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Abstract

The cytoskeleton is a cellular scaffolding system whose functions include maintenance of cellular
shape, enabling cellular migration, division, intracellular transport, signaling and membrane
organization. In addition, in immune cells, the cytoskeleton is essential for phagocytosis.
Following the advances in proteomics technology over the past two decades, cytoskeleton
proteome analysis in resting and activated immune cells has emerged as a possible powerful
approach to expand our understanding of cytoskeletal composition and function. However, so far
there have only been a handful of studies of the cytoskeleton proteome in immune cells. This
article considers promising proteomics strategies that could augment our understanding of the role
of the cytoskeleton in host-defense mechanisms.
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Unlike the skeleton in higher organisms, the cellular skeleton is an adaptive and dynamic
cellular network of protein polymers involved in cellular function in terms of movement,
transport, secretion and shape. It also provides a platform for regional activities such as
signaling, bio synthesis and energy production. In immune cells, it regulates a number of
cellular functions that are related to the immune response, including migration,
extravasation, antigen recognition, phagocytosis and cellular signaling/activation [1].

The eukaryotic cell cytoskeleton consists of three distinct species of filamentous structures:
microfilaments, intermediate filaments and microtubules, composed mainly of actin,
vimentin/keratin and tubulin, respectively. Although compositionally distinct, there is
considerable interaction between these different filamentous networks, especially the more
dynamic microfilaments and microtubules. Actin filaments are composed of two intertwined
actin fibers and play an important role in maintaining cell morphology, phagocytosis,
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endocytosis, cell movement, and cell-to-cell and cell-to-matrix attachments. Microtubules
are hollow cylindrical structures consisting of polymers of a- and B-tubulin and are mostly
involved in intra cellular transport of organ-organelles and the formation of the mitotic
spindle. Intermediate filaments are the most stable cytoskeletal structures and serve to
maintain cellular shape.

Rapid assembly of actin filaments is the principal driving force behind many forms of cell
locomotion and changes in cell shape. Cells can migrate at rates up to approximately 0.5
um/s [2]. This means that filaments must have a net rate of elongation of approximately 200
monomers per second. Molecular motors move along the actin filaments and microtubules
and guide the organization of cellular components. The assembly and disassembly of actin
filaments and their organization into higher-order networks is regulated by actin-associated
regulatory proteins that, in turn, are controlled by specific signaling pathways [3]. The
extensive cytoskeletal fiber network provides a large surface area serving as a platform for
binding of proteins that regulate/enable cytoskeletal rearrangement or have unrelated
function.

Hundreds of proteins have so far been found to bind to actin [4], and novel actin-binding
proteins are constantly being discovered in the post-genomic era. The vast number of
ligands with significant affinity for actin strongly suggests that there is probably a large
number of binding sites that cover much of the exposed surface of the molecule. The
architecture of cytoskeletal networks is controlled by several classes of regulatory
cytoskeleton-binding proteins: nucleation-promoting factors (Wiskott-Aldrich syndrome
protein [WASP]), which initiate filament formation; capping proteins (tropomodulin, CapZ),
which terminate filament growth; polymerases, which promote faster or more sustained
filament growth (formin); de polymerizing factors (cofilin), and severing factors, which
disassemble filaments (gelsolin); cross linkers (Arp2/3) and stabilizing proteins (L-plastin,
ND1-L). The myosin family of motor proteins use F-actin as a track upon which to move.
For microtubules, the motors are members of the dynein or kinesin families.

Further understanding of the mechanisms of cytoskeleton dynamics requires an analysis of
temporal patterns of cytoskeleton binding proteins (CBPs) association/dissociation. This
association of CBP to cytoskeletal fibers is often transient and of low affinity. The purpose
of this article is to summarize the available evidence in relation to the immune response
obtained by application of proteomics techniques to investigate cytoskeleton composition
and dynamics.

The cytoskeleton in immune cells

Immune cells carry out specific effector functions related to the host response to infection
and inflammation. Efficient accomplishment of these functions requires a finely regulated
cellular cytoskeleton to enable reorganization of the cellular membrane, receptor
localization, recruitment of signaling intermediates and changes in the morphology of the
cell. All these cytoskeleton-involving processes are necessary for the activation,
proliferation, differentiation, secretion, cell—cell interaction and survival of immune cells,
and phagocytosis [1,5,6].
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Phagocytosis is a major host defense function that is critically dependent on the
cytoskeleton. It is defined as a process of elimination of foreign particles larger than 0.5 um
in diameter or host apoptotic cells, by phagocytic leukocytes. It comprises multiple events:
particle binding, actin assembly, membrane remodeling, pseudopod extension and
phagosome closure. This uptake mechanism is dependent on a complex rearrangement of the
actin cytoskeleton [7]. Nascent phagosomes lack the ability to kill pathogens or to degrade
the ingested targets. These properties are acquired during the course of phagosomal
maturation, a complex sequence of reactions that result in remodeling of the phagosomal
membrane and content. Actin assembly is essential for this process [8].

Another immune cell function dependent on the cytoskeleton is signaling from surface
receptors. Association of various cell surface receptors with the cytoskeleton has been
reported by a number of studies. For example, it was postulated that interaction between
EGF receptor (EGFR) and actin is involved in the receptor internalization process and
signaling from the EGFR to ERKSs[9]. Other surface receptors, such as T-cell receptor [10],
the high-affinity receptor for immunoglobulin E (FceR1) [11], B-cell antigen receptor [12]
and the tyrosine phosphatase CD45 [13], also associate with the cytoskeleton. Aggregation
of the FceR1 stimulates a variety of cellular responses but excessive aggregation inhibits
such responses. Actin filaments have been implicated in the inhibitory phenomenon since
disruption of filaments enhances the cellular reactions stimulated by the aggregated
receptors [11].

An example of the essential role of the cytoskeleton for immune response is Wiskott-Aldrich
syndrome. This disease is due to the loss of WASP activity, leading to defects in a broad
range of cellular processes and resulting in complex immunodeficiency. WASP is an actin-
binding protein and an important regulator of the actin cytoskeleton that is required for a
number of immune cell functions, including migration, phagocytosis and immune synapse
formation [14]. Similarly, loss of the depolymerizing factor coronin 1a leads to a T-cell
immunodeficiency in humans, and inactivation of many other cytoskeletal regulatory
proteins leads to immunodeficiencies in mice [6].

From proteins to proteomes

With the availability of whole genome sequences, research attention is shifting from gene
sequences and genome content to protein functions and systems biology. Many aspects of
protein function are not contained in gene or protein sequences. For example, when, where
and to what extent a particular protein is modified in signal transduction is not encoded in
DNA, although the potential for modifications and the proteins needed for this activity are
genetically encoded. Traditional concepts and techniques employ a reductionist approach,
focused on understanding the function of individual proteins. The features by which a
protein can be described include expression, localization, interactions, domain structure,
modification and activity. Thanks to the combination of developments in new
instrumentation, fragmentation methods, availability of completed genome sequences and
bioinformatics, there has been a shift from analysis of one protein at the time to more
comprehensive proteome analyses. In the past decade, mass spectrometry (MS) has emerged
as the dominant technology for in-depth characterization of the protein components of
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biological systems [15-17]. Owing to its unparalleled ability to acquire high-content,
quantitative information about biological samples of high complexity, MS became a major
driving force behind proteomics science. Within the past few years MS-driven proteomics
has made remarkable progress in generating large-scale datasets for protein modifications,
organelle composition, protein—protein interactions and protein profiles in healthy and
diseased cells and tissues. Very recently, a Wikipedia-style, online proteomics encyclopedia
has been created for sharing datasets, providing a centralized proteomics/MS data repository
[18,19,101]. Despite the progress and enthusiasm, full analysis of the highly complex
proteome presents a formidable challenge. A variety of general cellular processes such as
gene transcription, mMRNA processing, export and degradation, protein translation, post-
translational modifications (PTMs), subcellular localization and controlled degradation of
proteins are fundamental characteristics of cellular function that contribute to the observed
complexity. It is this degree of complexity that has led to the increasingly widespread
recognition that highly parallel “‘omics’ approaches are needed to unravel the global
characteristics of cellular function [20]. Thus, proteomics became a widely accepted and
successful approach in biology and biomedicine, with MS as its most important technology.
Proteomics has evolved from 2D gel electrophoresis (2DE)/MALDI TOF MS to gel-free
liquid chromatography (LC)-MS/MS approaches. Contemporary 1D/2D LC-MS/MS
workflows exhibit much higher sensitivity, speed, quantitative dynamic range and ease of
use in comparison with gel-based resolving techniques.

Proteomics approaches to analysis of the cytoskeleton in immune cells

Cytoskeletal proteins are often identified in many proteomic studies either as contaminants,
owing to their very high abundance, or their specific binding to a large number of other
proteins or subcellular structures. Studies of the cytoskeletal proteome can greatly contribute
to our understanding of cytoskeleton composition, function, regulation and dynamics.
Proteomics methodology offers cytoskeleton researchers a variety of new ways to monitor
cytoskeletal function including: identification of novel CBPs; monitoring the time course of
protein association/dissociation with/from the cytoskeleton upon cellular activation; and
investigating the role of PTMs in cytoskeletal function. Unfortunately, this opportunity has
remained largely unused, as so far there have only been a handful of studies of the
cytoskeletal proteome in immune cells.

The main cytoskeletal compartments in an immune cell include the plasma membrane, and
the cytoplasmic, phagosome and nuclear skeletons (Ficure 1). Plasma membranes are
organized into functional domains by packing into cholesterol and sphingolipid-enriched
liquid-ordered membrane microdomains called ‘lipid rafts’, structures thought to serve as
scaffolding platforms for signal transduction [21]. Lipid rafts have been a very popular
target of proteomics studies [22]. A specialized part of the cytoskeleton, situated in close
proximity to a cell membrane with a protein composition and structure that differs from that
of the bulk skeleton in cytosol, is called the plasma membrane or cortical skeleton. This
cytoskeleton compartment is essential for signaling from the surface receptors due to its
attachment to lipid rafts. Lymphocyte stimulation leads to a lipid-based reorganization of
plasma membrane rafts and this dynamic process is controlled by proteins that are linked to
the actin fibers [23,24]. Actin function in the membrane skeleton is also required for
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chemotaxis, cell movement, adhesion and phagocytosis [25]. The dynamics of membrane
raft lipids were examined in a recent study of signaling through the plasma membrane IgE
receptor FceRI by use of electrospray ionization MS [26]. Over 100 phospholipid
components were quantified in lipid rafts. Stimulation of rat basophil leukemia cells via
FceRI causes a substantial increase in the ratio of polyunsaturated to saturated
phospholipids. The use of the actin-modulating agents latrunculin, cytochalasin D and
jasplakinolide indicated that the phospholipid composition of lipid rafts is strongly
influenced by the actin cytoskeleton [26]. The temporal proteomics profiling of lipid rafts in
T cells upon chemokine receptor CCR6 activation has indicated the integration of actin
skeleton dynamics [27]. A number of proteins involved in the actin cytoskeleton
rearrangement were thereby shown to be actively recruited into lipid rafts following T-cell
activation through CCR6 [27]. This is consistent with the biological function of chemokine
receptors in leukocyte migration toward sites of inflammation. It is noteworthy that changes
in the lipid raft proteome in T cells induced by activation of the chemokine receptor and the
T-cell receptor are quite different [28].

A proteomics study by Nebl et al. has shown that a subset of plasma membrane skeleton
proteins from bovine neutrophils co-isolates with cholesterol-rich, high-density detergent-
resistant membrane fragments (DRM-H) [23]. Thereby, a set of 19 major proteins was
identified [23], including lipid raft-associated integral membrane proteins stomatin, flotillin
1, flotillin 2 and Lyn kinase. Membrane skeleton DRM-H proteins include fodrin, myosin-
1A, myosin-IG, a-actinin 1, a-actinin 4, vimentin and the F-actin-binding protein
supervillin. The authors hypothesized that fodrin, myosin-11A, myosin-1G and supervillin are
components of a mobile, actin-based membrane skeleton that regulates the organization and
transport of cholesterol-rich signaling domains at the neutrophil plasma membrane. Taken
together, although the actin cytoskeleton is implicated in many lipid raft-mediated signaling
processes, little is known about the biochemical basis for actin involvement.

Xu et al. comprehensively investigated the composition of the main cytoskeletal
compartments of human neutrophils, including the membrane skeleton [29]. Among the total
of 38 proteins identified, mostly cytoskeletal and cell signaling proteins, there were four that
were previously not reported to associate with the neutrophil cytoskeleton: ficolin, valosin-
containing protein, LCRP8 and major vault protein. LCRPS8 is a protein of unknown
function, valosin-containing protein may be involved in antigen presentation, while ficolin
acts as opsonin, thereby promoting phagocytosis. Major vault protein could be implicated in
EGFR signaling and regulation of neutrophil survival [30]. Identification of stomatin and
supervillin from the previous study [23] was not confirmed, possibly due to the difference in
species, or diverse isolation and separation procedures (1DE vs 2DE). A number of
signaling proteins identified in detergent-resistant membranes (Hpast, IQGAP1, Lyn, G
protein a and B) support the concept of the involvement of lipid rafts and the underlying
cytoskeleton in cellular signaling. This study also identified 72 proteins in the cytosolic
skeleton and 27 in the detergent-insoluble phagosome skeleton [29]. The most remarkable
finding was that of a number of metabolic enzymes not previously reported to associate with
the cytoskeleton: phosphoglycerate mutase (glycolysis), transketolase, phosphogluconate
dehydrogenase (pentose phosphate pathway), N-acetylglucosamine kinase (glutamate and
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amino sugar metabolism), glucosidase (glycoprotein processing) and aldehyde
dehydrogenase (oxidation of aldehydes). Somewhat surprisingly, metabolic enzymes were
the most represented functional group (20.3%) apart from the cytoskeleton and associated
proteins (46.8%). This finding is in agreement with the comprehensive proteomic study of
microtubule-associated proteins (MAPs) by Patel et al., indicating that the highest share of
proteins (31.3%) was involved in various metabolic pathways, while the second most
abundant group consisted of proteins involved in gene synthesis/protein expression (29.8%)
[31]. The study identified a total of 409 MAPs in murine RAW?264.7 macrophage cells by
use of a proteomic approach. These results are consistent with reports that numerous
‘soluble’ enzymes can be associated with the cytoskeleton [32]. It has been previously
reported that interactions of glycolytic enzymes with the cytoskeleton are of relatively low
affinities and transient [33], with the role of regulating metabolism through localized
enrichment of the enzymes and resulting changes in enzymatic activity [33]. Such
association of metabolic enzymes with cytoskeletal fibers is consistent with the reports
showing that saponin permeabilization of the plasma membrane did not result in significant
loss of cellular contents, even over an extended period of time, and that permeabilized cells
retain almost normal protein biosynthetic capacity [34]. This suggests that diffusion within
the cell is limited by the attachment of proteins to the cytoskeleton. Consistently, disruption
of the actin cytoskeleton resulted in a loss of function and rapid diffusion of a number of
cytosolic proteins, suggesting that actin fibers were largely responsible for the retention of
functional organization.

Macrophages rapidly modulate their microtubule cytoskeleton to perform acute immune
functions. Activated macrophages increase in size, and their phagocytic, secretory and
migratory capacities increase within hours of stimulation [35,36]. Patel et al. examined the
effect of macrophage activation on MAPs by proteomic profiling before and after IFN-y/
lipopolysaccharide treatment [31]. A number of proteins showed altered abundances
between control and treated samples, of which 53 had greater than a threefold enhanced
microtubule binding, while MAP release also occurred simultaneously [31]. This study has
increased our understanding of how the cytoskeleton proteome is modulated in response to
macrophage activation. The augmented microtubule-association of the chaperone protein
heat-shock protein (HSP)90p following stimulation by IFN-y/lipopolysaccharide was
demonstrated for the first time, and the data are suggestive of a critical role for HSP90B in
microtubule stability [31]. Furthermore, this report provided a good example of the use of
bioinformatic tools to interpret large sets of proteomics data. It was thereby found that the
set of MAPs interact with one another at a significantly higher frequency than a random set
of proteins.

Meng and Wilkins have utilized proteomics to study the cytoskeleton within the
unmanipulated natural killer-like cell line YTS [37] and identified a total of 126 different
proteins. Again, a sizeable fraction of identified proteins (8%) were classified as energy
metabolism enzymes, suggesting a role of cytoskeleton in the targeting and organization of
cellular metabolism by providing areas of localized synthesis. Similarly to the previous
study of macrophage cytoskeletal preparations [31], large numbers of proteins (10%) were
classified as DNA-binding or transcriptional elements. These findings are consistent with
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the recently identified nuclear function for the actin cytoskeleton in the organization of
chromatin and gene expression [38]. The only aforementioned study not identifying any
DNA-binding proteins was that of Xu et al. where nuclei were removed prior to the
preparation of subcellular fractions [29]. Therefore, identification of DNA-binding proteins
in cytoskeleton preparations might be due to the use of total cellular lysates. Alternatively,
increasing numbers of proteins are known to have multiple subcellular locations, such as
glycolytic enzymes in the nucleus [39,40], and there is increasing evidence that such
multiple locations are important to cellular function [41]. Thus far, analysis of the nuclear
cytoskeleton in immune cells has not been approached by proteomics. Comparison of the
nuclear cytoskeleton proteome in untreated and activated immune cells would be an
interesting new avenue in cytoskeleton research as the structure of nuclear actin fibers
remains poorly defined (discussed in more detail within the ‘Future directions’ section).

Cytoskeleton purification strategies & proteomics

Several different strategies have been used in previous proteomics-based studies of the
cytoskeleton. The neutrophil detergent-resistant membrane cytoskeleton preparations by Xu
et al. [29] and Nebl et al. [23] were based on the fact that cytoskeleton-associated proteins
constitute a major part of detergent-insoluble pellets, as interactions between cytoskeletal
proteins provide resistance against disruption by nonionic detergents. The low-speed pellet
fraction, obtained by sedimentation of cell lysates at 2000-5000 g, represents the membrane
skeleton [10,13]. Low-speed supernatants further sedimented at over 200,000 g are referred
to as the high-speed pellet. This is the cytoplasmic actin cytoskeleton [13]. Apart from
cosedimentation, CBPs can also be affinity purified by use of a tubulin affinity column [42]
or by a procedure involving the stabilization of microtubules by Taxol and subsequent
release of CBPs from Taxol-stabilized microtubules with a high-ionic-strength
homogenization buffer [43]. The advantage of the latter approach is that cytoskeletal
proteins are removed before MS analysis, thus avoiding the possibility of highly abundant
cytoskeletal proteins masking the lower abundant MAPs. A novel technique developed by
Meng et al. for the enrichment of cytoskeleton from natural killer cells, uses magnetic
Dynal® beads to capture fibers and associated proteins [37]. The mechanism of cytoskeletal
capture by Dynal beads is unknown. A possible explanation could involve the physical
entrapment of the beads within the actin fiber network.

One of the best-studied functions of immune cells in which cytoskeletal elements play a key
role is phagocytosis. The function of the phagosome skeleton is to give structure to a
phagosome and to facilitate fusion between phagosomes and late endosomes [44]. A
detergent-insoluble phagosome fraction yields cytoskeletal fibers associated with
phagosomes [29]. Unlike most approaches relying on isolation of organelles based on their
intrinsic density, isolation of latex bead-containing phagosomes is facilitated by the low
buoyant density of the phagocytized latex. Thus, phagosomes are floated into a region of the
sucrose gradient where other cellular organelles are not detected. Previous morphological
and biochemical analysis of latex bead phagosome preparations indicated the virtual absence
of contamination by mitochondria, Golgi vesicles, endosomes and plasma membrane [45].

Expert Rev Proteomics. Author manuscript; available in PMC 2014 December 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Radulovic and Godovac-Zimmermann Page 8

There is currently a great need for methodological studies comparing the available
cytoskeleton-enrichment procedures in order to establish a method providing highest
recovery of cytoskeletal proteins with minimal contamination. A degree of cytoskeleton
enrichment should be established in each study by determining the ratio of actin, tubulin or
other relevant cytoskeletal proteins in the enriched preparation versus total cellular lysates.

So far the only criterion used for evaluation of the afore-mentioned cytoskeleton isolation
procedures have been the percentage of cytoskeletal proteins among the total number of
identified proteins. According to this measure, the detergent-resistant cytosol and the Dynal
bead preparations achieved an almost identical share of 46% cytoskeletal proteins, while
microtubule cosedimentation accomplished only 13.5%. The low incidence of accepted
cytoskeletal proteins obtained with microtubule co sedimentation probably reflects the
removal of microtubule fibers prior to the MS identification or, alternatively, the inclusion
of a large number of contaminating proteins. However, in view of the enormous number of
proteins that transiently associate with the cytoskeleton, simply using the percentage of
‘accepted’ cytoskeletal proteins among the total number of identified proteins is not an ideal
criterion for the evaluation of the purity of cytoskeletal preparations.

Taken together, better enrichment procedures and/or alternative methods for validating
cytoskeletal preparations are both of crucial importance for further characterization of the
cytoskeletal proteome. Cytoskeletal proteomics can profit from extensive experience gained
in proteomics analyses of other subcellular organelles [19,41,46-51]. For example, while
insoluble proteins continue to be more difficult to analyze, many proteomics analyses now
use shotgun proteomics methods in which total protein extracts are proteolysed to peptides
prior to the MS analyses [52]. This greatly improves the ability to detect and quantify less
soluble proteins and is certainly applicable to cytoskeletal proteins. Furthermore, some of
the purification methods used with other organelles [19,41] may be applicable to
cytoskeletal proteins. The same is true for methods that validate organellar proteins as bona
fide constituents of the organelle. Especially relevant are proteomics methods using
quantitative correlations between large sets of different proteins to validate whole groups of
organellar proteins, thereby avoiding many of the uncertainties involved in trying to devise
procedures that achieve “100% purity’ of the target organelle [41].

Essential controls for proteomics studies of cytoskeleton & proteomics
data validation

Controls employing a cytoskeleton preparation from cells pretreated with cytoskeleton-
disrupting agent such as cytochalasin D are essential for evaluating the specificity of
cytoskeleton-enrichment procedures. Furthermore, a control sample representing total
cellular proteins is essential in order to establish an enrichment factor for each CBP and
cytoskeletal protein. Proteomic studies of the immune cell cytoskeleton are likely to result in
an increasing number of identified CBPs and it is important to validate these newly observed
interactions by use of alternative methods whenever possible. Immunohistochemistry and/or
double-high-resolution fluorescence imaging of cytoskeleton fibers and CBP can provide
additional valuable information on their association in living cells. Western blotting can
provide a quantitative estimate of the CBP fraction that is bound to cytoskeleton fibers
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versus the freely soluble unbound protein and can also be used for validation of the
proteomics data [29]. Furthermore, it should be investigated whether CBP association with
cytoskeleton fibers is due to a direct or indirect interaction (Ficure 2). This can be delineated
by use of pure cytoskeletal fibers [53], together with a purified or recombinant individual
CBP. Dissection of protein—protein interactions can be performed with high sensitivity and
reliability by use of our modified affinity pull-down approach [54], or antibody-based pull-
down from cross-linked cellular protein (disuccinimidyl suberate), in order to conserve
proximity information. Furthermore, any CBP—cytoskeleton interaction may be validated by
its disruption through CBP site-directed mutagenesis [55].

Functional relevance of newly identified CBPs for cytoskeleton function

Techniques such as RNA interference suppression and disruption of CBP—cytoskeleton
interaction by site-directed mutagenesis should be carried out in order to investigate the
significance of newly identified CBPs for cytoskeleton function and defense functions of
immune cells. The function of the cytoskeleton following targeted perturbations of CBPs
can be assessed in detail by the use of quantitative speckle fluorescence microscopy [56], or
the assay of cellular functions that are known to be critically dependent on the cytoskeleton.

Future directions for proteomics approaches to cytoskeleton analyses

Proteomics methods continue to develop very rapidly. Further improvements in protein
identification have been achieved with new advances in MS instruments. The hybrid linear
quadrupole ion trap-Orbitrap™ combines a linear ion trap with an Orbitrap mass analyzer, a
novel mass analyzer that provides the high mass accuracy of fourier transform MS with the
lower cost and ease of operation of an ion trap instrument. The result is an instrument
capable of high mass accuracy, high resolution, large ion capacity and large dynamic range
[57]. Both the throughput and sensitivity of Orbitrap instruments are still being improved, as
are the high-performance LC methods used for resolution of peptides. These developments
will strongly enhance the proportion of the total cellular proteome that can be analyzed.

Proteomics is increasingly moving to quantitative measurements of protein abundance rather
than simple descriptive detection of the presence of proteins in any given biological sample
[58,59]. This opens the door to investigation of quantitative responses of cells to functional
stimuli and also provides new ways to characterize the spatio/temporal behavior of cellular
proteins, including their presence in specific subcellular locations. At the same time,
proteomics methods for detection of PTMs continue to develop strongly [60]. Protein
phosphorylation is one of the most important PTMs in cytoskeleton regulation and has been
studied intensively. The use of proteomics approaches in analysis of CBP and cytoskeletal
protein phosphorylation should be intensified, keeping in mind that the capability of
phosphopeptide identification has recently been further enhanced by a new fragmentation
technique. Electron transfer dissociation has been developed for use in MS/MS to preserve
labile PTMs in peptides during fragmentation [61]. Quantitative phosphoproteomics has
already been used extensively to dissect pathways associated with T-cell receptor signaling
[62-64], but has not yet been applied to studies of the immune cell cytoskeletal
phosphoproteome.
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Actin has been identified as a potential candidate for SUMOylation [65], although the
nucleus does not show any phalloidin staining of actin fibers and it is known that the
majority of SUMOylated proteins are found in the nucleus. The absence of classical actin
filaments within the nucleus, as determined by phalloidin staining, has raised questions
regarding the form and function of nuclear actin. Nuclear actin SUMOQylation [66] raises the
intriguing possibility that this PTM also regulates the nuclear structure of actin.
SUMOylation could interfere with the formation of classical actin filaments by supporting
the formation of unconventional actin structures, such as the antiparallel lower dimer, an
arrangement possibly adopted by nuclear actin. This assumption is based on the lower
dimer-specific antibody staining of nuclear actin but not cytoplasmic actin [67]. Further
studies are needed to establish the role of SUMOylation in the formation of nucleus-specific
actin structures in immune cells.

Overall, the application of proteomics to the study of the immune cell cytoskeleton has so
far been underexploited. All of the cytoskeleton proteomic studies mentioned previously
except for that of Patel et al. [43] were descriptive, and the four different compartments of
the cytoskeleton (cytosolic, plasma membrane, phagosome and nuclear) have not been
systematically exploited to reduce the complexity of samples for proteomics analyses. This
is particularly evident for the understudied immune cell nuclear cytoskeleton, where
investigations of nuclear response to immune challenge would be particularly interesting.
Cytoskeleton proteomics analyses of PTMs such as phosphorylation, acetylation,
methylation and proteolysis are also still relatively sparse and there has been limited use of
proteomics methods for the detection of direct protein—protein interactions. We are awaiting
a potential boom in new information on the cytoskeleton, and future proteomics studies
should particularly aspire to identify spatio/temporal changes in cytoskeletal protein
abundance, location and form (both transcriptional and post-translational) following various
treatments of immune cells.

Expert commentary

Despite its importance in immune defense, the cytoskeleton in immune cells has not been a
very popular target for proteomics studies, with only a few publications thus far. A variety
of immune cell types were used, as well as almost as many methods for enriching the
cytoskeleton. The main purpose was to define the protein composition of the cytoskeleton
and associated proteins. Only one of the studies examined how the protein composition of
MAPs changes upon cell stimulation. The variety of models and MS technologies used
makes comparisons between the various studies challenging. The expected major
cytoskeletal proteins were found consistently in all studies and so were proteins not
previously known to associate with the cytoskeleton. By identifying novel CBPs, proteomic
approaches can lead to the generation of hypotheses to direct further investigations aimed at
improving our understanding of cytoskeleton-dependent immune defense functions.

Five-year view

Protein quantitation strategies based on MS/MS sequencing and high-throughput shotgun
proteomics [52,68,69] have transformed MS from a merely descriptive tool to a tool for
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quantitative measurement of dynamic changes in protein abundance, form and location.
Although quantitative proteomics methods based on MS/MS sequencing suffer from limited
coverage of lower-abundance proteins, this restriction appears to be largely due to
insufficient peptide resolution rather than the sensitivity of current mass spectrometers.
Taken together, new sample preparation methods [70-72], ultra-high-pressure LC [73],
anion and cation mixed-bed ion exchange techniques [74] and increased sensitivity of MS
spectrometers [57], can all be expected to result in major improvements in protein coverage
of biological samples. The quantitative proteomic approaches can give exquisitely detailed
information on cytoskeleton dynamics and the exact transcriptional and post-translational
form of proteins, and should be combined with high-resolution light microscopy to
investigate cytoskeleton rearrangements during processes relevant for functions of immune
cells such as membrane signaling, phagocytosis, migration, adhesion and degranulation.

Aiming for proteomic analysis of different subcellular cytoskeleton compartments,
especially the thus far entirely overlooked nuclear skeleton proteome, is a valid strategy to
obtain improved detection of lower-abundance proteins due to the reduced sample
complexity.

Proteomics experiments usually do not distinguish among transcriptional, translational, post-
translational or catabolic regulation of protein abundance. On the other hand, gene-
expression analysis by cDNA microarrays does not distinguish between transcriptional
regulation, mRNA stabilization and translational regulation. Combined transcriptomics and
proteomics approaches can therefore give new insight into mechanisms for modulation of
protein abundance following cell activation [75]. Temporal profiling of immune cells should
also include metabolomics - the comprehensive analysis of the small molecule biological
sample composition. Since metabolites are often the indirect products of gene expression,
this approach complements insights obtained by transcriptomics and proteomics.
Consequently, combined transcriptomics, metabolomics, proteomics and bioinformatics
approaches could link gene expression and protein production to metabolic consequences
during immune cell activation. Such a complete systems biology approach is likely to
become common practice in the future.

Single-cell analysis has been beyond the capability of ‘omics’ technology. This is rapidly
changing with the recent examples of single-cell genomics, transcriptomics, proteomics and
metabolomics, owing to emerging technologies that range from micro/nanofluidics to
microfabricated interfaces for MS to third- and fourth-generation automated DNA
sequencers [76]. Single-cell analysis is the new frontier in omics, and single-cell omics has
the potential to transform systems biology through new discoveries derived from cellular
heterogeneity and communication.

The impact of mathematics on biology has so far been very modest; however, the
interpretation of large amounts of raw data obtained from integrated high-throughput
transcriptomics, metabolomics, proteomics and physiological approaches will present an
increasing challenge and requires further development of bioinformatics tools and
mathematical models in immunology [77,78]. Models must be constructed, analyzed,
simulated, validated and verified.
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We are much better at taking cells apart than putting them together. An in vitro
reconstitution of biological processes from component molecules presents a powerful but
difficult approach to studying functional organization in biology and defining the necessary
and sufficient conditions for a cytoskeletal process. Complex cytoskeletal structures
observed in cells can be reconstituted in vitro from purified protein components [79]. New
methods will be needed in order to also allow for the reconstruction of integral membrane
proteins and metabolic processes [80].

As ever-increasing amounts of new data become available through the use of ‘omics’
approaches, more flexibility will be needed to allow necessary revisions of the existing
conceptual models.
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Key issues

The cytoskeleton is involved in all main functions of immune cells related to the
response to infection.

Studies of the cytoskeletal proteome can vastly contribute to our understanding
of cytoskeleton composition, function, regulation and dynamics.

The opportunity to use proteomics approaches in cytoskeleton research has
remained largely underexploited.

Further research of the mechanisms of cytoskeleton dynamics requires
guantitative proteomic analysis of temporal patterns of cytoskeleton-binding
proteins association/dissociation, rather than simple descriptive detection of the
presence of proteins.

Newly identified cytoskeleton-binding proteins by the use of proteomics
methodology should be validated with other approaches such as Western
blotting and double-fluorescence imaging.

Improved cytoskeleton purification strategies will facilitate the acquisition and
interpretation of proteomics data.

There is a need for proteomic analysis of subcellular cytoskeleton compartments
in immune cells, especially the thus far entirely overlooked nuclear skeleton
proteome.

Available methodological strategies should be increasingly used in order to
improve the detection of low-abundance proteins.

Proteomics, transcriptomics, metabolomics and bioinformatics approaches need
to be progressively combined in cytoskeleton research.

In vitro reconstitution of cytoskeleton processes would aid in the validation of
proteomics data.
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Figure 1. The main cytoskeleton compartments in neutrophils/macrophages
Cytosolic, phagosome, plasma membrane and nuclear skeletons, as indicated. Nuclear actin

filaments are schematically represented as white lines, while they are drawn in gray in other
cellular compartments. This is to emphasize the different structure of actin fibers in the
nucleus.
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Cytoskeleton fiber
Figure 2. Cytoskeleton-binding proteins

CBPs attach to cytoskeleton fibers directly (large proteins) or indirectly (CBP-interacting
proteins; smaller proteins). CBPs and CBP-interacting proteins associate with cytoskeleton
fibers in order to direct their subcellular localization, as a concentrating mechanism at
specific locations within the cell or to mediate cytoskeletal rearrangement/stabilization. The
interactions of CBPs and CBP-interacting proteins are often transient.

CBP: Cytoskeleton-binding protein.
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