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Abstract

Sections

Biological functions depend on the spatiotemporal distribution of
proteins within cells. Key cellular activities such as signal transduction,
metabolism, cell cycle and cell death are driven by the interactions of
proteins that arelocalized in multiple cellular compartments. Such
multilocalization can even allow protein with identical sequences to
display multifunctionality, a phenomenon known as moonlighting.
Despiteits biological importance, the relationship between protein
localization and function remains underexplored. In this Review, we
discuss the known mechanisms of protein localization (including
RNA transport, role of proteoforms and molecular interactions)
and how subcellular localization controls protein function. Proper
regulation of protein localization s crucial for specialized cell and
tissue functions, including cell differentiation, polarization and

the epithelial-mesenchymal transition. Protein mislocalization
canalso haveimportantrolesin pathological processes, such as

in cancer, neurodegeneration and autoimmunity. We end with a
discussion of current technological and conceptual challenges in
the field of subcellular proteomics and spatial biology. Addressing
these challenges will allow us to link the dynamic nature of protein
localization and function across biological scales and contexts, with
greatimpact on fundamental cell biology and clinical applications.
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Introduction

Theregulation of cellular functions such as preserving genetic informa-
tion, producing energy and building blocks, and sending and receiving
signals to and from the microenvironment is achieved through the
subcellular compartmentalization of molecules, including proteins,
which are involved in nearly every biological process. Spatially sepa-
rated cellular niches combined with temporally regulated expression
allow the cell to isolate and concentrate local molecular interactions
that facilitate protein function.

Proteins display aremarkable degree of multilocalization across
the cell, with over 50% of all annotated human proteins currently
reported to be multilocalizing"?. The estimates for other model
organisms are somewhat lower, possibly owing to lower subcellular
complexity, fewer systematic studies and more reliance on computa-
tional predictions rather than experimental evidence. Nevertheless,
multilocalization has been reported for at least 30% of proteins in
Saccharomyces cerevisiae (yeast)®, 27% in Mus musculus (mouse), 14%
inDrosophila melanogaster (fruitfly), 12%in Arabidopsis thaliana (thale
cress) and 9% in Oryza sativa (rice)*. Thus, protein multilocalization
appearsto be acommon phenomenon across the tree of life.

Multilocalization can dramatically expand the interaction land-
scape and the resulting cellular function(s) of a protein. Whereas the
functionality of differential localization is well studied for protein
groups such as transcription factors and metabolic enzymes, the
functions of most proteins in their non-canonical locations remain
unknown. There is a large disparity between the number of proteins
annotated as multilocalizing and the number which are considered
multifunctional (Supplementary Fig. 1a). The number of described
functions tends to be higher for the proteins that have been studied
for alonger time (Supplementary Fig. 1b). It isimportant to note that
different experimental and conceptual methodologies for studying
proteinlocalizationandits relation to protein function have resultedin
varying definitions of protein multilocalization and multifunctionality,
asdiscussedin Box 1. Regardless of the definitions used, the prevalence
of both protein multilocalization and multifunctionality and the con-
nectionbetween thetwo are drastically underestimated. Therefore, our
understanding of cellular behaviours and functions will benefit from
systematic large-scale mechanistic studies of proteins at the subcel-
lular level. The state-of-the-art methods used to identify and control
subcellular protein localization are discussed in a complementary
Review paper”.

In this Review, we discuss the functionality and mechanisms of
subcellular proteinlocalization. First, we describe whatis known about
the mechanisms underlying protein localization, ranging from pre-
translationallocalization of mRNAs to the active relocation of proteins.
We discuss theimportance of localization for proteinfunctionand the
waysinwhichlocalization changes can fine-tune functionality and pro-
mote the evolution of multifunctional proteins. We provide examples
ofthe effects of proteinlocalization on establishing distinct cell types
and phenotypes and discuss the growing body of literature describing
protein mislocalization in disease. Finally, we outline future research
directions that will advance our understanding of correct subcellular
proteinlocalization and itsimportance for protein function.

Mechanisms of protein localization

Many cellular processes control protein localization (Fig. 1), usually
through tightly regulated molecular interactions that actively guide
proteins tolocations of specific activities within the cell. Here, we dis-
cuss such interactions and the mechanisms that compartmentalize

the proteome and contribute to the control of biological functions.
Webegin by discussing the pretranslational localization of mRNAs by
RNA-binding proteins (RBPs) and organelles. We then consider mecha-
nisms which facilitate the cotranslational or post-translational localiza-
tion of proteins, including but not limited to those that are directed by
the presence of specific protein sequence motifs and structures. We
highlight the role of PTMs and proteoforms (distinct molecular forms
ofaprotein) in defining and dynamically altering proteinlocalization,
and the interplay of various localization mechanisms.

RNA localization and local translation

The control of subcellular localization begins even before protein syn-
thesis. Protein-coding mRNAs contain cis-acting RNA elements known
asRNA ‘zipcodes’, whichare recognized and bound by amyriad of RBPs
and form messenger ribonucleoprotein (mRNP) granules (a type of
biomolecular condensate)®. Examples of mRNP granules contributing
tolocalized translation include neuronal granules’and germ granules®’.
RBPsregulate the translation, degradation and localization of mRNAs
to spatiotemporally regulate protein synthesis'* "%

RBPs can limit the availability of ribosome-binding sites in
mRNAs to repress their translation and can interact with motor pro-
teins to facilitate active mRNA transport. A well-studied example is
ZBP-1(also known as IGF2BP1), which binds the 3’ untranslated region
of ACTBmRNA (encoding (3-actin) and interacts with the microtubule
motor protein KIF11 (ref. 13) to move the resulting mRNP to the lead-
ing edge of motile fibroblasts*®, axonal growth cones” " and den-
dritic filopodia® (Fig.1a). Phosphorylation of ZPN1**’ results in mRNA
release and localized synthesis of 3-actin to facilitate directional move-
mentand growth”?*", This localization mechanism can be further regu-
lated by RNA modifications and structures, suchas N°-methyladenosine
(m°A) switches®, and there is increasing evidence that these features
regulate mRNA interactions with RBPs to control their recruitment
to cellular compartments® 2%, Nevertheless, the full impact of RNA
modifications and structure on mRNA localization, protein localiza-
tionand protein function remains underexplored. In addition todirect
interactions between mRNAs and RBPs, recent studies have demon-
strated that organelles can also control mRNA localization and local
translation. Both mRNA and ribosomes are transported across the cell
by endosomes and lysosomes®’~**. The FERRY complex preferentially
binds both mRNAs of nuclear-encoded mitochondrial proteins and the
endosomal GTPase RABS5, thereby recruiting the transcripts to early
endosomes in proximity of mitochondria** (Fig. 1a).

Despite an increased appreciation of the importance of mRNA
localization in supporting localized protein synthesis and function,
systematic association between mRNA and protein localization for
each gene has not yet been established. Rapid ongoing advancesinin
situ spatial transcriptomics, growing databases of RBP motifs** and
techniquesin development for targeted relocalization of endogenous
RNA (for example, CRISPR-TO*) are improving our understanding of
mRNA localizationand interactionsin cells. This knowledge, together
with new high resolution tools for investigating local translation®, will
probably facilitate a transition from studying the effect of mRNA locali-
zationon the locationand function of afew proteins at a time to gaining
a systematic understanding of this mechanism and its physiological
importance.

Sequence-guided and structure-guided localization
Following translation, the primary amino acid sequence and the folded
structure of a protein containlocalization signals and domains that bind
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Box 1| Defining multilocalizing, multifunctional and moonlighting proteins

Proteome-wide studies of subcellular localization have identified

a large proportion of multilocalization”. Meanwhile, an increasing
number of studies have demonstrated the capacity of proteins to
carry out multiple cellular functions®™®*. Here, we reflect on what it
truly means to be a multilocalizing or multifunctional protein and
define key nomenclature.

Proteins can be annotated as multilocalizing for a number of
reasons. Some proteins, including glycolysis enzymes, tricarboxylic
acid cycle enzymes and transport proteins occupy multiple locations
within a single cell at a given time. Other proteins, such as those
involved in the cell cycle, can be found at different locations within
the same cell at different points in time. Multilocalization can
occur on a larger scale with proteins displaying variable spatial
distributions in different cell types or tissues. Here, we consider
a protein to be ‘multilocalizing’ when the same protein has been
identified in two or more discrete cellular compartments in any scale
of space or time. The notion of discrete cellular compartments, often
imposed by the scale and limited resolution of current experimental
methods, hampers the classification of protein distribution gradients
within compartments. In reality, niches exist even within cellular
compartments, and protein gradients across these niches have an
important role in cellular function®®.

The question of multilocalization naturally extends to consider how
the cell regulates changes in protein localization. Proteins exhibiting
variable cellular localization in different conditions can be described
as ‘differentially localized'. Differential localization can be caused by
proteins moving from one location in the cell to another (‘relocalization’)
or by local changes in protein turnover®. In both cases, differential
localization can occur without any change in total protein abundance.

Next, the concept of protein function warrants attention as the
definition of a multifunctional protein differs across the literature.

We define ‘protein function’ based on the hierarchy imposed by

the Gene Ontology consortium, in which ‘molecular function’
represents the molecular-level activity of a protein, and ‘biological
process’ is the higher-level biological role achieved by the molecular
function?. Thus, a ‘multifunctional protein’ should carry out two

or more molecular functions, and proteins that carry out the same

tothe moleculesrequired to guide themto their final destination(s) in
the cell. Classic examples of such sequences include nuclear localiza-
tion signals (NLSs) and nuclear export signals, which recruitimportin
and exportin proteins, respectively, to facilitate transport across the
nuclear membrane® . Similarly, mitochondriallocalization signals are
bound by proteins such as TOM40 for import into mitochondria*®*,
and membrane localization signals lead to binding with signal recogni-
tion particle proteins before theirimport to the endoplasmic reticu-
lum and vesicular export to the cell membrane*>* (Fig. 1b). Although
localization signals are widely used and commonly conserved across
thetree of life (Box 2), they often appear to be functionally redundant
and ambiguous (containing overlapping sequences that target multiple
compartments). In addition, organelle targeting seems to be permis-
sive, as alarge proportion (20-30%) of randomly generated peptides
can act as localization signals that drive protein translocation**.
Discovering and searching for localization signals with experi-
mental and machine-learning methodologies has greatly improved

molecular function in different biological processes (for example,
enzymes using different substrates for the same reaction) would not
be considered multifunctional. This definition of multifunctionality
does not mean that the protein has to perform different molecular
functions at the same time, within the same cell — or even within
the same cell type — as demonstrated by the example of crystallins,
which are classical multifunctional proteins'.

To define a protein as multilocalizing or multifunctional, there
must be a clear definition of what we consider to be a single protein
entity. Indeed, a single gene can give rise to multiple proteoforms
through alternative splicing and post-translational modifications
(PTMs), and proteoforms can oligomerize to provide further
molecular and functional diversity. Therefore, we broadly define a
‘protein’ as including all proteoforms resulting from a single gene,
that is, a proteoform family®*?. Protein homologues are encoded by
separate genes and are therefore considered to be independent
proteins; these proteins may have similar sequences and structures
if gene duplications were recent or followed by minimal sequence
divergence. The molecular diversity of proteins is important to define
in the present context, because although multilocalization and
multifunctionality are affected by proteoform diversity, the current
methods to interrogate these characteristics are often unable to
distinguish between proteoforms®.

Finally, in this Review, we also discuss examples of ‘moonlighting
proteins’. Such proteins represent an extreme subset of multi-
functional proteins, in which multiple functions are reported for
identical polypeptide sequences, thus excluding protein homologues
and proteoforms generated by alternative splicing, gene fusions
or proteolysis®*'?*. Although multilocalization is not a prerequisite
for being a moonlighting protein, the two are often discussed
together as multilocalization is one of the main ways in which
moonlighting functions can evolve”*'%, It is important to point out
that, as we are learning more about the ways in which a protein can
be multifunctional, the original definition of moonlighting proteins
begins to be challenged by the research community?”®. We might
need to refine our nomenclature for multifunctional and moonlighting
proteins to better reflect the underlying biological complexity.

our understanding of protein localization. However, there is increas-
ingevidence that other physicochemical characteristics of theamino
acid sequences (for example, isoelectric point, hydrophobicity)* also
affect subcellularlocalization of proteins. Moreover, many localization
signalsneed tobe recognized by anadaptor protein for translocation,
and specific adaptors might not be available in the cell. The cellular
context becomes more important for artificial proteins or proteins
coming from different species. For example, whereas NLSs are gener-
ally conserved across the tree of life, certain yeast NLSs are functional
in plants, but notinmammalian cells*®. Moreover, a protein can contain
conflicting localization signals of varying strength that are exposed
or shielded in different subcellular environments. Therefore, pro-
teins that contain localization signals are not always present in the
designated compartment and those without a known localization
signal may localize to a specific compartment, as is the case for the
69% of proteins annotated as nuclear in UniProt, which do not contain
aknownNLS*®.
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Fig.1| Cellular mechanisms of protein localization. a, nRNA localization.
mRNAs can specifically interact with RNA-binding proteins (RBPs) that target them
toaspecific cellular compartment for localized protein synthesis. ZBP-1binds
ACTBmRNA and interacts with the microtubule motor protein KIF11to move the
resulting mRNP granule to the motile edge of the cell. mRNAs can also interact with
adaptor proteins, such asthe RNA/ribosome intermediary (FERRY) complex on
the surface of organelles — in this case, endosomes — and are transported together
withthese organelles. b, Localization through proteininteractions. A protein

can contain multiple localization signals of different strength, which might be
shielded or exposed in specific conditions, resulting in interactions with different
adaptor proteins. Endoplasmic reticulum (ER) localization sequences found in the
nascent polypeptide are recognized by signal recognition particles, which trigger
interaction with an ER import complex and subsequently cotranslational import
into the ER matrix or insertion into its membrane. Some resident ER proteins,

such asthe transcription factor NRF1(ref. 217), can be cleaved and exported
backto the cytoplasm, exposing nuclear localization sequences recognized by

importins, which facilitate the entry of NRF1into the nucleus. Other protein—
proteininteractions, such as oligomerization, can affect protein localization.
Homodimerization of ZNT1results in plasma-membrane localization, whereas
ZNTI1-ZNT3 heterodimers localize to intracellular vesicles. The assembly of
biomolecular condensates is often controlled by interactions between intrinsically
disordered regions (IDRs) of proteins in the subcellular microenvironment.

¢, Proteoform localization. One gene can produce multiple proteoforms with
differing subcellular localizations. Alternative splicing can resultin loss or gain of
localization signals. Proteins can undergo various post-translational modifications
affectinglocalization. For example, proteolysis of the acetylated (Ac) N-terminal
tail of histone H4 (‘histone clipping’) reduces the interaction of this histone with
phosphorylated (P) IkBa, triggering dissociation of IkBa from the chromatin
duringintestinal cell differentiation. Arg methylation and demethylation of RBPs
control the assembly of stress granules. S-palmitoylation can promote protein
localization to the plasma membrane. The dashed arrows represent translocation.
NPC, nuclear pore complex.

There is anincreasing number of transformer-based protein lan-
guage models that use multimodal protein information, including
proteinsequences, to better predict protein folding*** and subcellular
localization®. So far, none of these models have been entirely success-
fulin predicting protein localization, with performance varying for
different organelles and especially for smaller compartments and for
multilocalizing proteins. The performance of such language models
will improve as they capture sequence information beyond localiza-
tion signals, including intrinsically disordered regions (IDRs), charge
patterns and structural motifs such as interaction domains. For more
in-depth discussion of the advancesin this field, we refer the reader to
acomplementary review’.

Sequence and structure features contribute to localization by
influencing the molecular interactions of proteins. Homodimeriza-
tion of ZNT1 (also known as SLC30A1) results in canonical localization
to the plasma membrane, where ZNT1 exports zinc to protect the cell
from zinctoxicity, whereas heterodimers of ZNT1withZNT3 localize to
intracellular vesicles*’ (Fig. 1b). Similar differences in subcellular locali-
zation were also shown for other combinations of ZNT homodimers
and heterodimers. Insome cases, the effects of molecular interactions
go beyond relocalization of the protein and lead to the formation of
asubcellular compartment. Indeed, interactions between proteins,
RNA molecules and other molecules canlead to phase separationand
the formation of biomolecular condensates®>*' (Fig. 1b). The propen-
sity of a protein to contribute to such condensates is heavily influ-
enced by its properties, including specific amino acid composition,
PTMs and the presence of IDRs or other polymerization-promoting
domains®’. The functional importance of dynamic condensates is
increasingly recognized and it is currently thought that up to 20% of
the proteome can be dynamically localized to mesoscale biomolecular
condensates®. Importantly, the same sequence and structure features
that can drive the formation of larger condensates, also regulate the
recruitment of proteins to smaller complexes that do not undergo
phase separation®***, thereby regulating protein localization across
amultitude of scales.

Proteoform-level regulation of localization

Proteinlocalization can beregulated by controlling the generation and
expression of proteoforms with differential localization. Asingle gene
can give rise to proteoforms® owing to PTMs, sequence variations,
alternative splicing and proteolysis. The mechanisms discussed above

canresultindifferential localization of these proteoforms. Alternative
splicing of mRNAs can produce proteoforms with different localization
signals, leading to different subcellular localization (Fig.1c). Arecently
discovered exampleis CDK5RAP2, which has a centrosome localization
signal in exon 17 that is missing from its shorter splicing isoform. The
proteoform produced from this alternatively spliced transcript has
cytoplasmic localization and contributes to microtubule formation
in developing neurons®®. Alternative splicing can generate proteo-
formsthatinteract with sets of factors as different as those of proteins
encoded by independent genes*’, which also probably contributes to
pleiotropy and differential localization. Similarly, the protein-sequence
variationintroduced by proteolytic cleavages can control proteoform
localization by removing localization signals or influencing protein
interactions. In some cases, cleavage of one protein can cause a change
inlocalization of another protein. For example, proteolysis of the acety-
lated N-terminal tail of histone H4, a process referred to as ‘histone
clipping’, reduces theinteraction of this histone with phosphorylated
NF-kBinhibitor-a (IkBa) during intestinal cell differentiation (Fig. 1c).
Consequently, IkBa dissociates from the chromatin and remainsin the
nucleoplasm, which is required for differentiation’®,

Asecond layer of proteoform-level regulation of subcellular locali-
zation is PTMs, which alter protein conformation and interactions
and regulate the accessibility of localization signals. For example,
the phosphorylation of STAT transcription factors promotes their
nuclear import upon cytokine stimulation®’. Modifications such as
Arg methylation regulate protein recruitment to and assembly of
ribonucleoprotein granules and other membraneless organelles®®
(Fig. 1c). Inclusion into membranes can be directed by lipid modifi-
cations such as S-palmitoylation® (Fig. 1c), whereas the secretion of
extracellular proteins often depends on complex glycosylation pat-
terns and crosstalk with other modifications, for example in the case
of beta-glucuronidase®®*. Hence, the addition or removal of PTMs can
act as a regulatory switch linking cell signalling pathways to protein
localization and function.

Together, these examples provide motivation to study proteo-
forms, specifically, the precise roles of proteoform variation inlocaliza-
tion and functionality across the proteome and pleiotropy across the
genome. The extent of proteoform variation, however, remains largely
uncharacterized®. Current technology often does not allow robust
detection of different proteoforms, measuring their abundance or
interrogating their localization. Spatial proteomics methods typically
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Box 2 | Protein multilocalization and multifunctionality across the tree of life

The compartmentalized distribution of biomolecules is a
fundamental feature of life. Even the simplest prokaryotes contain
intracellular domains enriched in specific molecules to perform
specific functions. As in eukaryotic cells, these domains include
membraneless®* and membrane-bound compartments®°>?%,
Bacterial encapsulin proteins can form shells that isolate certain
parts of the cytoplasm but that have pores that permit the exchange
of molecules?. Similarly, viruses in cells create protein-enclosed
compartments (capsids) with controlled molecular import and
export?®, Viral capsid proteins and bacterial encapsulin proteins are
possibly evolutionary connected?”.

Both cell compartmentalization and protein multifunctionality
pose a challenge for protein targeting, which in various organisms
has been solved in multiple non-exclusive ways. mRNA localization
has been described from bacteria and yeast to plants and vertebrates™?,
as well as in over 500 human cell lines?*°?*'. On the one hand, mRNA
localization has intuitive energetic advantages, as a single localized
mRNA transcript can be translated into thousands of copies of
protein, eliminating the need to individually transport each of the
protein molecules. On the other hand, relocalization of existing
proteins owing to changes in localization-signal accessibility permits
highly dynamic shifts in protein distribution, possibly enabling
better temporal control of the process. A disadvantage of protein
localization signals is that they are often hijacked by pathogens,
including by viruses*>?*® and fungi®**. Localization signals are
typically not very specific: a wide range of unrelated sequences can
promote protein translocation to a specific compartment**. This
property not only makes localization signals robust to mutations
but also allows proteins to explore new subcellular locations and
interaction partners, possibly conferring an evolutionary advantage.
Translocation of existing proteins between membrane-bound

rely on antibodies designed to be broadly specific to a gene, target-
ing as many protein isoforms as possible, and shotgun proteomics
workflows rely on peptide identifications that neither address the full
combinatorial nature of PTMs within a protein nor accurately map
splicing variants®*®, Although some studies have begun to predict
and experimentally map the subcellular distribution of PTMs®®%, the
phenotypic consequences of such distributions, the effects of PTM
localization and the crosstalk between different PTMs remain under-
studied. Furthermore, proteoforms have largely been analysedin bulk
samples that pool thousands of individual cells and provide informa-
tionin averages. Advances in cell fractionation®’, large-scale isolation
of celltypes’ and single-cell proteoform detection” "> willmake iden-
tifying the precise subcellular localizations of specific proteoforms a
promising area of future research.

Interplay of protein localization mechanisms

The widerange of mechanisms available to the cells to control protein
localization raises the question: How do these mechanismsinteract with
eachother? Theaccessibility of various localization signals to transport
proteins can be irreversibly modulated by alternative splicing®*” or
reversibly modulated by PTMs™7¢. Moreover, the local availability of
interaction partners for translocation (of both proteins and mRNA)
or, conversely, molecules that mask localization signals, might change

compartments is usually facilitated by protein transport complexes
such as the nuclear pore complex, which was already present in
the last eukaryotic common ancestor?® and is similar to transport
structures of certain bacteria with membrane-encapsulated
DNA?®, Specific protein import machinery is not necessarily highly
conserved; for example, the general structure of the eukaryotic
mitochondrial import complex is preserved, but its individual
proteins evolved independently and converged in function®’.
Another way to control and change protein distributions in the cell
relies on having several similar proteins with distinct subcellular
localizations, either encoded by one gene and resulting from
alternative splicing®® or originating from gene duplication and
subsequent evolution of the paralogs. Whereas (alternative) splicing
is not present in prokaryotes, gene duplication is and can result in
long-term gene preservation and independent evolution of similar,
yet distinct, proteins. Duplication of a gene encoding a moonlighting
protein can either lead to the complete specialization of the paralogs™*
or to the partial preservation of moonlighting activity?*°. One
example of gene duplication leading to divergent subcellular
localization is malate dehydrogenase (MDH). Most animals express
two MDH isoforms: cytosolic MDH, which is encoded by MDH1,
and mitochondrial MDH, which is encoded by MDH2 and has a
mitochondrial import sequence?. Land plants have evolved at least
six MDH isoforms that variably localize in the cytosol, mitochondria,
peroxisomes and plastids®?. In both cases, MDH isoforms catalyse
the same reaction but contribute to different biological processes.
Subcellular localization controls protein function throughout the
tree of life and in viruses. Many mechanisms of protein localization
have arisen through both parallel and convergent evolution,
highlighting the importance of subcellular localization for protein,
cell and organism function.

the preferredlocalization. Subcellular localization of aspecific protein
moleculeis clearly aresult of the interplay between various targeting
mechanisms. For example, B-actin, discussed above as a protein with
mRNA-driven localization, is not exclusively located at the cellular
leading edge and similar regions, and has important functions in the
nucleus. However, 3-actin does not possess an NLS and is cotransported
into the nucleus with cofilin”.

Perhaps the best characterized examples of subcellular locali-
zation facilitated by multiple targeting mechanisms are membrane
proteins trafficked through the endomembrane system. The endo-
membrane system comprises the endoplasmic reticulum, Golgi com-
plex, endosomes, lysosomes, peroxisomes and lipid droplets. This
orchestra of organelles is responsible for the synthesis, processing
and trafficking of membrane proteins, which are estimated to account
for approximately one-third of the proteome’. The passage of a pro-
tein through the endomembrane system involves mRNA targeting,
cotranslational and post-translational protein localization. These
mechanisms arelargely dependent oninteractions betweenthe target
protein and organelle-specific proteins; anumber of excellent reviews
have been dedicated to therole of the endoplasmic reticulum’, Golgi
complex® and intracellular vesicles® * in protein targeting, sorting
andrecycling. Apart frombeingirreplaceable for correctlocalization
of integral-membrane proteins, endomembrane-assisted trafficking
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allows cells to distribute proteins faster and on a larger scale compared
with the transport of individual molecules, and it contributes to spatial
organization of signalling pathways.

Whether all protein targeting mechanisms are used in equal meas-
ure for all proteins remains unknown. There may be an evolutionary
pressure for using some localization mechanisms over others, depend-
ingontheintrinsic properties of the proteins, such as their structure,
abundance, turnover rates, size, shape, as well as their function, target
location and the timescale on which relocalization needs to occur. Bet-
ter characterization of the role of different localization mechanisms
in subcellular targeting of particular proteins requires simultaneous
analysis of the different mechanisms by which protein localization is
controlled, from sequence to local molecular interactions. Methods
foridentifying subcellular proteinlocalization are briefly summarized
inBox 3 and are discussed in detail, together with the corresponding
resources and databases, in the complementary Review paper’.

Box 3 | Methods to study protein localization

Protein localization dynamically fine-tunes
protein function

Theevolution of diverse mechanisms that control protein subcellular
localization and the conservation of these mechanisms across the tree
of life (Box 2), points to the importance of location for protein function.
Two main factors explain this strong relationship. Firstly, the subcel-
lular localization of a protein determines its interactions with other
proteins and with nucleic acids, lipids and substrates for enzymatic
reactions. Secondly, subcellular localization candirectly influence the
stability, structure and, consequently, behaviour of a protein through
changes in pH and salt concentration®**®, redox state®*®, molecular
crowding®?° and solvating properties’.. This change may be of par-
ticular importance for proteins with IDRs as they have the potential
to adopt different structures and functions depending on cellular
conditions®** Hence, proteins correctly localized to specific subcel-
lular compartments have access to the necessary physicochemical

There is a wide range of techniques used to determine the subcellular

location of a protein, which differ in resolution and certainty, samples

used, speed, throughput and automation. The currently used

methodologies can be broadly classified into the following categories:

(1) Computational predictions: the amino acid sequence of a protein can
be directly used to assign localization, traditionally by identifying or
predicting localization signals for various organelles, including the
nucleus®, nucleolus®****, endoplasmic reticulum and secretory
pathway”****’, mitochondria®****° and peroxisomes®*°. More complex
machine-learning models can deduce subcellular localization
information from protein sequences even in the absence of known
localization signals*>?*"%*2,

(2) Proximity labelling: these methods use nonspecific enzymes
to covalently label and identify proteins within a small physical
radius of known subcellular marker proteins (for example,
structural components of mitochondria). The marker proteins
(‘baits’) are genetically fused to a labelling enzyme, typically a
peroxidase or biotin ligase”*?*%, Following treatment of the cell
with the necessary substrate (hydrogen peroxide or biotin,
respectively), proteins near the bait are covalently labelled
(‘preys’), thus allowing pull down and identification by mass
spectrometry. Given the limited labelling distance, prey proteins
are classified as localizing to the subcellular compartment
represented by the marker bait protein®®. A protein complex with
sterically competing, mutually exclusive components probably
has differential localization or performs different functions.
Recently, a large-scale integrated map of protein complexes®®
demonstrated such differential composition for hundreds of
protein complexes.

(3) Isolation and enrichment of compartments: subcellular
fractionation can be used to physically separate organelles
including the nucleus®®, mitochondria®®'**, lysosomes?*®
and peroxisomes®**, as well as membraneless compartments
(condensates)®?®°, Similarly, laser capture microdissection
can extract from cells specific subcellular regions based on
microscopic visualization?®*®®, In both cases, proteins in the
different samples can then be detected by mass spectrometry to
define the proteome of a given compartment.

(4) Protein correlation profiling: these methods use differential
centrifugation, density centrifugation or sequential detergent
treatment of cell lysate to separate proteins into multiple
fractions without organelle isolation or purification®®720"205269270_
Protein subcellular localization is predicted by comparing the
abundance profiles of proteins with unknown localization to those
of established marker proteins, thereby generating cell-wide
proteome maps.

(5) Imaging-based techniques: antibodies or genetic tags are
used to label proteins of interest and visualize them in situ.
Optical confocal microscopy is most commonly used to detect
the labels, but other modalities, such as mass cytometry or
electron microscopy, can be suitable for specific applications.
Protein subcellular localization is then deducted from the
staining patterns of easily recognizable organelles (with the
recognized-pattern repertoire drastically expanded by the use
of image-to-location deep learning models such as CytoSelf*”,
Subcell**® and DINO??) or the overlap between signals from the
protein(s) of interest and marker proteins or chemical dyes with
known subcellular localization.

(6) Multiple measurements: multiplexed and multimodal
measurements can extract multiple layers of information on
molecule localization from a single sample. Multiplexed imaging
technologies®” such as those used for protein localization?”*’¢,
for single-molecule RNA localization?” or for both?’, allow one
to overlay and compare the distributions of multiple molecules
of interest. A recently introduced systematic framework allows
simultaneous mapping of the subcellular transcriptome and
proteome in a single sample?“: cells are gently lysed and
fractionated by density equilibrium centrifugation to separate
organelles. The resulting fractions undergo phase separation,
with RNA in the aqueous phase further analysed by RNA
sequencing and proteins in the organic phase measured by mass
spectrometry.

For a detailed discussion and comparison of the existing methods
for determining and manipulating subcellular protein localization, we
refer the reader to a complementary Review”.
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although an extension of the ‘one gene, one protein” hypothesis could
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out asingle function, many proteins have been shown to be multilo-
calizing and multifunctional*****, Here, we discuss how multilocaliza-
tion and its temporal regulation expands the functional repertoire
of proteins.
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Multilocalization regulates protein function

Multilocalization contributes to protein function in several ways
(Fig. 2). For some proteins, multilocalization arises as a direct con-
sequence of the translocation required to carry out their function.
Classical examples include, but are not limited to transcription fac-
tors and transport proteins, which respectively undergo or facilitate
nucleo-cytoplasmicshuttling” *°. For example, stimulation of the cell
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Fig. 2| Multilocalization is crucial for protein function. a, A single protein
function canbe driven by translocation. For example, activation of STAT
transcription factors by kinase receptors of cytokines, such as interferons

(IFN) at the cellmembrane, involves their phosphorylation and dimerization.
STAT homodimers or heterodimers bind to importin a-5and areimported

to the nucleus, where they activate cytokine-responsive genes. b, Asingle
protein function may contribute to multiple processesin a cell, for example,
interconversion of fumarate and L-malate by fumarate hydratase (FH). Two
proteoforms of fumarate hydratase exist that catalyse the reversible conversion
of fumarate and I-malate. The canonical mitochondrial isoform (FHm)
contributes to the tricarboxylic acid (TCA) cycle in mitochondria, whereas

the non-canonical cytoplasmicisoform (FHc) drives regulation of fumarate
levels in the cytoplasm following its generation by the urea cycle and amino

acid metabolism. Additionally, FHc inhibits the histone demethylase activity of
KDM2B in the nucleus following DNA damage. ¢, The level of protein function can
be regulated by changes inits subcellular localization, for example, sequestration
of the N°-methyladenosine (m°A)-reader YTHDC1 from the nucleoplasm into

nuclear stress bodies. Sequestration occurs during heat stress, owing to YTHDC1
binding of m®A at the long non-coding RNA HSATIIl instead of at m°A-dependent
splicesites, and resultsinintron retention in hundreds of mRNAs. d, A protein may
carry out distinct molecular functions in different subcellular compartments,

for example, the moonlighting protein GAPDH. This protein can be controlled by
post-translational modification (not shown) and oligomerization to functionin
glycolysis in the cytoplasm, extracellular vesicle formation (not shown) and iron
transportat the cell membrane, and acetylation (Ac)-mediated apoptosisin the
nucleus. e, Multilocalization contributes to spatiotemporal regulation of protein
function, for example, to the multifunctionality of CDH4 and ISWI throughout the
eukaryotic cell cycle. During interphase, CDH4 and ISWl localize to the nucleus,
where they regulate transcription through their chromatin remodelling activities.
During mitosis, disintegration of the nuclear envelope resultsin the release

of CDH4 and ISWIinto the cytoplasm, where they contribute to microtubule
assembly and stability. The dashed arrows represent translocation. H3K36me2,
dimethylated histone H3 Lys36; NPC, nuclear pore complex; Tf-Fe,, iron-binding
transferrin; OAA, oxaloacetic acid.

by interferon or interleukin results in transphosphorylation of STAT
family transcription factors by receptor-associated Janus kinases'° %2
(Fig. 2a). Phosphorylated STATs undergo dimerization in the cyto-
sol before their binding to importin -5, which transports them into
the nucleus through the nuclear pore complex'®*%, Once inside
the nucleus, STATs directly bind to specific sites in the promoters of
cytokine-responsive genes to trigger animmune response'**'?’, Given
theimportance of subcellular localization for the function of transcrip-
tion factors, their intracellular distributionis tightly regulated through
multiple mechanisms, including protein synthesis and degradation'*®,
nuclearimport'®and export®, and retention inside™® or outside of the
nucleus™. The dynamicinterplay between these mechanisms can create
complex oscillating systems, with transcription factor concentrations
changing across different cellular compartments over relatively short
time periods'? to fine-tune gene expression in response to internal or
external stimuli™,

Other proteins reside in multiple subcellular compartments sim-
ply because their functionis utilized separately in these locations. For
example, humans express two isoforms of fumarate hydratase, the
enzymeresponsible for thereversible interconversion of fumarate and
L-malate (Fig.2b). These proteoforms are generated fromasingle gene
through use of alternative translation initiation sites. The canonical,
longer isoform localizes to the mitochondria, where it contributes
to the tricarboxylic acid cycle, whereas the shorter isoform, which
lacks a mitochondrial localization signal, resides in the cytosol and
regulates the levels of fumarate generated by the ureacycle and amino
acid catabolism™ ™, Following DNA damage, the cytosolic fumarate
hydrataseisoformis phosphorylated and translocated to the nucleus,
whereit catalyses the production of fumarate toinhibit the activity of
histone denethylase KDM2B'”. Hence, the same molecular function of
aprotein can be utilized for different biological processesin different
locations in the cell.

Even when a protein’s function is limited to a single location,
changes in subcellular localization can be exploited to alter the pro-
tein activity in response to internal or external stimuli. In the case of
the m°A reader YTHDCI, recognition and binding of a heat-stress-
induced m°A modificationat the long non-coding RNA HSATIlI results
insequestration of the protein from the nucleoplasmto nuclear stress
bodies, thereby suppressing m®A-dependent splicing of hundreds
of pre-mRNAs"®" (Fig. 2c). Other membraneless organelles includ-
ing nuclear speckles, paraspeckles, P-bodies, Cajal bodies and stress

granules have also been shown to act as sponges that sequester pro-
teins from their action locations and repress their functionality®.
The dynamic formation and dissolution of these phase separated
condensates facilitates many spatiotemporally defined processes®>'*°.
Forexample, arecentstudy determined that1,910 proteinsin HeLa cells
areinvolved in condensate formation in response to oxidative stress'”.
Mounting evidence suggests that the dynamic and transient forma-
tion of such condensates occurs during many core cellular responses,
including transcription activation'”?and signal transduction'”. Indeed,
the formation of biomolecular condensates not only physically con-
centrates or sequesters proteins but also alters the proximal chemical
environment and resulting solvation, charge, folding and reactivity of
constituent proteins®*., In the case of signal transduction, dynamic
signalling complexes often consist of proteins with multiple similar
domains connected by IDRs. Interactions between these domains
allow the proteins to assemble into dynamic helical filaments, form-
ing biomolecular condensates known as signalosomes'?, This process
creates transient clusters of signalling molecules, thereby increasing
their local concentrations and enabling rapid cellular responses to
activation signals.

Multilocalization facilitates multifunctionality

Anincreasing number of proteins are now recognized as having mul-
tiple distinct functions when differently localized within the cell®.
The extreme manifestation of this phenomenon are ‘moonlighting
proteins’ — proteins withidentical sequences (thatis, not the product
of gene fusions or alternative splicing) that carry out diverse cellu-
lar functions®'™'%, Unsurprisingly, multilocalization is considered
one of the main factors driving the evolution of such moonlighting
properties, as the proteinis exposed to different chemical spaces with
alternative interacting partners**'?*, One well-documented example
is glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme
that contributesto glycolysisin the cytoplasm, but has additional roles
including extracellular vesicle formation?” and iron transport at the
plasma membrane®"™!, and the regulation of apoptosis genes in the
nucleus™ ' (Fig. 2d). These moonlighting functions depend on the
protein’s PTM and oligomerization status"*'*, In normal cellular condi-
tions, antioxidant proteins such as glutaredoxins maintain a state of
redox balance, in which GAPDH remains in the cytosol**. However,
in conditions of oxidative stress, the oxidation or S-nitrosylation of
GAPDH resultsinnuclear translocation, which triggers apoptosis and
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aswitch from glycolysis to the pentose phosphate pathway"*™"*, The
pentose phosphate pathway allows rerouting of carbohydrates into
metabolic reactions which produce reducing equivalents in the form
of NADPH that counteract oxidative stress'”. Interestingly, the dif-
ferent functions of GAPDH appear to have a biologically meaningful
connection. Whether such a functional connection is common for all
moonlighting proteins remains an open question.

With the number of recognized moonlighting proteins on the
rise and a large proportion of multilocalizing proteins having only
one annotated function (Supplementary Fig.1a), thereis aclear need
to functionally characterize proteins at their non-canonical subcel-
lular location. Although several databases have been generated to
collate moonlighting proteins (MoonProt®, Multitasking Proteins
DataBase™’, PlantMP™! and MoonDB'*?), there is not yet a systematic
method for identifying protein multifunctionality and moonlight-
ing on a subcellular level. Instead, protein functionality is typically
studied protein-by-protein and the discovery of moonlighting tends
to be serendipitous.

Spatiotemporal dynamics of protein function

Given the strong relationship between protein localization and
function, it isimportant to understand how protein localization is
temporally regulated. A key biological process that relies on the spa-
tiotemporal regulation of proteins is the eukaryotic cell cycle, and
both multilocalization and multifunctionality have been extensively
reported for cell cycle-associated proteins™* (Fig. 2e). The chromatin
remodellers CDH4 and ISWI, for example, localize to the nucleus to
regulate transcription during interphase, but are released following
the dissipation of the nuclear envelope during mitosis, which allows
themtolocalize to and regulate the assembly and stability of the mitotic
spindle**'* Ki-67 localizes to the nucleolus in interphase, but relo-
cates to and facilitates the generation of the chromosome periphery
during mitosis owing to the hyperphosphorylation of its disordered
repeat domains, which creates alternating charge blocks and increases
their tendency to undergo liquid-liquid phase separation'*®. Another
temporal process, the circadian rhythm, can also affect protein locali-
zation. Proteins that drive circadian rhythms — cryptochrome and
Period proteins — as well as proteins under circadian regulation such
as CNT2, change their localization based on the time of day, often with-
out changes in mRNA or protein abundance'*’"*®. It is important to
emphasize that asynchronous cyclical processes in a cell population
manifestas subpopulationsin different phases. Bulk, single time-point
measurements provide only an averaged snapshot of all cell states in
apopulation; they cannot be used to distinguish between temporally
regulated variationin protein localization within an asynchronous cell
population and differential protein localization between stable sub-
sets of the cell population. Itis thus possible that alarger portion than
currently described of the reported multilocalizing proteins change
their subcellular localization periodically over the course of some
cyclical cellular processes.

Overall, protein subcellular localization provides ameans to regu-
late the structure, interactions and subsequent function of a protein
and, thus, is a key factor contributing to the ‘Goldilocks principle’
whereby conditions must be just right for a protein to conform to its
necessary structure and function. Inturn, protein differential localiza-
tion allows functionality tobe regulated over space and time by altering
theactivity level of agiven function or permitting achange of function.
Importantly, protein differential localization can and often does occur
in the absence of a change in total protein abundance'**"*°, meaning

thatabundance-focused studies potentially miss a large portion of the
changes in proteinbehaviour. Inaddition, as mentioned in Box 1, much
ofthe existingliterature on protein localization and function does not
include proteoform-specific evidence. Therefore, the extent to which
alternative splicing, PTMs, oligomerization, conformational changes or
other yet unknown mechanisms contribute to the widespread phenom-
enaof proteinlocalization, multilocalization and multifunctionality is
largely unknown.

Protein localization is instrumental for cell
differentiation and identity

Cell differentiation is achieved through spatiotemporal changes in
proteinlocalization and abundance, which are often triggered by the
translocation of transcription factors™'. Some transcription factors
are known moonlighting proteins™?, such as -catenin (also known as
cateninbeta-1). Innormal epithelial cells, -cateninis part of the adhe-
rensjunctions, helping maintain the integrity of epithelial layers; free
cytoplasmic 3-cateninin these cells is ubiquitylated and degraded by
the proteasome (Fig. 3a). However, as the cell disassembles its junctions
during the epithelial-mesenchymal transition, B-catenin is released
into the cytoplasm, where it escapes degradation, and translocates
to the nucleus, where it acts as a transcription factor that promotes
the transition',

Cell type-specific protein localization is not limited to transcrip-
tionregulators. Despite organelles performing similar core functions
in different cells, even closely related cell types can exhibit substan-
tially variable organellar proteomes™*. Approximately one-fifth of all
mitochondrial proteins show differential abundance inastrocytes and
neurons™, and half of centrosome-interacting proteinsin neural cells
localize to the centrosome only at certain stages of cell differentiation,
without changing the total abundance levels™®. Cell type-specific orga-
nellar proteomes are thought to contribute to cellidentity by perform-
ing cell type-specific functions™*. For example, the multilocalizing RBP
PRPF6 is generally ubiquitous in nuclear spliceosome complexes'’.
Inneural stemcells (but notin mature neurons), it additionally localizes
to centrosomes, together with other RNA-binding and RNA-processing
proteins™ (Fig. 3b). Mutating the RNA-targeting function of PRPF6
results in neurodevelopmental disorders, suggesting that pre-mRNA
splicing is abrain-specific function of PRPF6 and is probably performed
atthe centrosome. Despite the importance of correct protein localiza-
tion for specific cell and tissue functions in multicellular organisms,
cell type-specific protein localization remains underexplored.

Certain cell types, such as epithelial cells and neurons, rely on
establishing specialized domains within a single compartment. Exam-
plesinclude the apical and basal membranes of epithelial cells (parts
of the plasma membrane compartment)"®, outer segments of photo-
receptors (parts of the cytoplasm, cilia and plasma membrane)™*'¢°
and presynaptic active zones of neurons (parts of the cytoplasm and
plasma membrane)™. As we discussin Box 1, different patterns of pro-
teindistribution within compartments are not considered to represent
multilocalizationbutinstead are termed protein gradients. These gra-
dients are often overlooked during protein localization studies but can
be afundamental part of the cell identity. For example, epithelial cell
polarization depends onthe correct localization of so-called polarity
factors that control the recruitment and exclusion of domain-specific
proteins. The endomembrane system has an important role in this
process”*'**1®* asmembrane proteins are sorted into the vesicles that
are subsequently transported to either apical or basolateral mem-
branes. Once at their destination, the vesicles undergo selective and
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controlled fusion with the plasma membrane and deliver polarity
factors and their targets to the required location. One of the key api-
cal polarity factors is the atypical protein kinase C (aPKC), a protein
that phosphorylates other membrane-associated polarity factors to
exclude them from the apical domain of epithelial cells"® (Fig. 3c).
Innon-epithelial cells, disturbed epithelial cells or cancer cells, certain
aPKCisoforms change their subcellular localization and can be found
in other parts of the membrane, cytoplasm, or nucleus'®*"’. These
isoformsregulate cell proliferation, cell cycle and glucose metabolism,
especially in the context of cancer'**'®, and atypical nuclear expression
of aPKC has been suggested as a cancer prognostic marker'*1¢%18 yet
the exact relationship between subcellular localization and function
of aPKC isoforms is not clear. Hence, we need to reassess the granu-
larity of annotations and take into account local minima and maxima
when characterizing the spatial distribution of proteins and their
functionalimpact.

Despite strong evidence for theimportance of subcellular protein
distribution in establishing cell identity, routine cell phenotyping is
still based almost exclusively on transcript or protein abundance and
does not include protein localization. This bias is an understandable
consequence of technical limitations, higher cost and lower through-
putofsubcellular spatial analysis, and of general lack of well-validated
baseline datasets. Nevertheless, agrowing body of evidence highlights
the clinical importance of specific and correct subcellular protein
localization, which we discuss below.

Protein mislocalization in disease

Various diseases with a genetic component have been shown to
involve protein mislocalization'*®™", Asillustrated by the example of
PRPF6, multilocalizing and moonlighting proteins can perform cell
type-specific functions in one of their possible subcellular locations.
In some cases, a mutation might affect localization at only one of the
possible locations, leading to aloss of only one of the protein func-
tions. If this happens in a cell type-specific manner, such a specific
mislocalization might affect only asubset of cellsin the organism, lead-
ing to the development of atissue-specific pathology. However, most
clinical evidence remains anecdotal and does not provide systematic
analysis of the links and the causal relationship between mutations,
protein mislocalization and pathological consequences. Neverthe-
less, hundreds of pathogenic variants associated with diseases such
as cancer, immunodeficiencies, metabolic diseases and neurological
and neuromuscular disorders, have been directly linked to protein
mislocalization?. Intriguingly, variants of the same gene known to
cause different diseases tended to show differential localization pat-
terns. Subcellular targeting of proteins can be disrupted by anumber
of different factors, affecting the protein localization mechanisms
discussed above. Protein mislocalization, misfolding, incorrect PTMs
andincorrectinteractions with other molecules can negatively affect
protein function, resulting in pathology. These processes are inter-
dependent, and each of them can be either the cause or the conse-
quence of the other. Table 1 summarizes some examples of pathological
changes of function caused by protein mislocalization.

Mislocalized pathogenic protein variants are over-represented in
the organelles of the secretory pathway'’?, and disrupted endomem-
brane traffickingis known tobeimplicated in the development of neu-
rodegenerative conditions”>""*, cancer'*® and metabolic disorders'”.
Furthermore, pathogenic variants that undergo mislocalization most
often carry mutations in the domains involved in protein folding or
insertion into the membrane'?. Protein folding relies on controlled

chemical conditions and on interactions with chaperones that assist
in the process. Proteins can be misfolded owing to mutations, PTMs
affecting the interactions between amino acids or unwanted protein
interactions. Misfolded proteins often aggregate, although the pres-
ence of stable soluble misfolded proteins with altered activity® and
interactions"”” might be a widespread phenomenon'®. Aggregation
startsavicious cycle, where one misfolded molecule triggers aggrega-
tion of otherwise normal polypeptide chains. Aggregated proteins fail
to both correctly localize and to perform their function. Conversely,
protein mislocalization may result in misfolding owing to the lack of
correct binding partners, failure to be inserted into a membrane or
altered folding environment, possibly leading to proteotoxicity, as
seeninamyotrophiclateral sclerosis'”’. Protein mislocalization accom-
panied by misfolding is one of the hallmarks of neurodegenerative
conditions suchas Parkinson’s disease or Alzheimer’s disease (Table1).

In addition to changes in protein folding and membrane inser-
tion, mutations that change the solubility of a protein may also trigger
changesintheability of proteins to dynamically and reversibly associate
with biomolecular condensates, with pathological consequences*'%'¥!,
Indeed, 36,777 pathological mutations in 1,745 human proteins were
shown to be involved in biomolecular condensate dysregulation in
disease'®. For example, mutations in the tumour suppressor SPOP
caninterfere with phase separation and prevent the protein from cor-
rectly functioning as a substrate adaptor of the cullin-RING E3 ubig-
uitin ligase in nuclear speckles, thus contributing to the formation of
solid tumours'®. By contrast, deacetylation of HP1y promotes nuclear
condensation, which results in drug resistance in myeloma'®*.

Protein mislocalization can also be triggered by environmen-
tal stresses. Viruses can protect themselves from nuclear restriction
enzymes (such as IFI16) by triggering their relocalization to the cyto-
plasmoftheinfected cell and subsequently to the extracellular space'®.
Relocalization exposes IFI16 to differentinteraction partners, including
cytoplasmic viral-RNA sensor RIG-1'®. These new interactions promote
inflammation and, in the case of extracellular IFI16, can contribute to
the development of autoimmune disorders, with the mislocalized
protein acting as an autoantigen'®. Similar unwanted interactions,
both inside and outside of the cell, have been shown to contribute to
the role of moonlighting proteinsin cancer progression'®. Therefore,
protein mislocalization candirectly cause pathology through bothloss
and gain of function in the new molecular context (Table1).

Protein mislocalization candirectly lead to the breakdown of cor-
rect molecular interactions. In Usher syndrome, usherin (also known
asUSH2A), acilium-associated scaffold and transport protein, is trun-
cated and losesits localization signal. Mislocalization of usherin to the
cytoplasm of cochlear hair cells'®® and photoreceptors'™ results in a
congenital disorder characterized by hearing and vision loss. Moreover,
mutantusherinin photoreceptors promotes the mislocalization of its
interaction partners'®. Proteins localized to the wrong compartment
can engage in unwanted interactions, as is the case of the chromatin
remodeller and tumour suppressor ARID1B. Mutant ARID1B lacking
functional NLSislocalized to the cytoplasm, whereitinteracts with the
RAF-ERK signalling pathway and promotes oncogenesis, in contrast to
its canonical function™’. Similar switches can explain the contradictory
functions that have been described for other proteins.

Mislocalized proteins can also be exposed to new protein-
modifying enzymes and PTMs, which often change their conformation,
activity and ability to interact with other molecules. Certain PTMs
change the protein propensity for aggregation and might influence
the development of neurodegenerative disorders'”. PTMs can directly
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Fig. 3| Examples of cell type-specific protein relocalization. a, In healthy
epithelia, B-cateninislocalized at celladherens junctions, thereby connecting
them to the cytoskeleton. In these cells, cytoplasmic f3-catenin undergoes
proteasomal degradation. During epithelial-mesenchymal transition, B-catenin
isremoved from the junctions, is no longer marked for degradation and can enter
the nucleus, whereitacts as a transcription regulator that promotes the transition.
b, The RNA-binding protein PRPF6 is a ubiquitously expressed component of
nuclear spliceosome complexes. However, in neural stem cells it is additionally
localized to centrosomes, where it exhibits RNA-processing activity. Mutations
disrupting this activity lead to neurodegenerative disorders but have no pro-
nounced effectsin other cell types and tissues, highlighting the tissue-specific
and location-specific function of centrosomal PRPF6. ¢, Apical-basal polarity in
epithelia is maintained by proteins that recruit or prohibit other proteins from

accumulating at a respective side of the cell. One of these proteins, atypical
protein kinase C (aPKC), phosphorylates (P) basal and lateral polarity factors

(BPF; for example, LLGL2 or EPB41L5), thereby preventing them from entering the
cellular apical domain; by contrast, apical polarity factors (APF) can accumulate
there. Moreover, trafficking of polarity factors is often facilitated by the endo-
membrane system, with cargo proteins sorted into the vesicles targeting the apical
or the basal membrane. These vesicles are transported to the corresponding side
ofthe cell, where they undergo controlled and specific fusion with the plasma
membrane, thereby delivering the polarity factors and their targets. Mutations
inaPKC (denoted by the asterisk) result in aPKC redistribution to the cytoplasm,
nucleus and other membrane domains, where its off-site phosphorylating activity
has negative effects on the distribution and function of other proteins. The dashed
arrows represent translocation. ER, endoplasmic reticulum.

regulate proteinlocalization, for example, reversible S-palmitoylation,
which allows cells to dynamically control proteinlocalization through
the enzymes that add and remove palmitate residues to their sub-
strates. S-palmitoylation has akey role in neurons, and unsurprisingly,
many neurodegenerative conditions characterized by protein mislo-
calization are also associated with reduced activity of palmitoylat-
ing and de-palmitoylating enzymes'*>. Finally, mislocalization of the
protein-modifying enzymes themselves canlead to aberrant patterns
of PTMs and atypical activation of downstream signalling pathways,
which seems to drive certain forms of Cushing syndrome'.
Owingtotheimportantrole of protein mislocalizationin various
diseases, new therapeutics thataimto correctly relocalize proteins of
interestare emerging'*"'””. The efficiency of other extremely promising
therapeutics, such as selective protein degradation using molecular
glue degraders or proteolysis-targeting chimeras (PROTACs)"%, is
alsoinfluenced by the subcellular localization of the target'’. Insome
clinical contexts it might be necessary to induce protein degradation
only in one specific subcellular location, and out-of-place degrader
activity canlead toinadvertent negative effects, especially in the case
of multilocalizing and multifunctional proteins. It is, therefore, impera-
tive that we continue to work on mapping subcellular protein distribu-
tion patterns, understanding how they are established, regulated and
disruptedinvariousbiological contexts, and determine the functional
consequences of changing subcellular protein localization.

Conclusion and future perspective

Subcellular localization of proteins has emerged asanimportant mech-
anism for the control of protein function. The development of diverse
methodologies for the study of protein subcellular localization has led
to the generation of high-quality spatial maps and revealed that most
proteins display complex spatiotemporal distributions>¢*5%209205 The
waysin which the cell establishes and regulates these distributions are
largely independent of protein abundance'*"*° and extremely relevant
for cell function.

Unfortunately, large-scale mechanistic studies that link protein
localization to function are still lacking. One reason is inability to
achieve location-specific manipulation of protein abundance using
established gene-centric methods, such as CRISPR tools. Hence,
although CRISPR and similar technologies have been extremely pow-
erfulinelucidating gene functions, they fall short from disentangling
protein multilocalization, multifunctionality and genetic pleiotropy.
Our understanding of the link between protein localization and func-
tion would greatly benefit from the development of robust tools for
controllingand transiently modifying subcellular protein distributions.

Some of the advances in this area are discussed in a complementary
Review paper®.

Several other major challenges remain in our understanding of
the relationship between protein subcellular location and function.
Nearly all published reports of localization or function refer only to
asingle protein entity without providing proteoform information
of PTMs, oligomerization, alternative splicing or sequence variants.
This shortcoming is partly owing to the challenges associated with
measuring proteoforms, especially when they are rare, transiently
expressed or context specific. As the dynamic range and sensitivity
of mass spectrometry-based proteomics continues to increase and
validated proteoform-specific antibodies become widely available for
imaging-based experiments, our ability to distinguish proteoforms
is also expected to improve and reveal an additional layer of regula-
tory complexity in the relationship between protein localization and
function.

Protein localization and function also need to be studied
in a wider range of contexts. Even different human cell lines show
substantial changes in mRNA expression, protein abundance and
phosphorylation®®®, protein localization' and protein-protein
interactions®”. Cell type-specific and tissue-specific variation in sub-
cellular proteomesislikely to be even more pronounced and underex-
plored, particularly for proteinslocalized to specialized cell structures
that only exist in certain cell types or at specific times. Similar blind
spots probably exist for proteinlocalizations that change inresponse to
internal or external stimuli. Varying penetrance of protein localization
phenotypes complicates the efforts to classify proteins as multilocal-
izing and/or multifunctional. The number of both multilocalizing and
multifunctional proteins is likely substantially higher than current
estimates. It is possible that proteins present in different locations at
the same time in the same cell have a different chance of being multi-
functional than proteins presentin differentlocationsin different cell
types. Substantially more data are needed to answer these intrigu-
ing questions with certainty. New machine-learning models**® could
speed up the annotation of imaging data for both cell-specific and
tissue-specificlocalizations. Moreover, large language models should
be improved to accurately predict protein localization, as well as the
potential for protein multilocalization and multifunctionality, based
on the protein sequence and multimodal data representing cellular
context (transcriptomes, interactomes).

Finally, the subcellular study of proteins must move away from
treating subcellular compartments as discrete, uniform and constant.
Such an approach not only limits the discovery of functional hetero-
geneity between cell types but also prevents the consideration of
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Table 1| Pathological loss or gain of function caused by protein mislocalization

Disease Protein Biological trigger Pathogenic effect Description
of mislocalization
Usher syndrome Usherin Mutation resulting in a Mislocalization of interacting ~ Usherin mislocalization from cilia triggers mislocalization
truncated protein proteins of its interaction partners and loss of function, resulting in
combined hearing and vision loss'®®'®°
Cancer ARID1B Mutations in nuclear New interaction partners ARID1B is mislocalized to the cytoplasm, where it
localization sequence can activate RAF-ERK signalling, thereby promoting
oncogenesis'®®
Autoimmune response IFI16 Viral infection, interaction Protein serves as an alarmin Egressing virions can trap IFI16, leading to its
with viral proteins (autoantigen) accumulation in the extracellular space, which can
trigger an autoimmune response'®®
Familial amyotrophic FUS Mutations in the C terminus  Phase separation into stress Mutant FUS is exposed to the wrong cellular environment
lateral sclerosis granules (cytoplasm), where it accumulates in stress granules,
possibly leading to proteotoxicity'”
Amyotrophic lateral TDP-43 Abnormal PTMs Misfolding, aggregation Aberrant PTMs promote changes in conformation,
sclerosis hindering correct protein interactions and localization™'
Alzheimer’s disease Tau protein  Abnormal phosphorylation  Misfolding, aggregation Aberrant PTMs promote changes in conformation,
hindering correct protein interactions and localization™'
Huntington's Multiple Mutations and Aggregation Disturbed palmitoylation patterns affect protein
disease, Alzheimer’s proteins dysregulation of trafficking in neurons, contributing to the progression
disease, other palmitoylating and of neurodegenerative diseases'®?
neurodegenerative de-palmitoylating enzymes
diseases
Cushing syndrome PKAc Mutations in the Wrong molecular interactions, Mutated PKAc is excluded from the signalling islands,

catalytic subunit

failure to assemble in the
signalling islands (hubs)

which leads to its dysregulation, indiscriminate diffusion
within the cells and aberrant phosphorylation patterns'*®

ARID1B, AT-rich interactive domain-containing protein 1B; FUS, fused in sarcoma; IFI16, gamma-interferon-inducible protein 16; PKAc, protein kinase A, catalytic subunit; PTMs, post-translational

modifications; TDP-43, TAR DNA-binding protein 43.

variation between and within organelles of the same cell across space
and time?® 2", A clear exampleis the transient and dynamic formation
of membraneless organelles and biomolecular condensates. In addi-
tion, various intracellular vesicles often have similar morphology,
despite being aheterogeneous population with vastly different molecu-
lar composition and functions. This heterogeneity poses a problem
for image-based localization classification models, which might not
be able to differentiate between biologically meaningful organelle
classes and subclasses. Proteins can also localize to organelle contact
sites”>?"* and display distinct sub-organellar distributions. Recently, for
example, nucleolar proteins were showntoresidein three sub-phases
of nucleolibased on the sequence of their IDRs***. New computational
tools focusing on theintegration of different experimental modalities,
such as microscopy images and protein—-protein interaction data, can
capture smaller and more transient subcellular protein assemblies,
while stillidentifying conventional organelles, thereby recapitulating
the hierarchical architecture of the cell, and, importantly, provid-
ing separate lines of evidence for protein localization and putative
function®”. Exploring and classifying protein localization across mul-
tiple scales and in different biological contexts” could reveal tighter
co-localization patterns and facilitate the annotation of functionally
related proteins.

Overall, thelandscape of subcellular protein distributions, inter-
actions and functions is incredibly complex, and exploring it fully
will require integrated data-driven methodologies. We will need to
map subcellular protein and proteoform distributions in a variety
of contexts, including perturbations at the level of specific proteins,
cells, tissues and entire organisms. It will be necessary to develop new
detectiontechniques with increased sensitivity, selectivity and spatial

resolution, and new bioinformatics methods and pipelines to process,
combine and analyse the massive datasets. It is crucial that the com-
munity continues to make cell and tissue maps publicly available to
accelerate the construction of models that would be able to capture
the connection between proteinlocation and function. Guidelines on
datacollection, reporting and accessibility would permit more efficient
resource allocation and better integration of the data coming from dif-
ferent sources into more complex, larger-scale models. New insights
fromthisresearchwill help refine our nomenclature for multifunctional
and moonlighting proteins to better reflect the underlying biological
reality. Fully understanding the relationship between proteinlocaliza-
tion and function is amonumental task that will undoubtedly require
concerted community effort and cooperation, yet can reward us with
new avenues for both fundamental and clinical research.

Published online: 18 February 2026
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