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Proteomes are highly dynamic and can respond rapidly to

environmental and cellular signals. Within cells, proteins often

form distinct pools with different functions and properties.

However, in quantitative proteomics studies it is common to

measure averaged values for proteins that do not reflect

variations that may occur between different protein isoforms,

different subcellular compartments, or in cells at different cell

cycle stages and so on. Here we review experimental

approaches that can be used to enhance the signal from

specific pools of protein that may otherwise be obscured

through averaging across protein populations. This signal

enhancement can help to reveal functions associated with

specific protein pools, providing insight into the regulation of

cellular processes. We review different strategies for proteomic

signal enhancement, with a focus on the analysis of protein

pools in different subcellular locations. We describe how MS-

based proteome analyses can be combined with a general

physico-chemical cell fractionation procedure that can be

applied to many cultured cell lines.
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Introduction
The field of proteomics has recently seen tremendous

progress and technical advances that have improved the

efficiency of protein detection at multiple levels,
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including experimental design, sample preparation work-

flows, LC–MS instrumentation and in silico analysis. As a

result, it is now possible not only to identify a large

proportion of a steady state cell proteome in a single

experiment, either with, or without, fractionation [1,2]

but also to describe additional proteome dimensions, such

as protein turnover rates, cell cycle-specific changes, post-

translational modifications and subcellular localization

and so on.

From a biological perspective, a limitation of most shot-

gun proteomics experiments is that protein extracts are

typically prepared from heterogeneous populations of

cells, for example either from tissues, or whole organisms,

or from unsynchronised cell lines with cells at different

cell cycle stages. The resulting quantitative data repre-

sent an averaged value across all of the pools and popula-

tions that each protein belongs to. However, to charac-

terise a cell’s proteome in more detail, particularly to gain

insights into biological regulatory mechanisms, it is

important not only to include quantitation of protein

expression levels, but also to resolve protein groups into

single isoforms (the so called ‘isoform inference’ problem

associated with bottom-up proteomics). Furthermore,

information from additional proteome ‘dimensions’ for

example describing the subcellular distribution of pro-

teins and cross-correlating this with data on post-transla-

tional modifications (PTMs), protein complexes, rates of

protein synthesis and turnover, can provide valuable

insights into regulatory mechanisms.

This combined analysis approach has been referred

to as either ‘Next Generation Proteomics’, or,

‘multidimensional proteomics’ [3]. A major advantage

of the multidimensional characterization of cell pro-

teomes is the ability to mine the resulting data to establish

correlations between different protein properties, for

example linking the subcellular location of a protein with

either a specific isoform, or post-translational modification

state and so on. This can generate useful hypotheses

regarding the functional significance of such correlations

that subsequently can be evaluated directly in follow-on

experiments.

In this manuscript we will review examples of methods

that make it possible to enhance proteomic signals and

thereby detect protein-level changes that would not

have been detected in standard one-dimensional

analyses.
www.sciencedirect.com
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Signal enhanced proteomics versus classical
proteomics
Most proteomics approaches have tended to provide

measurements that describe an averaged view, or steady

state proteome. Protein expression levels are measured

from the combined analysis of different subpopulations of

protein molecules extracted from homogenized cell or

tissue extracts. In turn, the extracts are generated from

pools of cells, which typically include cells at different

stages of the cell cycle, and may include cells that have

shown different response levels to external stimuli and so

on. While this is useful in providing general information

on the proteome and its remodelling, in disease for

example, the averaging that occurs at different levels

misses a lot of biological detail and can obscure the

detection of changes in proteins that occur specifically

in subsets of the global proteome (Figure 1).

To address this, several enrichment strategies at either

cellular, or subcellular levels, can be applied that add

value and are useful for linking proteomics information

more effectively with cell biology. For example, immu-

nologists have long used surface markers to label and sort

different subpopulations of immune cells, using Fluores-

cence Activated Cell Sorting (FACS). With recent

improvements in sensitivity and throughput for MS anal-

ysis, it has become technically feasible and cost effective

to combine FACS sorting with proteomics analysis, which

helps to target protein detection in specific cell subsets.

Recently, Ly et al. [4�], extended this approach to using

FACS also to isolate cell subpopulations defined by

immunolabelling intracellular, rather than cell surface

antigens. Using this strategy, termed PRIMMUS (PRote-

omic analysis of Intracellular iMMUnolabelled cell Sub-

sets), Ly et al. were able to separate interphase and mitotic
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cells, and also able to isolate populations of FACS-sorted

cells enriched for specific mitotic subphases in sufficient

quantities for detailed MS-based proteomic analysis as

shown schematically in Figure 1. This demonstrates that

even minor subsets of cells in a population, which exist

only transiently, can be isolated and protein responses

detected that would otherwise be obscured in the bulk

analysis of the proteome in extracts prepared from mix-

tures of cells at different cell cycle stages.

Isoform-specific proteomics
In higher eukaryotes, many genes encode two or more

protein isoforms, which behave as distinct pools of related

proteins and that may differ in terms of subcellular

localizations, interaction partners and function. For exam-

ple, alternative splicing of pre-mRNA transcripts is com-

monplace and this can generate multiple mRNAs from

the same gene, which in turn gives rise to proteins that

differ in structure and function. Isoforms can also arise via

differential protein processing, for example cleaving the

original translation product into shorter forms. In other

cases, protein isoforms can arise from expression of

closely related, duplicated genes.

Whatever the mechanism, a common feature of closely

related protein isoforms is that they usually share exten-

sive regions of protein sequence identity and conse-

quently have many shared peptides. The corollary is

that many peptides that are identified in the typical

bottom-up MS-based proteomics workflows cannot reli-

ably be assigned to only one specific protein species for

quantitation (Figure 2). If the structure of different

protein isoforms is known experimentally, or predicted

from genomic and transcriptomic studies, it can be

possible to identify peptides that are either unique to
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Figure 2

Gene

Transcript

Protein PROTEIN PROTEIN

Cytoplasmic Nuclear

Isoform 1 Isoform 2

Total Proteomics

No localization
information

C
om

m
on

Isoform
 1

Isoform
 2

Abundance Localization

Subcellular Proteomics

Current Opinion in Chemical Biology

Isoform-specific proteomics. A schematic representation of how a single gene can encode two protein isoforms as a result of alternative splicing.

These proteins isoforms have a largely shared sequence but differ in some segments, exemplified here by the blue and red peptide sequences.

The two protein isoforms may have different properties, such as subcellular localizations and can only be resolved if subcellular fractionation is

used before the proteomics analysis.
a specific isoform, or shared between different isoforms.

This information can then be used to identify and

quantify the expression of the respective protein iso-

forms, based on the levels of each peptide detected by

MS analysis.
Current Opinion in Chemical Biology 2019, 48:114–122 
The sequence identities of all of the possible protein

isoforms that may be expressed in different cell types and

organisms are not always known in advance, however.

One way of addressing the isoform problem experimen-

tally, without relying on accurate genome annotations, is
www.sciencedirect.com
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to include a size fractionation step for protein separation

in the workflow. For example, size fractionation can be

carried out either by using SDS-PAGE, or size exclusion

chromatography (SEC), to fractionate proteins before

digestion. This will help to enrich for distinct protein

pools where isoforms differ in size, which will in turn

reduce the isoform inference problem in subsequent MS

analysis. Computational approaches can also be used to

try to distinguish protein isoforms. For example, Ahmad

et al. [5] used a candidate approach, combined with

subcellular fractionation, to detect protein isoforms that

showed differential behaviour in separate subcellular

compartments. Here, average values for protein intensity

are first calculated using all of the peptides detected from

a given gene, irrespective of isoforms. Next, the potential

protein coding region is subdivided along its length and

protein intensity is re-calculated, either using the pep-

tides from the respective amino terminal, middle and

carboxy-terminal ‘thirds’ of the protein sequence (‘rule of

thirds’ approach), or else protein intensity calculated

using groups of adjacent peptides, moving sequentially

along the protein length from the amino to carboxy

terminus. The principle is that if a protein isoform has

a region of peptide sequence that is not present in other

isoforms (e.g. resulting from inclusion of a differentially

spliced exon), that may result in a protein intensity value

for the isoform that differs from the average value

obtained using all of the peptides matched to the protein

group. Using this unbiased approach, Ahmad et al. [5]

detected candidate protein isoforms via the analysis of

peptide subsets and showed that the expression of some

of these isoforms differed between the respective cyto-

plasmic and nuclear compartments of cultured human cell

lines.

The subcellular proteome
While most proteomic analyses have studied whole cell

extracts, avoiding the issue of subcellular localization of

proteins, some studies have focussed on analysing the

proteome of specific, purified organelles, albeit without

regard to the distribution of proteins in other subcellular

locations. More recently, approaches have been devel-

oped to tackle the spatial dimension of the global prote-

ome. In general, these global proteome localization

approaches can be divided into two groups: first, targeted

studies, which attempt to isolate biologically defined

compartments (organelles), using fractionation methods

yielding relatively pure fractions; second, global studies

where the fractionation method generates multiple frac-

tions, of different composition, for example using com-

partment-specific characteristics, such as density, solubil-

ity to detergents, and so on as the basis for fractionation.

Subsequently, the cross-gradient profile of identified

proteins is used to group them and assign proteins to

compartments based on co-fractionating markers. Exam-

ples of methods from the first group include the classic

nucleoli extraction protocol, which has been used in the
www.sciencedirect.com 
‘spatial proteomics’ workflow (Figure 3) [6] as well as

methods using detergents of increasing strength to target

compartment proteomes, based on their accessibility and

solubility [7]. Methods which belong in the second group

include Protein Correlation Profiling (PCP) [8] and Local-

ization of Organelle Proteins by Isotope Tagging

(LOPIT) [9], both of which rely on statistical methods

to unravel the pattern of distribution of compartment

proteomes in mixed populations separated using a gradi-

ent fractionation approach. The LOPIT workflow has

been used successfully to investigate how the proteome,

at steady state, is partitioned between multiple organelles

and compartments. LOPIT has taken advantage of iso-

baric labelling, such as iTRAQ [10] and TMT [11], which

allows simultaneous analysis of up to ten samples in a

single MS run. Isobaric labelling is particularly well suited

for analysis of fractionation experiments, because physi-

cally combining fractions early in the workflow makes the

analysis internally controlled and improves data quality

by reducing the problem of missing values.

Hyperplexed LOPIT [12��] leverages new technological

development both in the TMT-technology and MS

instrumentation, allowing more accurate quantification

of an increased range of reporter tags. In addition to

higher multiplexing capabilities, HyperLOPIT features

improved subcellular fractionation protocols, which aim

to preserve as many suborganelles as possible [13�].

In addition to characterising the spatial proteome in a

static manner, that is describing the organelle/compart-

ment proteome at steady state, it is also important to

understand the dynamic remodelling of the subcellular

distribution of the proteome, which may occur within a

cell undergoing a response to stimuli, such as stress, or

viral infection. This will typically result not only in

changes in protein abundance, but also see protein trans-

location from one compartment to another. Recently,

Cristea and co-workers extended the methods described

above to study virus-induced spatial cell remodeling; they

combined label free and isobaric labelling to measure the

abundance levels for host and viral proteins as well as

their localization throughout the time course of human

cytomegalovirus (HCMV) infection [14��,15�].

Furthermore, the extent of proteome relocalization can

be affected by the cell genotype. An early example of this

was provided by a comparison of the response to stress

induced by DNA damage in human HCT116 cells that

were either wild type, or null, for the tumour suppressor

p53 [16]. Using a MS-based proteomics approach, com-

bined with subcellular fractionation, the distribution of

the proteome between the nucleus and cytoplasm was

compared before and after DNA damage induced by

etoposide treatment in both p53 +/+ and p53 �/�
HCT116 cells. This showed that there were few p53-

dependent differences in proteome localization under
Current Opinion in Chemical Biology 2019, 48:114–122
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Figure 3
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An example of an extended subcellular fractionation protocol based on the nuclei protocol, extending the number of subcellular fractions that can

be collected thus increasing the resolution of proteomics measurements.
normal cell growth conditions, but clear differences after

induction of DNA damage, particularly affecting the

ability of ribosomal proteins to accumulate in nucleoli.

This study illustrates how the unbiased proteomic analy-

sis of part of the role of p53 in the DNA damage response

was only revealed after linking MS-based proteome mea-

surements with subcellular fractionation.

Protein turnover analysis
Early biochemical studies of protein turnover relied on

detecting the incorporation of radiolabeled amino acids

into newly translated proteins [17]. Typically, proteins

were labelled with [35S] methionine and pulse-chase

experiments were used to determine their rate of
Current Opinion in Chemical Biology 2019, 48:114–122 
degradation after adding drugs to block protein synthesis.

Nowadays, MS-based proteomics allows the measure-

ment of turnover rates for large numbers of proteins

simultaneously, for example by using pulse labelling

experiments combined with stable isotope labelling by

amino acids in cell culture (SILAC), where labelling is

carried out with amino acids incorporating heavy stable

isotopes. The underlying principle of pulse SILAC is to

metabolically label proteins with heavy isotope substi-

tuted amino acids and then to quantify how the isotope-

labelled protein population changes across different time

points (Figure 4). We and others have previously used

pulse SILAC to study protein synthesis and turnover

[7,18–24]
www.sciencedirect.com
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Figure 4
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Pulse SILAC can be combined with subcellular fractionation to measure protein turnover in different cellular compartments. (a) cells are cultured in

different SILAC media containing either ‘light’ (L, K0R0), or ‘medium’ (M, K4R6) arginine and lysine until full incorporation of the amino acids. The

medium of the cells growing with the ‘medium’ amino acids is then changed for a ‘heavy’ (H, K8R10) medium. Finally, cells are harvested at

different time points, along with the equivalent cells growing in the ‘light’ medium. Equal numbers of cells are then combined. Cell extracts can be

prepared either from whole cells from each time point, or from cells fractionated into cytoplasmic, nuclear, and nucleolar fractions. The

subsequent proteomics analyses allow the measurements of rates of protein synthesis, degradation and turnover. (b) For a given protein, the

resulting ratios over time measure the rate of protein degradation (M/L isotopes), protein synthesis (H/L), and the rate of net protein turnover (H/

M). (c) Turnover data can be collected for different subcellular compartments, revealing proteins which differ in their turnover rates according to

their localization.
An alternative method to pulse SILAC labelling is meta-

bolic labelling using bioorthogonal amino acids [25], such

as azidohomoalanine (AHA) which is incorporated into

newly synthesised proteins instead of methionine [26].
www.sciencedirect.com 
AHA contains an azide group, enabling capture of newly

synthesised proteins via click chemistry [25]. This, com-

bined with SILAC, enables relatively short pulse times

[27,28].
Current Opinion in Chemical Biology 2019, 48:114–122
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Most recently protein turnover has been studied in high

throughput by MS-based proteomics which combined

SILAC and TMT labelling [29��]. Not only did this

approach address the problem of missing data at pulsed

time points, it also allowed different proteoforms to be

resolved by providing peptide-level measurements of

turnover rates. Another example of peptide level turnover

data was recently reported by Ly et al. in immortalised

human breast epithelial cells [30�]. By using pulse-SILAC

and cellular assays, Ly et al. studied the activation of v-Src

tyrosine kinase activity in untransformed MCF10A cells.

This resulted in rapid oncogenic transformation of the

cells, which showed major phenotypic changes within 48–

72 hours, affecting their morphology, motility and inva-

siveness. Over this time course, the expression and/or

turnover levels of only �3% of proteins was found to

change. Furthermore, since many of the transformation-

responsive proteins were relatively low abundance, onco-

genic transformation affected only �1.5% of the total

protein molecules in the MCF10A proteome.

Ithasbeen shown that the turnover rates of specific proteins

can vary for separate pools of the same protein located in

different subcellular compartments (Figure 4). For exam-

ple, this was identified for ribosomal proteins in HeLa cells

using a combination of pulsed stable isotope labelling with

SILAC and fluorescence microscopy [21,31]. This showed

that there is a much higher rate of ribosomal protein

turnover in HeLa cell nuclei than in the cytoplasm. Newly

translated ribosomal proteins are immediately imported

into the nucleus, ready for assembly into nascent ribosomal

subunits in the nucleolus. If not bound to rRNA, however,

free ribosomal proteins in this nuclear pool are rapidly

degraded. It was observed that ribosomal protein stability

was dramatically increased upon assembly into ribosome

subunits and export to the cytoplasm [31].

Another example showing how different pools of the

same proteins can exhibit differential turnover rates

was provided in a study on the assembly of RNA poly-

merase II complexes by Boulon et al. [32]. By using pulsed

SILAC analysis to analyse protein turnover rates, com-

bined with subcellular fractionation, they studied the

assembly of RNA polymerase II, which occurs predomi-

nantly within the cytoplasm. RNA polymerase II is then

transported into the nucleus after it is assembled, thereby

preventing partially assembled and potentially non-func-

tional subpolymerase complexes having an opportunity to

compete for binding to gene promoters. The pulse-

SILAC data showed that, similar to the situation with

ribosomal proteins, protein turnover rates for subunits of

the large polymerase complexes are higher in the cell

compartment where assembly takes place (in this case the

cytoplasm), as opposed to the compartment where the

complex functions (in this case the nucleus, NB the

reverse roles of the same compartments for ribosome

subunits).
Current Opinion in Chemical Biology 2019, 48:114–122 
Further systematic proteome level analyses of the relation

between protein turnover levels and subcellular localiza-

tion were carried out using unbiased MS approaches in

U2OS cells by Larance et al. [7]. This study systematically

compared protein turnover levels in the respective

nuclear, cytosolic, membrane and cytoskeletal compart-

ments. It also revealed an important feedback mecha-

nism, whereby inhibition of protein degradation by the

proteasome resulted in a rapid inhibition of new protein

translation, mediated by induced phosphorylation of

eIF2alpha. Importantly, all of these studies together show

that protein half-life values based only on analyses of

whole cell extracts provide average values that can mask

the existence of pools of protein with different properties.

Concluding remarks
In this manuscript we have highlighted some of the

practical issues involved in integrating data from MS-

based proteomic studies with functional studies in cell

biology. In particular, we have focussed on how proteo-

mics can be used to study subcellular localization and to

identify pools of protein and distinct protein isoforms that

can exhibit differences in structure and properties (e.g.

turnover rate, interaction partners and PTMs etc.) in

different subcellular compartments. This information

can be critical for understanding biological regulatory

and response mechanisms, but is often lost or obscured

in proteomic studies because of the effect of cell and

protein population averaging when whole cell or tissue

extracts are analysed.

Subcellular fractionation approaches [9,12��,13�,14��,15�]
can be conveniently applied in a multi-dimensional pro-

teomics strategy to improve the functional analysis of cell

proteomes [13�] and in the characterization of spatial

remodelling following a perturbation such as viral infec-

tion [14��,15�].

As shown for the role of p53 in the cellular response to

DNA damage [16] characterising how subcellular prote-

ome dynamics is affected by genotype will also be impor-

tant and can now be analysed more systematically in

human cells thanks to the availability of genome engi-

neering technology with CRISPR/Cas9.

We anticipate that in future more detailed studies exam-

ining the composition and dynamic remodelling of organ-

elle proteomes at a multidimensional level will help to

reveal new insights into the specific protein complexes

and functional pools of proteins and isoforms that partici-

pate in cell regulatory mechanisms and metabolism.
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