory proteins by redirecting them to the
mitochondria, bypassing technical issues that arise owing to the genetic redundancy of
golgin proteins and their transient interaction with vesicles.

Golgins

A family of proteins that selectively tether vesicles at the golgi apparatus and mediate
transport of vesicles as part of the secretory pathway.

Several studies have been published assessing organelle remodelling during viral infection
and the distribution of virus and host proteins. Organellar fractionation followed by MS
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has been used to quantify temporal changes in plasma membrane and organelle proteomes
during human cytomegalovirus infection®3237:238 Analysis of organelle remodelling during
the virus replication cycle demonstrated that alterations in organelle composition can reflect
changes in the structure and function of an organelle, as peroxisomes shift between antiviral
and proviral functions239240, Coupling of density and differential centrifugation has also
been utilized to explore the mitochondrial-associated endoplasmic reticulum membrane,

the endoplasmic reticulum and cytosol proteomes during infection with hepatitis C and
Sendai virus?4L. The above studies have described virus manipulation of host protein
subcellular localization, allowing for the increased understanding of virus—host interactions
and identification of potential therapeutic targets.

Generally, MS techniques are only able to capture averaged information for heterogeneous
populations in samples, losing dynamic events occurring in subgroups or single cells.
Imaging studies have reported that heterogeneity in cell samples could be the result of
sudden stresses, cell crowding, cell-cell contacts, cell differentiation and different metabolic
states?18.242-245Several imaging studies have reported a spatio-temporal resolved map of
the human proteome over the course of a cell cycle using imaging?27:245.246 and similar
techniques have been applied to disease settings. Indeed, mislocalization of proteins and
variations in protein expression levels have been shown to be associated with diseases

such as cancer, neurodegenerative diseases and cardiac diseases?4’~249, Combining imaging
with computational analysis enables the identification of proteins with similar relocalization
and changes in expression levels, which implies functional connectivity for such groups

of proteins101.250.251 |maging-based approaches allow quantification of intensity levels in
different cellular compartments that can better indicate whether a protein translocates from
one compartment to the other, or merely changes in abundance.

Reproducibility and data deposition

Spatial proteomics approaches tend to vary from laboratory to laboratory. Therefore, careful
documentation of workflows and data deposition is important for ensuring reproducibility.
Here, we cover these aspects, plus other method-dependent considerations.

Mass spectrometry-based methods

As mentioned above, MS-based proteomics data are prone to missing values owing to
stochastic extraction and solubilization of peptides in sample preparation and during MS
acquisition. Despite these issues, BiolD and affinity purification MS can typically achieve
high reproducibility (/2 > 0.9) as the complexity of MS samples in these methods is low
compared with the complexity of whole cell lysates?>2. Reproducibility and coverage is
usually more achievable when performing LC-MS/MS with less complex peptide samples,
as in these samples there are fewer precursor ions per isolation window in the MS1

step and fewer ions are therefore omitted for subsequent sequencing in MS2. Labelling
methods can reduce missing values, although cell-wide correlation profiling methods that
allow for multiplexed characterization of many organellar fractions in each replicate still
suffer from losses in protein identification of ~40-50% across three biological replicates.
Unlabelled methods, by contrast, have attrition rates of ~60%14:43. There are no tools to
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assess correlation profile reproducibility, only those to assess and compare the quality of
organellar separation between cell-wide spatial proteomics experiments8®. DIA provides
improved protein identification and quantification as it involves less stochastic ion sampling
during MS acquisition than DDA.

For analyses of data collected after using biochemical separation techniques such as density
centrifugation, losses in protein identification are proportional to the number of organellar
fractions and replicates analysed. Performing reproducible subcellular fractionation is partly
dependent on the simplicity of the fractionation procedure. Differential centrifugation

and sequential detergent preparations are more reproducible than density equilibrium
centrifugation owing to the intricacy of forming and collecting density equilibrium

gradients, although spatio-temporal analysis using density gradients has proven to be
effectivel?.18.45.53,89,

For any MS-based proteomics experiment, the Minimum Information About a Proteomics
Experiment (MIAPE) guidelines should be adhered to when publishing. The principles of
MIAPE and the basic criteria are shown in BOX 4. For MIAPE compliance, the location of
raw mass spectra files should be published; files can be stored in a public repository, such
as the PRoteomics IDEntifications Database (PRIDE). There is no overarching deposition
resource for data from all subcellular MS methodologies, although bespoke platforms and
pipelines are available7:156.253 (TABLE 2). The creation of guidelines to ensure efficient
capture and reporting of crucial metadata associated with spatial proteomics data will

be essential to enable data reanalysis and align the field with Findability, Accessibility,
Interoperability, and Reusability (FAIR) principles2>4.

Immuno-imaging data can be difficult to reproduce because of biological variation — for
example, variation between cell types — and technical variation introduced by different
sample preparation procedures or affinity reagents. Both the HPA and the independent
antibody validation initiative antibodies-online found that less than 50% of commercially
available antibodies are appropriate for studying protein distribution, owing to specificity
issues in the context of intact tissues and cells25%:256, Major research and awareness efforts
are improving this situation by using alternative antibody production and product validation
procedures (see the Limitations and optimizations section).

As each microscopy vendor has their own internal imaging format and software for
analysing and visualizing data, exporting files into standardized formats is important to
disseminate scientific discoveries. The Open Microscopy Environment is an open-source
informatics framework for biological microscopy experiments, designed to support various
imaging applications. Most imaging platforms and open-source software are compatible
with the Open Microscopy Environment166.170.257.258 pyp|ishing imaging data in a suitable
data repository for data collection and mining is encouraged and is a prerequisite for
publishing in many journals. Providing the original raw images is crucial, along with
metadata accompanying each individual image containing all hardware and software settings
applied upon image acquisition. When raw images are processed — for example, to increase
intensity or contrast — these processes must be described. Upon submission of images to
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most journals there are clear guidelines regarding what image processing is accepted and
part of the review process is sometimes dedicated to tracking image manipulations. Public
repositories for imaging experiments are noted in TABLE 2 (REF.2%9),

Limitations and optimizations

Below, we discuss technical limitations to consider in MS-based and imaging-based
subcellular proteomics methods and existing optimizations to address these issues and
ensure accurate interpretation of results.

Mass spectrometry-based methods

Organelle fractionation.—Limitations of organelle fractionation approaches are largely
data analysis-centric and arise from the significant portion of MLPs in the proteome,
uncertainty in current database annotations and classifier overfitting from using small
reference sets. Although curated marker sets for humans and some model organisms

are becoming larger and more established14®, non-model organisms are often poorly
curated; however, orthologue identification and unsupervised clustering tools can make their
analysis possible280. Other semi-supervised tools can help with marker curation149.261 As
proteomics data represent an average location for each protein, computationally identifying
primary locations is relatively simple, although when using subtractive proteomics or

other similar methods, information on MLPs is lost as limited fractions are assessed

rather than complete protein distributions. Similarly, dynamic analysis does not distinguish
between genuine translocation and synthesis or degradation of proteins within subcellular
compartments. Recent advances in computation have begun to address these questions,

for example Bayesian methodologies for the localization assignment of proteins exhibiting
multiple localization®2 and pipelines to identify changes in protein distribution, such as the
T-augmented Gaussian mixture model, protein translocation magnitude and translocation
reproducibility scoring and TRANSPIRE#454.55, For correlation profiling experiments, the
quantitative approach taken — for example, labelling or label-free approaches — can affect
the sensitivity, resolution and coverage of the experiment146.262-264,

Established cell lysis protocols for organelle fractionation methods may be inappropriate

for non-model organisms, especially when using species with cell walls. Regardless of the
model system, the lysis method and buffer conditions must be optimized>17. A full lysis of
the cell can be performed before centrifugation to show the absence of organellar profiles as
a negative control. Also, when performing dynamic studies, it is preferred to perform sample
preparation and analysis of conditions simultaneously for each replicate, so that the changes
seen between conditions are likely to be biological and not caused by technical factors.

Proximity labelling.—A major limitation of proximity labelling-based spatial proteomics
approaches is the time investment required for selection and validation of appropriate baits.
Ideally, it should be confirmed that addition of the fusion protein does not disrupt the
function of the protein or result in gross mislocalization69, either using microscopy or by
systematically tagging both termini®®. The bait fusion protein should be expressed at close
to physiologically relevant levels, which is not always straightforward when using transient
or stable expression from generic promoters. The inaccessibility of amino acid residues
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to biotinylation can lead to unidentified prey proteins. Further, interpretation of proximity
profiles is often complicated by the dynamic nature of protein localizations and interactions
and the fact that many proteins localize to multiple compartments’2. Careful bait selection,
systematic profiling and prey-centric analyses, although labour intensive, can overcome such
complications.

General limitations of subcellular proteomics techniques.—Spatial proteomics
approaches often miss information on protein post-translational modifications (PTMs) and
isoforms, in part owing to the gene-centric focus of downstream analytical pipelines.

There is currently no PTM-level imaging equivalent to the HPA as there are insufficient
site-specific PTM-targeting antibodies2%°. Similarly, generating isoform-specific antibodies,
although possible, can be very challenging2%6. MS techniques for analysing PTM sites in

a high-throughput manner are emerging — particularly for phosphorylation and acetylation
— and can be aided by enrichment techniques, such as those that use metal cation affinity
or antibody purification. These are covered in recent papers26/-269, These experiments
typically require large amounts of starting material (>1 mg) owing to the sub-stoichiometric
nature of PTMs and the low recovery and inherent losses in proteomics and enrichment
protocols2’%, which may be limiting when using primary cell cultures or organellar
fractions. However, streamlining workflows and improved enrichment methods will aid
analysis of phosphorylation and acetylation in such experimental scenarios8%-271-273_ Other
modifications, such as glycosylation, are difficult to analyse owing to their complexity,
difficulty in distinguishing their mass shift, low stoichiometry, instability and poor ionizing

efficiency?’4. Sample preparations or MS acquisitions must be adjusted for the PTM of
interest270.271,275

Although use of a fixative allows cells to be preserved at precise time points, it can

cause high background and signal loss, or disruption of subcellular structures and protein
macromolecules if the fixation protocol used is inappropriate for the protein of interest2’6.
An optimized single fixation protocol can be used for proteome-wide compatibility for
studies such as the HPA07: although this protocol has proven to work for a large variety

of proteins representing >30 cellular structures, the best staining conditions for each protein
depend on the sample context and the combination of the target protein and antibody used
for detection.

Antibodies used in imaging studies are subject to biological batch-to-batch variability,

with inconsistent binding properties between batches. Every antibody batch needs careful
validation for their prospective application and sample type prior to use. More commercial
suppliers are using recombinant means to manufacture their antibodies over traditional
immunization, providing more sustainable and reproducible products. Awareness of careful
antibody selection, validation and optimization has improved significantly over recent years.
In subcellular analysis, the potential for high local concentrations of any cross-reacting
proteins increase the need for thorough validation.
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Substantial progress has been made in both MS-based and imaging-based spatial proteomics
over the past decade, with the development of highly multiplexed protein detection methods
coupled with subcellular-resolution imaging techniques2’7:278, This highly multiplexed
imaging has also been shown to have huge potential for healthcare by allowing

deep profiling of cell phenotypes in clinical samples such as tumours. Advances in
instrumentation, such as the development of laser microdissection microscopes, now allow
for precise isolation of single cells from tissue sections that can then be explored with ultra-
high-sensitivity MS, a concept recently introduced as deep visual proteomics27°. Deep visual
proteomics and similar approaches combine the best of two powerful technologies and
overcome their individual limitations. New technologies also include artificial intelligence-
driven image analysis methods, which could potentially achieve the unbiased identification
of subcellular characteristics in specific cellular phenotypes.

Several challenges remain for the holistic study of subcellular biology. These include
determining the copy number of proteins in different parts of the cell, organelle-specific
turnover rates, organellar interfaces and the extent of organelle crosstalk. The continual
developmental of new tools to access difficult to sample subcellular regions, such as
mitochondrial-endoplasmic reticulum contact sites?89:281 and efficient ways to detect newly
synthesized proteins282-286 promise to further our ability to elucidate the dynamic processes
that occur within a cell. Crosstalk between PTM regulatory mechanisms and its role in
subcellular protein movement remains understudied and the general patterns governing
proteoform-related subcellular protein location are yet to be discovered47:89.287 New spatial
proteomics methodologies will undoubtedly allow the mapping of individual proteoforms.

Single-cell transcriptomics data on the composition and variation of cellular mMRNA
populations288-2%0 are often used as a proxy for protein localization within different

cell populations; however, this makes the misleading assumption that proteins and

their corresponding transcript co-locate?%1-293, Gene products vary substantially in their
translation efficiency, post-translational processing, trafficking and stability, confounding
the accurate prediction of protein abundance and subcellular localization from mRNA
reads alone. Genomic profiles do not readily identify causal mechanisms, clinical markers,
physical associations or drug targets. For these reasons, a single-cell, multi-omics approach
incorporating single-cell spatial proteomics techniques is needed to fully understand cell
functionality by determining subcellular protein levels, PTMs and protein folding, binding
and turnover. There are several challenges to overcome beyond improving instrument
sensitivity and reducing loss of material during sample preparation before the acquisition
of meaningful single-cell spatial proteomics data will be possible; first, significant
compositional heterogeneity is seen across even genetically and phenotypically identical
cells?®4, presumably stemming from differences in cellular proteostasis machinery, the
impact of environmental cues and stochastic variations in protein expression programmes.
Second, the regulation of protein turnover rate is likely related to subcellular location
through compartment-dependent PTM modification patterns and protein complex formation.
Indeed, compared with single-cell genomics workflows, single-cell proteomics methods —
spatial or otherwise — remain in their infancy. Priorities over the next 5 years will be
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centred on measuring larger numbers of proteins accurately in single cells2%. Although the
field currently lacks robust methods for identifying, quantifying and localizing the myriad
of proteins present in individual cells, recent developments such as single-cell MS-based
methods and newer imaging-based protein sequencing modalities?%6 suggest we are on the
cusp of a new era of single-cell spatial proteomics297:298,

Super-resolution fluorescence microscopy techniques can measure individual protein
molecules within single cells, and although most fluorescent imaging methods are typically
limited to resolving 1-5 protein targets at a given time, recent innovations with cyclic
fluorescent microscopy approaches allow for the analysis of >50 proteins2’8. Mass
cytometry (BOX 1) and cellular indexing of transcriptomes and epitopes by sequencing
(CITE-seq)2®? technologies are able to probe upwards of 30 cell surface markers for single-
cell proteomics applications. Similar to other fluorescent imaging techniques, these methods
depend on access to highly validated antibodies. The future of single-cell proteomics is
likely to be driven by the development and application of optical imaging modalities

that do not depend on antibodies3%0. Promising technologies include a microscopy-based
imaging workflow that exploits edman degradation for the parallel partial sequencing of
thousands of individual fluorescently labelled peptides arrayed on the surface of a glass
s1ide296.301  |ndeed, the companies that brought single-molecule nucleic acid sequencing to
the market are moving to develop devices capable of generating partial sequence information
for polypeptides in a similarly high-throughput manner. As single-molecule measurements
are inherently noisy, such devices are likely to depend on sophisticated data analysis tools
to ensure that reliable and statistically meaningful results are generated. No technology has
yet been reported that allows for de novo spatial sequencing of proteins within a native,
single-cell or subcellular context. Additionally, data-driven approaches will be increasingly
used for predicting protein localization directly from unlabelled images and for generating
whole cell models that allow for predictions of cell morphology and protein localization in
normal and perturbed cellular states302.

Edman degradation

A cyclic peptide sequencing technique where amino-terminal amino acid groups are
sequentially cleaved and identified using chromatography or electrophoresis.

A ‘Global Positioning System’ for proteins is required that can simultaneously monitor
the identity, location and physical neighbourhood of all protein molecules associated

with organellar compartments across numerous individual cells, with high confidence

and quantitative precision. Progress will result from collaborative thinking and iterative
technology optimization supported by sizeable investment from public and commercial
sources. We anticipate that pioneering breakthroughs in this domain are lurking around the
corner and have the potential to transform biomedical research to an even greater extent
than even single-cell genomics approaches. Advances in single-cell spatial proteomics could
reveal localizations of pathway components and protein assemblies that drive the early
stages of major diseases such as diabetes, cancer, Alzheimer disease, heart failure and
infection. Finally, the development and application of machine learning tools promises
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to allow the interrogation of increasingly complex spatial proteomics data, delivering
unprecedented insights into the dynamics of the subcellular proteome.
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Box 1 |
Imaging mass cytometry and multiplexed ion beam imaging

New combinatorial methods using both imaging and mass spectrometry (MS) or
conceptually similar techniques include imaging mass cytometry (IMC)316, multiplexed
ion beam imaging (MIBI)317 and mass spectrometry imaging (MS1)318:319, These
techniques allow highly multiplexed imaging of proteins. In IMC, rare metal ions with
distinct valences and masses — such as ytterbium or neodymium — are conjugated to
antibodies and detected using a mass cytometer, which ionizes the sample material by
ablating it with a laser. The number of protein targets detected is theoretically limited

by the number of available metals (close to 100); however, only ~40 parameters can

be measured in practice owing to restrictions in conjugating isotopes to antibodies and
isotope purification316:320, Spatial resolution is limited by the diameter of the laser beam,
which is around 1 pm316, and the technique is therefore constrained to imaging large
subcellular organelles. MIBI, a very similar method to IMC, has reported resolutions

of 5-30 nm using an atomic ion beam for more precise ionization of antibody—metal
tags316:317. A general limitation of these approaches is the lack of commercially
available probes. For IMC and MIBI, instrument accessibility, cost and low acquisition
speeds are limiting factors. In MSI — typically performed with a matrix-assisted laser
desorption/ionization (MALDI) instrument — each “pixel’ of an ionized sample produces
a corresponding label-free mass spectrum. MSI preparations and related techniques such
as secondary ion MS enable resolution at the nanometre scale321, but can struggle to
ionize peptides and proteins.
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Box 2 |
Dimension reduction methods

Dimension reduction is a technique for reducing the dimensional space of
multidimensional data to aid data interpretation. Dimension reduction is particularly
useful for visualizing complex omics data sets and often used for highlighting variable
features across samples, such as expression levels between different treatment groups.
These techniques can highlight variation between different populations of cells or
subcellular fractions in spatial proteomics data. The most common linear method is
principle components analysis (PCA), which projects data onto principle components
that help to describe key features in the data (see REF.322 for a thorough explanation).
Principle components cannot always detect patterns such as polynomial relationships and
non-linear methods are better for detecting such patterns, although usually at the cost

of losing characteristics of the original data and producing artefacts. An example of a
non-linear dimension reduction approach is t-distributed stochastic neighbour embedding
(t-SNE), which calculates and redefines local relationships between data points using
Student ¢distributions to expose non-linear features!®3. This is a powerful technique

for data exploration, although limitations include its stochasticity, artefact clustering and
the loss of data structure. Other dimension reduction methods such as uniform manifold
approximation and projection (UMAP)323 are available, and unsupervised clustering
techniques such as DBSCAN and hierarchical clustering can aid marker curation for
challenging or poorly researched systems52 (reviewed in REF.324).
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Box 3 |
Interrogating protein complexes

Correlation profiling can investigate protein complexes globally in several
systems325-327_ Chromatography or electrophoresis is preferred for protein complex
separation as ultracentrifugation methods can only resolve large complexes. lon exchange
is widely used328, although samples are exposed to high salt concentrations; techniques
such as size exclusion chromatography can be conducted under native conditions to
better preserve protein complexes during separation. Peptide cross-linkers can preserve
weakly interacting proteins for separation under denaturing conditions329:330, although
optimizing cross-linking conditions for a broad range of complexes is challenging.

In these experiments, cross-linked proteins that co-migrate are considered part of the
same complex. Blue native polyacrylamide gel electrophoresis (BN-PAGE) coupled with
semi-quantitative mass spectrometry (MS) has been used to assess interactions in multi-
protein complexes33L, It is possible to measure subcomplexes, different assembly states
or how protein—protein interactions change in response to stimulus through coupling
co-migration methods with stable isotope labelling by amino acids in cell culture
(SILAC)325,

Thermal proximity co-aggregation (TPCA) exploits the propensity of proteins to co-
aggregate during thermal denaturing332:333, The principle of TPCA is that interacting
proteins exhibit similar co-aggregation behaviours and therefore have similar melting
curves. The assay involves briefly heating cells or cell lysates along a gradient of
increasing temperatures. Changes in the soluble proteins at each temperature are then
quantified using MS, allowing for comparisons of protein complex formation and
dissolution across experimental conditions — for example, drug treatment or infection.
Although TCPA has a lower resolution than other biochemical fractionation techniques,
it has been applied to characterize and monitor complex dynamics in disease models
and biological processes332-334, TPCA can also provide information about a protein’s
subcellular localization or movement between organelles during a biological process
through inferring associations between organellar resident proteins334.
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Box 4 |
Minimum Information About a Proteomics Experiment (MIAPE) guidelines

Proteomics protocols in the field are heterogeneous in nature and data output is context-
specific. This led the Human Proteome Organization’s Proteomics Standards Initiative
to establish guidelines for the minimal information required to report proteomics data.
The MIAPE guidelines facilitate the sharing of metadata, allowing for transparency and
reducing ambiguity for those who wish to review, reproduce or reanalyse the data33°.
Currently, the following information should be shared for any mass spectrometry (MS)
experiment to be MIAPE compliant336:

1. General details such as the name of the person responsible for the data,
the instrument model and manufacturer, and any customization of the
instrumentation.

2. The ion source, for example electrospray ionization or matrix-assisted laser-
desorption/ionization, including the manufacturer, make and model.

3. Information on post-source components such as Orbitrap or time of flight,
including the manufacturer, whether activation or dissociation was used, the
component where dissociation occurs and what collision gas was used, if
applicable.

4, Data acquisition and analysis software and parameters, the resulting data (for
example, chromatograms and spectra) with their corresponding annotations
(such as MS level or ion mode) and information on where to find the raw
data. Raw data are almost always located in the PRoteomics IDEntifications
Database (PRIDE) repository as this is often a prerequisite for publication.

Further MIAPE criteria apply to MS quantitation and informatics, chromatography, and
gel electrophoresis-based and molecular interaction methods.
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Fig. 1 |. Overview of spatial proteomics approaches.
Spatial proteomics approaches include fluorescence imaging approaches and proximity

labelling or biochemical fractionation techniques coupled with mass spectrometry (MS).
a | Imaging of cells and tissues stained with fluorescently labelled antibodies (or other
affinity reagents) allows for subcellular protein localization in situ. Proximity labelling
strategies permit in vivo biotin labelling of proteins in close proximity to a chosen bait
protein that has been genetically fused to a biotinylating enzyme. Following labelling,
samples can be processed using MS proteomics protocols. Biochemical fractionation
methods can produce cell fractions that are enriched for organelles of interest based on
the different biophysical and chemical properties of different subcellular niches. These
fractions are then subject to MS analysis. Typically, organellar separation is achieved using
density gradient or differential/sedimentation centrifugation, or sequential solubilization
using detergents190.191,303-305315 | Al of these methods produce data-rich outputs that
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require computational analysis using techniques such as hierarchical clustering, dimension
reduction or network analysis to visually represent and calculate statistical information.
Machine learning techniques can also be used (not pictured). Correlation profiling plot in
part a and dimension reduction plot in part b adapted from REF.21, Springer Nature Limited.
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Fig. 2 |. Proximity labelling proteomics.
Proximity labelling strategies permit biotin labelling of proteins in immediate proximity to

the chosen bait proteins in living cells. a | Baits of interest (Bait”, BaitZ) are genetically
fused with an enzyme such as APEX/APEX2 or BirA*, BiolD2, miniTurbo or TurbolD
for BiolD (step 1), which biotinylate nearby proteins upon incubation of engineered cells
with biotin in culture (step 2). Control lines can express the labelling enzyme fused to a non-
specifically localized control bait such as green fluorescent protein or a localization signal
specific for a non-target organelle. In the case of APEX, the addition of H,O, generates
short-lived biotin-phenol free radicals that react with nearby biomolecules. Following
labelling, a streptavidin pull-down step enriches for labelled proteins, which can then be
identified by mass spectrometry (MS) (step 3). High-confidence proximity interactors are
determined by comparing preys with proteins isolated to control lines using such tools as
SAINT (Significance Analysis of INTeractome) (step 4). b | Organellar components can be
elucidated using bait-centric or prey-centric analyses. Ratiometric quantification of baits,
for example using isotopic labelling approaches with baits in and outside the organelle,

or hierarchical clustering of multiple baits can be used to identify enrichment of proteins
within an organelle of interest in a bait-centric manner. Alternatively, extensive proximity

Nat Rev Methods Primers. Author manuscript; available in PMC 2021 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Christopher et al.

Page 46

interaction networks can be elucidated using multiple baits and prey-centric analyses
including Pearson’s correlation and factorization approaches such as non-negative matrix
factorization (NMF). LC-MS/MS, liquid chromatography with tandem mass spectrometry;
mlz, mass to charge ratio; SILAC, stable isotope labelling by amino acids in cell culture;
TMT, tandem mass tagging; t-SNE, t-distributed stochastic embedding; LFQ, label-free
quantitation.
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a Label-free proteomics workflow
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Fig. 3 |. Generic data-dependent acquisition workflows in quantitative proteomics.
a | Two sample preparation workflows incorporating biochemical fractionation and

proximity labelling techniques are shown in the context of a standard data-dependent
acquisition (DDA) proteomics workflow. In DDA workflows, proteins are solubilized and
denatured using buffers containing chaotropic agents and detergents, such as urea and SDS.
Reduction of disulfide bonds and alkylation of free cysteine thiols allows for efficient
digestion of the proteins to peptides using proteolytic enzymes, typically trypsin. Samples
are then acidified and analysed by liquid chromatography with tandem mass spectrometry
(LC-MS/MS). MS/MS consists of an initial MS1 scan, which detects charged peptides
(known as precursor ions), followed by isolation, fragmentation and detection of these ions
in a subsequent MS2 scan to determine the amino acid sequence of the precursor ions.

The complex spectra can then be deconvoluted using in silico reference databases, using
algorithms that account for experimental parameters and sample preparations. b | Labelling-
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based proteomics methods use the above strategy, although additional steps are added to
the workflow. For metabolic labelling methods such as stable isotope labelling by amino
acid in culture (SILAC), a light and heavy isotopic version of an amino acid are added to
the cell culture growth media, allowing metabolic incorporation of stable isotope-labelled
amino acids into newly synthesized proteins. For complete incorporation, approximately
six cell doublings are needed. Labelling enables sample pooling after cell harvest to
minimize downstream technical variability. ¢ | Isobaric labelling methods such as tandem
mass tagging (TMT) also reduce technical variability. Labelling occurs post digestion and
up to 16 samples can be multiplexed and measure in one MS run using TMT labelling.
Although each tag has the same mass when bound to the peptides, upon fragmentation by
higher-energy collisional dissociation during MS, their ion reporter components — which
have distinguishing mass — are displaced from the peptide and can be observed in the low
mass region of the MS2 spectra to determine the relative quantities of the same peptide
across multiple samples. /7/z, mass to charge ratio. S1-S6, sample 1-sample 6.
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a Simplified fluorescence immunocytometry workflow

Fixation Permeabilization Staining/antibody incubation Image acquisition via
fluorescence microscopy

b Manual annotation

Co-localization Precise subcellular localization Single-cell variation

¢ Computational analysis

Segmentation Intensity measurements Relationship and network analysis Dimension reduction

Cytosol M Nucleus’

Intensity (a.u)
Dimension 2

Population number Dimension 1

Fig. 4 |. Generic fluorescence immunocytochemistry proteomics workflow.
a | Cells are fixed using either cross-linking agents or organic solvents, such as aldehydes

or alcohols. Cross-linkers generally outperform organic solvents for preserving subcellular
structures but may reduce antigen retrieval for certain proteins. Permeabilization of cells
with detergents such as digitonin or Triton X-100 extracts lipids from the cell membrane and
allows for penetration of affinity agents such as antibodies into the cells. Blocking buffer
containing serum or albumin helps reduce unspecific labelling before addition of affinity
reagents. Cells are then counterstained with different organelle probes before imaging.
Image acquisition is typically performed using confocal microscopy and an optional
embedding step can be used for archiving of the samples. b,c | After image acquisition,

the image data are annotated to assign protein location to subcellular structures. b | Manual
inspection of images can be used to acquire qualitative data. For obvious staining patterns
easily interpreted by eye, qualitative annotation might be sufficient if the data sets are
small. ¢ | For large image data sets, computational analysis is required. Computational
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strategies enable high-throughput collection of quantitative, morphological and comparative
information, such as algorithms for segmentation and intensity measurements. Such
quantitative data can then be used to generate networks and dimension reduction plots.
Multi-label patterns and fine structures stained in a subset of cells may require manual
annotation or more advanced computational analysis. Relationship and network analysis

in part ¢ adapted from REF.11, AAAS. Dimension reduction plot in part ¢ adapted from
REF.180, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Fig. 5 |. Subtractive versus correlation profiling analysis.
a | Subtractive proteomics techniques involve purifying an organelle of interest — usually

using a combination of sedimentation and density centrifugation — alongside one or more
crude fractions containing ‘contaminant’ components. By quantifying protein markers for
the organelle of interest and proteins from the crude fractions using quantitative liquid
chromatography with tandem mass spectrometry (LC-MS/MS), intensity versus ratio plots
can be produced and used to distinguish true residents of the organelle of interest versus
contaminants. b | In cell-wide correlation profiling experiments, multiple organelle-enriched
fractions are collected across a sedimentation or density gradient. This allows for the
unique profiles of multiple subcellular niches to be generated by annotation with organellar
marker proteins. The variance of each organellar niche can be represented using dimension
reduction methods such as principle component analysis (PCA). Markers can be used to
train machine learning algorithms such as support vector machines (SVMs) or T-augmented
Gaussian mixture models (TAGMs)®2 to assign unannotated proteins, and find posterior

Nat Rev Methods Primers. Author manuscript; available in PMC 2021 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Christopher et al.

Page 52

probabilities of proteins belonging to multiple organelles in order to elucidate the locations
of MLPs. Intensity versus ratio plots in part a adapted with permission from REF.2°,
Elements of part b adapted from REF.43, Springer Nature Limited, apart from TAGM plot
adapted from REF.1%6, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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