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In the past decade, there have been remarkable advances in proteomic technologies. Mass spectrometry

has emerged as the preferred method for in-depth characterization of the protein components of biological
systems. Using mass spectrometry, key insights into the composition, regulation and function of molecular
complexes and pathways have been gained. From these studies, it is clear that mass-spectrometry-based
proteomics is now a powerful ‘hypothesis-generating engine’ that, when combined with complementary
molecular, cellular and pharmacological techniques, provides a framework for translating large data sets into

an understanding of complex biological processes.

Of the many fascinating discoveries made by genome-sequencing
projects, perhaps none is more provocative than the prediction that
all prokaryotes and eukaryotes produce numerous proteins with
uncharacterized or pleiotropic functions". Confronted with the chal-
lenge of annotating this enormous segment of the proteome, scientists
have sought to expedite the characterization of proteins by develop-
ing new methods for rapid and parallel analysis. These large-scale
approaches to protein science are collectively termed proteomics™.

Proteomics encompasses diverse techniques that allow different aspects
of protein structure and function to be analysed. Many proteomic meth-
ods — including protein microarrays™’, large-scale two-hybrid analyses’,
and high-throughput protein production and crystallization® — have had
a marked impact on the current understanding of protein structures,
activities and interactions. Among proteomic techniques, however, mass
spectrometry has emerged as the main method for analysing the produc-
tion and function of proteins in native biological systems’"".

Mass spectrometry has become the dominant technique for several
reasons, mainly because of its unparalleled ability to acquire high-content
quantitative information about biological samples of enormous com-
plexity. The core technologies of mass-spectrometry-based proteomics,
including the instrumentation and the methods for data acquisition and
analysis, have been discussed in several recent reviews’ "' and are out-
lined in Box 1. Although these technologies will continue to be developed
in the quest for improved sensitivity, throughput and proteome coverage,
mass-spectrometry-based proteomics has now developed to the point
at which it is routinely applied worldwide to address a large range of
biological problems. It therefore seems an opportune time to reflect on
the functional impact of mass-spectrometry-based proteomics. What
hasbeen learned about the molecular mechanisms of complex biological
processes? How were successful experiments carried out? What addi-
tional methods were required to make important biological discoveries?
Finally, are there lessons that might guide future applications?

In this review, we address these questions by focusing on several
cases in which mass-spectrometry-based proteomics has had a cru-
cial role in advancing our understanding of basic cellular and physio-
logical processes. We highlight common themes that seem to have
primed investigations for success, including the configuration of bio-
logically relevant model systems (and controls), the implementation

of mass-spectrometry-based proteomics as a hypothesis-generating
platform, and a commitment to focused follow-up studies that test
emerging hypotheses directly. These examples underscore both the
opportunities and the challenges that face the systematic integration
of mass-spectrometry-based proteomic techniques into the arsenal of
experimental approaches used by molecular and cellular biologists.

Mass-spectrometry-based proteomics has several biological applica-
tions. In many pioneering studies, it was used to make an inventory of
the content of subcellular structures and organelles, creating valuable
repositories of information about the localization of proteins in cells and
tissues (see ref. 12 for a recent review). It is also emerging as a power-
ful way to discern higher-order structural features of protein complexes,
including subunit orientation and stoichiometry (see page 973). Here, we
focus on two main applications — the functional characterization of pro-
tein complexes, and the functional characterization of protein pathways
— highlighting studies that have led to major advances in understanding
the molecular basis of cellular and physiological processes.

Functional characterization of protein complexes

Many proteins function as components of complexes in cells and
tissues'’. Protein complexes can vary in size and composition, from
megadalton assemblies of dozens of proteins (such as the ribosome and
the spliceosome) to smaller clusters of a few proteins. The composition
and stability of protein complexes is highly regulated in both a context-
dependent manner (for example, there are cell-type-specific differences)
and a time-dependent manner'*. These biological variables present a
challenge to researchers interested in determining the structure and the
function of protein complexes. Mass-spectrometry-based proteomics,
however, can address this issue in a systematic and relatively unbiased
manner, often revealing surprising protein partnerships and assemblies
that regulate cellular and physiological processes. In addition to the
examples discussed in this section, other notable studies that have used
mass-spectrometry-based proteomics to characterize protein complexes
are described in refs 15-19.

A mitochondrial protein complex that links apoptosis and glycolysis
Stanley Korsmeyer and colleagues™ provided an early example of the
value of mass-spectrometry-based proteomics for uncovering unexpected
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physical connections between proteins that had been thought to function
in independent pathways. With the aim of mapping mitochondrial protein
complexes that contain the pro-apoptotic protein Bcl-2 antagonist of cell
death (BAD), they developed a gentle and efficient enrichment method
to isolate these complexes from mouse liver mitochondria (Fig. 1a). A
232-kDa assembly consisting of five major proteins was identified by
silver staining of proteins separated by polyacrylamide gel electrophoresis

(PAGE). The protein spots constituting this complex were then excised
and analysed by liquid-chromatography-tandem mass spectrometry
(LC-MS/MS). This revealed, in addition to BAD, the presence of protein
phosphatase 1C (PP1C), cyclic- AMP-dependent protein kinase (PKA)
and the PKA-anchoring protein WAVEL. Previous studies had impli-
cated PKA as an important regulator of BAD, inhibiting the activity of
BAD by phosphorylating multiple serine residues®. The authors provided

Box 1| Fundamentals of mass-spectrometry-based proteomic experiments

Molecular-mass
determination

Relative
abundance

Mass-to-charge ratio

et

LCor LC/LC

MS 2

Peptide mixture

Sequence

identification

8
L
c
Z s
o
L S
x 5
®

net

Mass-spectrometry-based proteomic experiments involve several steps
(see Figure). A peptide mixture can be obtained from the sample of
interest by proteolytic digestion of a protein mixture or of a gel band or
spot, following separation by electrophoresis. These peptides are then
introduced into a one-dimensional (LC) or multi-dimensional (LC/LC)
liquid-chromatography system. After separation, they are eluted into

an electrospray ionization tandem mass spectrometer. The mass-to-
charge ratios of the peptide ions are measured first by mass spectrometry
(upper panels; ions pass unperturbed through the first mass analyser and
collision cell) to determine the molecular mass of each peptide. Then,
each peptide ion is isolated in the first mass analyser (MS 1) and directed
into a collision cell, where it collides with neutral gas molecules (for
example, helium) and becomes fragmented (lower panels). The mass-to-
charge ratios of the resultant fragments are measured in the second mass
analyser (MS 2), producing a tandem mass spectrum (shown for the
peptide ion indicated with a white rectangle in the upper panel) and, after
computer analysis, an amino-acid sequence for each peptide. These steps
are described in further detail below.

Sample preparation

Two general strategies are often used to prepare proteins. Proteins

that have been enriched or obtained as part of an experiment can be
fractionated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Individual bands can be removed and analysed, or an entire lane can be
excised and divided into 10-15 slices. Proteins in the gel slices are then
digested in situ with trypsin, and the peptides are extracted. Extracted
peptides are then analysed by mass spectrometry. Protein mixtures

can also be digested directly in solution. A protein mixture is denatured
by using chaotropes and then digested — sometimes by a two-step
procedure that involves proteases, such as the endoprotease LysC
followed by trypsin — to generate a peptide mixture that is suitable for
mass-spectrometry analysis. In general, trypsin digestion is preferred to
generate peptides with an arginine or lysine residue at the C terminus, but
other types of enzyme, including nonspecific proteases, have also been
used’®,

Liquid chromatography

Before peptide mixtures are introduced into the mass spectrometer,
they are fractionated in-line with the instrument. The most common
method of fractionation is reversed-phase liquid chromatography,

Mass-to-charge ratio

MS/MS

which separates peptides according to their hydrophobicity. To
achieve the best sensitivity and efficiency of separation, microcolumns
(<100 umin length) with a small diameter tip (for example, 5pm) are
typically used. The electrospray ionization that takes place in the mass
spectrometer acts like a concentration-dependent detector; therefore,
the introduction of peptides in narrow peaks improves detection limits,
and low flow rates (in the order of nL min™) are used to achieve this. As
peptide mixtures become more complex, the introduction of a second
dimension of separation can improve the resolution of separation. A
good choice for a second dimension is strong cation-exchange (SCX)
liquid chromatography, which separates peptides mainly on the basis
of positive charges. SCX can be used off-line, and then each fraction

is analysed by reversed-phase high-pressure liquid chromatography,
followed by mass spectrometry. Alternatively, both the reversed-phase
and SCX resins can be packed into a single column, and, by introducing
buffers in series, a two-dimensional separation can be achieved before
mass-spectrometry analysis.

Electrospray ionization

A potential is placed on the liquid flowing from the liquid-chromatography
column through a fused silica column or needle, causing the solution

to spray. The spray contains fine droplets that encompass the sample.
The droplets are desolvated as they enter the mass spectrometer, by
applying heat to generate ions. The efficiency of ionization depends on
the chemical properties of each molecule.

Mass-spectrometry analysis

Mass spectrometers measure the mass-to-charge ratio of an ion. This is
carried out by manipulating ions in electric and/or magnetic fields or by
measuring their time of flight (TOF). In addition to determining the mass-
to-charge ratio, the intensity of the signal obtained reflects the abundance
of the ion. The abundance of ions can vary with the ionization, so samples
can be labelled with stable isotopes to determine quantitatively the ratio
of peptides from different ‘states’' (by measuring the mass-to-charge
ratio and abundance). Various mass analysers are used in proteomic
experiments, including ion-trap mass spectrometers, quadrupole/TOF
hybrids, ion-trap/orbitrap hybrids and ion-trap/ion-cyclotron-resonance
(FTMS) hybrids. Some types of mass analyser can measure the mass-to-
charge ratio with high resolution (up to 150,000 m/Am, where m denotes
mass) and high mass accuracy (to <1part per million).
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strong evidence that PP1C functions to counter the effect of PKA, by
dephosphorylating BAD. These data therefore led to a model in which
a BAD-PKA-PP1C complex, possibly scaffolded by WAVEL, creates a
local microenvironment in which the phosphorylation status of BAD
can be finely controlled.

Korsmeyer and colleagues next considered the possible function(s)
of this BAD-containing complex in mitochondrial physiology. First,
they pursued the characterization of the fifth (and still unidentified)
component of the complex. By LC-MS/MS analysis, this 50-kDa pro-
tein was identified as the glycolytic enzyme glucokinase (also known as
hexokinase 4). This result was initially surprising; even though apoptosis
and glycolysis are both crucial physiological processes that are linked to
cell survival*?, the molecular pathways involved had been thought
to function independently. The organization of glucokinase and BAD
into a stable multiprotein complex in mitochondria indicated other-
wise. Indeed, the authors showed that Bad”’~ mice, which lack the gene
encoding BAD, had severely blunted mitochondrial glucokinase activity,
glucose-driven respiration and glucose-dependent ATP production.
Moreover, these mice had significantly higher blood glucose concentra-
tions after fasting than did wild-type (Bad"")mice. The effect of BAD on
glucose homeostasis depended on its phosphorylation status, suggesting
that other members of the BAD-containing complex (for example, PKA
and PP1C) had a regulatory role.

These findings therefore indicate that the mitochondrial fraction of
glucokinase — defined as that portion of the enzyme stably associated
with the BAD-PKA-PP1C-WAVEI complex (Fig. 1b) — has a dispro-
portionate role in maintaining proper glucose metabolism (given that
most of the glucokinase in a cell is cytosolic). The glucokinase- and
BAD-containing mitochondrial complex was also proposed to function
as an integration centre that links metabolic state and cell death. This
hypothesis was supported by the finding that liver cells from Bad™~ mice
underwent less glucose-deprivation-induced apoptosis than wild-type
liver cells. In summary, the mass-spectrometry-based proteomic analysis
of mitochondrial BAD-containing complexes discovered an unexpected
physical association between a key apoptotic protein (BAD) and a key
glycolytic protein (glucokinase), thereby leading to new models to explain
how cells coordinate metabolic signals and survival signals.

A transcription-factor complex relevant to trichothiodystrophy

The proper maintenance, repair and transcription of DNA requires
several multiprotein complexes™. Ruedi Aebersold and colleagues™
were interested in fully characterizing the components of the yeast
(Saccharomyces cerevisiae) RNA polymerase II (Polll) pre-initiation
complex and established an elegant biochemical system to enrich this
protein assembly (Fig. 2). They first isolated nuclear extracts from a
mutant yeast strain carrying a temperature-sensitive allele of the TATA-
binding protein (TBP) and incubated these proteomes with an immobi-
lized HIS4 promoter from yeast, which includes the TATA box, in the
presence or absence of recombinant TBP. They then used isotope-coded
affinity tagging (ICAT) in conjunction with LC-MS/MS™ to identify
proteins that were quantitatively enriched (by at least 1.9-fold) in pro-
moter-associated fractions from TBP-containing proteomes. Nearly
all of the proteins that met this criterion were known components of
the PollI transcriptional machinery, with the notable exception of an
open reading frame — YDR079C-A (Fig. 2) — which corresponded to
a small (8 kDa) protein of unknown function.

BLAST searches (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi)
revealed homologues of YDR079C-A in several eukaryotic organisms,
including humans and Chlamydomonas reinhardtii. Interestingly, the
protein encoded by C. reinhardtii was known to suppress sensitivity to
ultraviolet light (which can damage DNA)”. This finding suggested that
the protein encoded by YDR079C- A might be a component of transcrip-
tion factor ITH (TFIIH), which has a role in both general transcription
and repair of DNA damage. Aebersold and colleagues™ confirmed this
hypothesis by carrying out a further round of quantitative proteomic
experiments, this time comparing proteins that bound to an epitope
(FLAG)-tagged YDR079C-A protein. The proteins that were most
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Figure 1| Discovery of a BAD-containing protein complex that localizes

to mitochondria and integrates apoptotic and glycolytic processes.

a, A complex containing BAD, PKA, PP1C, WAVEI and glucokinase was
discovered by multidimensional fractionation of mitochondrial protein
complexes from Bad""* (wild-type) mice and Bad ™~ mice, followed by
LC-MS/MS analysis™. Multidimensional fractionation involved gel
filtration as the first dimension (1D), native (non-denaturing) PAGE as the
second dimension (2D), and denaturing PAGE (SDS-PAGE) as the third
dimension (3D). b, In the absence of BAD, none of the members of the
protein complex associates with mitochondrial membranes.

Bad*/* mice

enriched after immunoprecipitation of FLAG-YDRO079C-A protein
with FLAG-specific antibodies were components of TFIIH. Conversely,
immunoprecipitation with antibodies specific for other TFIIH com-
ponents ‘pulled down’ the YDR079C-A protein. Finally, YDR079C-A
protein was shown to be required for stable recruitment of TFIIH to
promoters. These findings confirmed that the YDR079C-A proteinisa
core subunit of TFITH, prompting the authors to rename the protein as
the transcription factor subunit Tfb5.

In an amazing example of a basic scientific discovery being rapidly
translated, the human homologue of Tfb5 was almost immediately
shown to be the long-sought gene product that is mutated in a set of
unexplained cases of trichothiodystrophy®, a rare human disease
characterized by brittle hair and skin photosensitivity. Most cases of
trichothiodystrophy had been traced to mutations in the genes enco-
ding the nine known components of TFITH. However, an individual
with symptoms of trichothiodystrophy but no mutations in these genes
had been found several years earlier”. Interestingly, cells from patients
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Figure 2 | Discovery of Tfb5 as the tenth subunit of TFIIH, which is involved
in transcriptional and DNA-repair processes. Nuclear extracts from yeast
expressing a temperature-sensitive mutant of TBP were incubated with
HIS4-promoter-linked beads, in the presence or absence of recombinant
TBP. The inclusion of recombinant TBP facilitated enrichment for proteins
that are members of PollI pre-initiation complexes (PICs). Samples
enriched in the absence or presence of recombinant TBP were then labelled
with non-deuterated (d0) and deuterated (d8) ICAT probes, respectively,
enabling LC-MS-based quantitative proteomic analysis of differentially
enriched proteins. This led to the identification of YDR079C-A
(subsequently named Tfb5) as a component of the transcription-factor
complex TFITH?. Complementary genetic studies (not shown) confirmed
that the gene encoding the human homologue of Tfb5 is mutated in rare
forms of trichothiodystrophy®.

with this unusual variant of trichothiodystrophy (called trichothiodys-
trophy A) were found to have low cellular concentrations of TFITH.
On discovery of Tfb5 as the tenth component of yeast TFITH, Wim
Vermeulen, Aebersold and colleagues sequenced the corresponding
human gene in patients with trichothiodystrophy A and found inac-
tivating mutations in four individuals from three separate families™.
Moreover, they showed that recombinant human TFB5 could stabilize
TFIIH complexes and correct the DNA-repair defects in cells from
patients with trichothiodystrophy A.

In summary, the use of mass-spectrometry-based proteomics to charac-
terize a previously unknown component of TFIIH catalysed a remarkable
bench-to-bedside-to-bench investigation that succeeded in explaining the
molecular basis for a human photosensitivity syndrome. On a technical
note, it is worth emphasizing that this discovery hinged on the use of quan-
titative profiling, which allowed the researchers to confidently identify
Tfb5, despite its showing only a moderate (twofold) increase in abundance
in promoter-associated samples compared with control samples. Direct
LC-MS/MS analysis also proved crucial, because the small size of Tfb5
(8kDa) precluded straightforward detection by SDS-PAGE (and might
explain why this protein eluded detection by more-classical methods).
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Finally, the interaction of Tfb5 with another component of TFIIH, Tfb2,
was recently confirmed in a genome-wide tandem-affinity-purification
study™, thus underscoring the capacity of large-scale mass-spectrometry-
based proteomic experiments to characterize physiologically relevant
protein complexes.

A chaperone complex that regulates CFTR folding and transport
Transmembrane proteins depend on a complex range of chaperones and
co-chaperones for optimal folding, localization and, ultimately, func-
tion®"*. Genetic mutations that impair the folding of membrane pro-
teins form the basis of many human diseases, including cystic fibrosis.
Cystic fibrosis is mainly caused by point mutations in the gene encoding
an apical membrane ATP-regulated chloride channel, which is known as
the cystic fibrosis transmembrane conductance regulator (CFTR)*. The
main disease-associated mutation, AF508 (deletion of the phenylalanine
residue at position 508 of the wild-type protein), disrupts the folding
of CFTR in the endoplasmic reticulum, leading to almost complete
degradation of this channel* (Fig. 3a). Interestingly, however, properly
folded CFTR with this mutation can traffic to the plasma membrane,
where it forms a functional chloride channel. These findings suggest
that rescuing the folding of AF508-CFTR could eventually be used to
treat patients with cystic fibrosis.

Initial studies have implicated both chaperone assemblies that con-
tain heat-shock protein 90 (HSP90) and those that contain HSP40 and
HSP70 in the folding pathways for CFTR**. William Balch, John Yates
and colleagues” proposed that a more complete understanding of the
chaperone assemblies that regulate CFTR folding and transport could
be achieved by carrying out a proteomic analysis of the proteins associ-
ated with the channel. The authors used the shotgun LC-MS method
MudPIT (multidimensional protein-identification technology)* to
analyse cells expressing the gene encoding the wild-type CFTR or
AF508-CFTR. MudPIT analysis of wild-type CFTR and AF508-CFTR
immunoprecipitates identified nearly 200 CFTR-associated proteins
(compared with controls in which nonspecific antibodies or cells lack-
ing CFTR were used). Collectively, these proteins have been named the
CFTR interactome (Fig. 3b). These proteins included known CFTR-
binding chaperones, such as calnexin, HSP40-HSP70 and HSP90, as
well as many previously unknown interactors.

These researchers next set out to test whether any of the newly dis-
covered CFTR-associated proteins regulated channel folding and export
from the endoplasmic reticulum®. RNA-interference (RNAi)-mediated
knockdown of either p23 (also known as PTGES3) or FKBP8 — two
HSP90 co-chaperones that were selectively identified in AF508-CFTR
immunoprecipitates (as determined by protein-sequence coverage and
spectral counting in MudPIT experiments) — resulted in greatly reduced
amounts of endoplasmic-reticulum-associated and cell-surface-associated
AF508-CFTR (Fig. 3c). Overexpression of these co-chaperones, however,
had opposite effects on AF508-CFTR, with an increase in p23 leading to
more endoplasmic-reticulum-associated CFTR and an increase in FKBP8
leading to less. These data were thought to reflect the distinct roles of p23
and FKBP8 in modulating specific aspects of the HSP90-guided folding
cycle. Notably, overexpression of either co-chaperone failed to increase
the amount of cell-surface-associated AF508-CFTR (or wild-type CFTR),
suggesting that they modulate the initial folding and stability of CFTR but
do not participate in the subsequent steps that are required to deliver the
folded channel to the endoplasmic-reticulum export machinery.

RNAi-mediated knockdown of a third HSP90 co-chaperone present
in wild-type and AF508-CFTR immunoprecipitates, AHA1, substan-
tially corrected the amount of both endoplasmic-reticulum-associated
and cell-surface-associated AF508-CFTR (Fig. 3c). These data suggest
that disruption of AHA1, unlike p23 or FKBPS, facilitates a folding path-
way that favours not only stability of the channel but also coupling to the
endoplasmic-reticulum export machinery. Potentially consistent with
this premise, a decrease in CFTR-bound HSP90 was observed in cells
in which AHA1 had been knocked down, similar to the finding from
MudPIT analyses that wild-type CFTR immunoprecipitates contained less
HSP90 than AF508-CFTR immunoprecipitates. Collectively, these data
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indicate that a reduction in the amount of AHA1 might alter the kinet-
ics of HSP90-CFTR interactions, thereby increasing the efficiency of
transition from folding to export pathways. Finally, the authors showed
that a considerable proportion of the cell-surface-associated AF508-
CFTR channels were functional, as determined by chloride conductance
measurements.

Mass-spectrometry-based proteomic studies of the CFTR interactome
thus identified specific co-chaperone and chaperone folding pathways
that seem to control mutant channel stability, cell-surface expression and
function. Why might the basal chaperone machinery of a cell, or ‘chaper-
ome, prevent proper assembly and transport of AF508-CFTR, thereby
exacerbating the disease phenotype? The authors” speculate that the
folding energetics of AF508-CFTR lie outside the capacity of the normal
chaperome environment, which has been evolutionarily optimized to
fold wild-type proteins (and to eliminate misfolded proteins). A provoca-
tive extension of this idea is that genetic or pharmacological interventions
that shift the chaperome so that it can support the folding and transport
of mutant proteins could be used to treat patients with cystic fibrosis, as
well as those with other protein-conformational disorders.

Functional characterization of protein pathways

One of the original and most enduring applications of mass-
spectrometry-based proteomics is the comparative analysis of biologi-
cal samples that differ in specific physiological or pathophysiological
phenotypes (that is, comparing ‘disease€’ and ‘normal™). These stud-
ies are intended to identify the minimal protein ‘signatures’ that depict
and, ideally, determine the higher-order biological processes under
investigation. As highlighted in this section, mass-spectrometry-based
proteomics carried out in this comparative analysis mode has success-
fully identified previously unknown protein pathways with key roles in
a wide range of biological systems.

Kinase pathways that regulate sex-specific functions in Plasmodium
Malaria is caused by unicellular parasites of the genus Plasmodium. These
parasites undergo a complex series of highly regulated life-cycle tran-
sitions that allow transmission between vertebrates and mosquitoes™.
Chief among these life-cycle stages is the generation of haploid sexually
differentiated (male and female) cells, termed gametocytes. In vertebrate
blood, gametocytes are in a state of arrest, but on transfer to the mos-
quito mid-gut, they become activated and differentiate into gametes,
which fertilize and, eventually, produce infectious oocysts. Despite the
importance of sexual development to the transmission of Plasmodium
spp.» the proteins that distinguish male and female cells have not been
systematically inventoried. Andrew Waters and colleagues set out to
address this important problem through an innovative combination of
advanced cell-biological models and proteomic technologies*'.

Previous efforts to characterize sex-specific proteins had been con-
founded by a technical inability to separate and purify male and female
gametocytes. Waters and colleagues overcame this difficulty by creating
transgenic lines of Plasmodium berghei that produce green fluorescent
protein (GFP) under the control of a male-specific or a female-specific
promoter (from the genes encoding a-tubulin IT and elongation factor 1a,
respectively) (Fig. 4a). These lines enabled male gametocytes and female
gametocytes to be selectively enriched by flow cytometry (Fig. 4b). These
sex-specific cell populations were then compared with one another (and
with gametocyte-free (asexual) blood stages) by mass-spectrometry-based
proteomics. Specifically, proteomes were separated into ten fractions by
one-dimensional SDS-PAGE, and each fraction was digested with trypsin
and analysed by LC-MS/MS. Sex-specific proteins were identified by
comparing the number of unique ‘tryptic peptides’ in each sample.

A remarkable number of sex-specific proteins were identified: there
were 236 unique proteins in male gametocytes, and 101 in female
gametocytes (Fig. 4c). Analysis of the sex-specific proteomes showed
clear enrichment for protein families that are functionally linked to
male-gametocyte and female-gametocyte biology. For example, nearly
70% of the Plasmodium proteins that are annotated as DNA-replication
proteins (17 of 25) were highly represented in male gametocytes, which is
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Figure 3 | Discovery of chaperone complexes that regulate CFTR folding
and endoplasmic-reticulum-mediated export. a, The cellular fate of CFTR
chloride channels is depicted. Wild-type CFTR is transported to the plasma
membrane. By contrast, AF508-CFTR, the mutant protein present in
individuals with cystic fibrosis, is degraded by endoplasmic-reticulum-
mediated pathways (ERAD) before it reaches the plasma membrane.

b, Immuno-enrichment of proteins bound to wild-type CFTR and
AF508-CFTR identified several chaperones and co-chaperones™.

¢, RNAi-mediated knockdown of these chaperones and co-chaperones
was carried out, using small interfering RNA (siRNA) directed against

the corresponding mRNAs. In the case of p23 and FKBP8 (centre), less
AF508-CFTR was found in the endoplasmic reticulum, indicating that
these proteins regulate the folding and stability of CFTR proteins in the
endoplasmic reticulum. By contrast, in the case of AHAI1 (right), more
AF508-CFTR was found both in the endoplasmic reticulum and at the cell
surface, indicating that this chaperone controls both the folding of CFTR
proteins and their export from the endoplasmic reticulum®.

consistent with the more extensive genome replication that these cells
undergo during the gamete-activation cycle. The male-gametocyte
proteome was also strongly enriched in axoneme proteins, which form
the flagella required for motility of male gametes. The female-gametocyte
proteome, by contrast, contained larger amounts of ribosomal and
mitochondrial proteins than the male-gametocyte proteome.

Waters and colleagues next selected individual sex-specific proteins
for functional analysis, to determine whether they have important
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Figure 4 | Identification of male-gametocyte-specific and female-
gametocyte-specific proteins in Plasmodium berghei. a, Transgenic
Plasmodium berghei lines that produce GFP under the control of a
female-gametocyte-specific promoter (from the gene encoding elongation
factor 1a) or a male-gametocyte-specific gene promoter (from the gene
encoding a-tubulin IT) were generated*'. b, Enriched populations of female
and male gametocytes were then obtained by flow cytometry, gating on
GFP signals (shown for the line in which female gametocytes produce GFP).
¢, Comparative proteomic analysis of male-gametocyte-enriched, female-
gametocyte-enriched and asexual populations identified 236, 101 and 171
proteins, respectively, that are expressed solely in each cell type. Among
these proteins were identified two protein kinases that contribute to male-
gametocyte-specific and female-gametocyte-specific cellular functions.

roles in male-gametocyte or female-gametocyte biology. The authors
focused on two protein kinases: mitogen-activated protein kinase 2
(MAP?2; accession number PB000659.00.0), which was found only in
male gametocytes; and NIMA-related kinase (NEK4; accession number
PB001094.00.0), which was found only in female gametocytes. Targeted
disruption of the gene encoding MAP2 resulted in male gametocytes
that can re-enter the cell cycle after activation and complete genome
replication but fail to enter nuclear division. Disruption of the gene
encoding NEK4, by contrast, did not seem to impair gamete formation
but, instead, arrested zygote development. Cross-fertilization studies
confirmed that the latter phenotype was due to defective female (but
not male) gametes.

In summary, developing an innovative cell-biological strategy to enrich
distinct sexual stages of the P. berghei life cycle allowed the generation of
high-quality cellular models for in-depth analysis by mass-spectrometry-
based proteomics. The output of the proteomic investigations was the
most comprehensive inventory of sex-specific parasite proteins gener-
ated so far, including the discovery of novel protein kinases that regulate
male-specific and female-specific signalling pathways. Interestingly, both
MAP2 and NEK4 belong to protein-kinase subfamilies (the MAP and
NEK subfamilies) that have multiple members in Plasmodium spp.*.
These studies are therefore a compelling example of the value of compara-
tive proteomics for assigning unique (that is, non-redundant) cellular
functions to uncharacterized members of protein classes.

An ether-lipid signalling pathway that supports tumour pathogenesis

Cancer cells have long been suspected to have alterations in metabo-
lism that support their malignant behaviour. Most cancer cells, for
example, have a greater dependence on glycolysis than on oxidative
phosphorylation for energy production, a phenomenon referred to as
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the Warburg effect”. In an effort to map dysregulated biochemical path-
ways in cancer more globally, Benjamin Cravatt and colleagues used a
chemical proteomic technology known as activity-based protein profiling
(ABPP)¥, in conjunction with mass-spectrometry-based analytical plat-
forms (such as MudPIT), to identify enzyme activities that are increased
in aggressive cancer cell lines and primary tumours in humans*.

In ABPP active-site-directed probes are used to profile the functional
state of enzymes directly in native proteomes®. ABPP probes contain
two main elements: a reactive group that binds to, and covalently labels,
many enzymes from a given mechanistic class; and a reporter group,
such as biotin or a fluorophore, that allows detection, enrichment and
identification of probe-modified enzymes (Fig. 5a). In their initial stud-
ies, Cravatt and colleagues used fluorophosphonate-containing ABPP
probes*** to profile the activities of serine hydrolases in a panel of
human cancer cell lines*’. These experiments identified sets of enzyme
activities that distinguished cancer cells on the basis of tissue of origin
and state of aggressiveness. Chief among these enzymes was a previ-
ously uncharacterized transmembrane enzyme KIAA1363 (also known
as AADACLL1), increased amounts of which were found in aggressive
lines from several tumour types, including breast cancer, ovarian can-
cer and melanoma (Fig. 5b). Cravatt and colleagues later showed by
ABPP-MudPIT analysis that the activity of KIAA1363 is much higher
in oestrogen-receptor-negative primary breast tumours from humans
than in oestrogen-receptor-positive primary breast tumours, which are
usually less aggressive, or in normal breast tissue”.

Cravatt and colleagues next used a competitive version of ABPP**
to develop a potent and selective inhibitor of KIAA1363, which they
named AS115 (Fig. 5¢). Treatment of cancer cells with this inhibitor,
followed by metabolomic analysis using untargeted LC-MS methods®,
revealed that KIAA1363 regulates an unusual class of neutral lipids:
the monoalkylglycerol ethers (MAGEs)™ (Fig. 5d). Additional studies
confirmed that KIAA1363 is a 2-acetyl-MAGE hydrolase, producing
large amounts of MAGEs in aggressive cancer cells. These MAGEs are,
in turn, converted into biologically active lysophospholipids, such as
lysophosphatidic acid (LPA). By contrast, inhibiting KIAA1363 stabi-
lizes 2-acetyl-MAGE, resulting in its conversion into another class of
signalling molecule, the lipid platelet-activating factor. Finally, RNAi-
mediated knockdown of the protein and activity of KIAA1363 led to a
marked decrease in the amount of MAGE and LPA lipids in cancer cells,
correlating with significant reductions in the migratory and tumour-
forming potential of these cells (Fig. 5d).

In summary, Cravatt and colleagues used a combination of mass-
spectrometry-based functional proteomic and metabolomic methods to
determine that the enzyme KIAA1363 is more abundant and has a higher
activity in aggressive cancer cells, where it is a key node that bridges
platelet-activating factor and LPA in an ether-lipid signalling network.
Considering that disruption of this network impaired cancer-cell migra-
tion and tumour growth, the KIAA1363—-ether-lipid pathway probably
has a key role in regulating important aspects of cancer pathogenesis.

Phosphoprotein networks involved in the DNA-damage response
Post-translational modifications constitute one of the most pervasive
mechanisms for regulating protein function in cells and tissues. Protein
phosphorylation, in particular, dynamically modulates numerous sig-
nalling pathways and is controlled by the complementary action of pro-
tein kinases and protein phosphatases. One of the big challenges in the
post-genomic era is determining the endogenous substrates of the more
than 500 protein kinases in the human proteome®'. Recently, Stephen
Elledge and colleagues™ introduced a creative mass-spectrometry-based
proteomic strategy that allowed them to make a comprehensive inven-
tory of substrates for the protein kinases ATM (ataxia telangiectasia
mutated) and ATR (ATM and Rad3 related), which are involved in the
DNA-damage-response pathway™.

Previous studies had identified about 25 ATM and/or ATR substrates,
which contained an unusual consensus sequence for phosphorylation:
Ser/Thr-GIn™. On the basis of this information, Elledge and col-
leagues used a panel of 68 antibodies specific for phospho-Ser-Gln or
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phospho-Thr-Gln to immunoprecipitate candidate substrates for ATM
and ATR from human cells that were either exposed to ionizing radia-
tion to induce the DNA-damage response or not irradiated (Fig. 6).
These cell populations had previously been subjected to stable isotope
labelling®**, so radiation-induced phosphorylation events could be
quantified by LC-MS/MS analysis. Relative quantification of heavy-
isotope-labelled and light-isotope-labelled phosphopeptide pairs iden-
tified 905 phosphorylation sites, across 700 proteins, that had fourfold
higher signals in irradiated cells than in non-irradiated cells. Thus, in a sin-
gle set of experiments, the researchers increased the number of candidate
ATM and ATR substrates by more than 20-fold (from about 25 proteins to
700 proteins). The increase in phosphorylation found in irradiated cells
was confirmed for several candidate substrates by immunoblotting with
antibodies specific for phospho-Ser-Gln or phospho-Thr-Gln.

The researchers next examined whether the newly identified
substrates have a role in the DNA-damage response, by systematically
disrupting expression of the corresponding genes by RNAIi. Of the 37
substrates examined, 35 were found to contribute to at least one aspect
of the DNA-damage response. Although these studies do not directly
test whether the phosphorylation state of the proteins is crucial for their
function, the results indicate that many more proteins contribute to the
DNA-damage response than was originally thought, and these proteins
are subject to dynamic phosphorylation in response to DNA-damage
signals. Interestingly, there were several cases in which multiple com-
ponents of a given pathway were phosphorylated, leading the authors
to conclude that protein kinases can increase their effect on specific
signalling pathways by simultaneously phosphorylating several nodes.

The authors then rapidly mined their phosphoproteomic data sets,
facilitating the functional annotation of two previously uncharacterized
proteins. One of these proteins, which the authors named abraxas (also
known as CCDC98 and FLJ13614), was identified as a potential ATM
and/or ATR substrate. Abraxas was more heavily phosphorylated in
irradiated cells than in non-irradiated cells, and it formed a complex
with RAP80 (also known as UIMC1) and BRCA1, which was required
for resistance to DNA damage, control of the cycle checkpoint at the
G2-M boundary and repair of DNA®. The other protein, which the
authors named FANCI (also known as KIAA1794), was found to form a
complex with FANCD2, which then localized to chromatin in response
to DNA damage”. Interestingly, a mutation in the gene encoding FANCI
had been causally linked to Fanconi’s anaemia, a syndrome that impairs
development and increases the risk of developing cancer.
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These studies, together with others™ ', underscore the rapid develop-
ment of quantitative mass-spectrometry methods for mapping protein
phosphorylation sites in proteomes. Similar approaches are emerging
for the global analysis of other key protein modifications, including
acetylation®**’, methylation®**, glycosylation® and ubiquitylation®.
We expect that these methods will also help to improve our understand-
ing of the role of post-translational modifications in regulating protein
function in biological systems.

Insulin pathways in Caenorhabditis elegans dauer formation and ageing
Genetic studies in C. elegans have determined that the signalling path-
way involving insulin and insulin-like growth factor has an important
role in regulating lifespan®’. For example, disruption of the C. elegans
receptor DAF-2, which is homologous to the mammalian receptors
for both insulin and insulin-like growth factor 1, extends lifespan and
increases entry to the dauer phase (a phase characterized by delayed
development, which C. elegans can enter if environmental conditions
are unfavourable early in development)®. To understand the molecular
basis of these marked changes in physiology, John Yates and colleagues
carried out a quantitative mass-spectrometry-based proteomic analysis
of wild-type and daf-2 mutant strains of C. elegans®.

Two forms of quantification were used: ratiometric analysis of
proteomes from both wild-type C. elegans and daf-2 mutants with a
reference proteome corresponding to wild-type C. elegans fed on
"N-enriched bacteria”’; and direct spectral counting”" of unlabelled
proteins in wild-type and daf-2 mutant proteomes (Fig. 7a). Together,
these methods identified 86 proteins that were differentially expressed
in daf-2 mutants, 47 that were more abundant and 39 that were less
abundant than in wild-type C. elegans. There were good correlations
between the proteomic data obtained with the two methods, indicating
that either approach can provide an accurate estimate of the relative
levels of proteins in two or more biological samples. The authors verified
their proteomic data by selecting several proteins from wild-type strains
and daf-2 mutant strains for analysis by immunoblotting.

Interestingly, proteins that had similar changes in abundance in
the daf-2 mutant strain tended to show a functional relationship. For
example, as a group, the more abundant proteins tended to have transla-
tion-elongation and lipid-transport functions, whereas the less-abun-
dant proteins were over-represented in the categories of amino-acid
biosynthesis, reactive-oxygen-species metabolism and carbohydrate
metabolism. Yates and colleagues next tested whether these proteins
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Figure 5 | Discovery of an ether-lipid signalling pathway that supports
cancer pathogenesis. a, The general structure and mechanism of action
of ABPP probes are shown, with proteins of various activities in blue

and a probe with a specific reactive group. b, ABPP of a panel of human
tumour cell lines identified an uncharacterized hydrolase, KIAA1363, in
aggressive cell lines from several tumour types. The activity of KIAA1363
increased with the aggressiveness of the cell lines (as determined by in-gel
fluorescence scanning of probe-labelled KIAA1363)*. ¢, Inactivation of

KIAA1363 by the selective inhibitor AS115 (or short hairpin RNA probes)
decreased the abundance of a family of ether lipids, including MAGEs

and alkyl-lysophospholipids (lysophosphatidylcholine (LPC) and LPA), as
determined by LC-MS analysis™. d, These results suggest a model in which
KIAA1363 regulates an ether-lipid pathway that proceeds from MAGEs to
LPC and LPA. Disruption of this lipid network by blockade of KIAA1363
inhibited cancer-cell migration and tumour growth (not shown)™.
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Figure 6 | Identification of candidate ATM and/or ATR substrates
involved in the DNA-damage response. Cells treated with light-isotope-
labelled amino acids were exposed to ionizing radiation, and cells
treated with heavy-isotope-labelled amino acids were maintained under
control conditions. Candidate ATM and ATR substrates were then
identified by trypsin digestion of whole-cell proteomes, followed by
immunoprecipitation with antibodies specific for the consensus ATM and
ATR phosphorylation motif phospho-Ser/Thr-Gln, and then LC-MS/MS
analysis. Phosphoproteins produced in response to irradiation were
identified by ratiometric analysis of mass signals from light-isotope-
labelled cells and heavy-isotope-labelled cells. Many of these proteins were
found to have important roles in the DNA-damage response>.

affected DAF-2-dependent processes such as lifespan. Curiously,
RNAi-mediated knockdown in wild-type C. elegans of the mRNAs enco-
ding proteins that had increased abundance in daf-2 mutants tended
to extend the lifespan further, whereas knockdown of the mRNAs
encoding less-abundant proteins shortened the lifespan of wild-type
C. elegans (Fig. 7b). These results suggest that many of the proteomic
changes observed in daf-2 mutants reflect compensatory changes in
metabolic and/or signalling pathways that limit the impact of loss of
DAF-2 function.

Principal among the observed compensatory pathways was TAX-6
(also known as CNA-1), the C. elegans orthologue of the protein
phosphatase known as calcineurin A. Significantly more TAX-6 was
present in daf-2 mutants than in wild-type C. elegans. In addition, dis-
ruption of the gene encoding TAX-6 (tax-6) produced a similar pheno-
type to loss of DAF-2 (that is, extended lifespan and increased entry to
the dauer phase). Disruption of both fax-6 and daf-2 resulted in even
more marked phenotypes. Collectively, these data indicate that TAX-6
is part of a feedback loop that buffers the effects of DAF-2 on longevity,
through compensatory mechanisms (Fig. 7¢). A provocative extension
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of this idea is that pharmacological strategies to block such compensa-
tory pathways might be useful for extending the lifespan of animals.
From a more technical perspective, this study, together with another
study by Yates and colleagues’, shows that stable isotope labelling can
be applied to intact organisms, as well as to cell-culture preparations,
thus greatly expanding the potential applications of this quantitative
mass-spectrometry-based proteomic method.

Emergent themes for mass-spectrometry-based proteomics
The studies described in this review have several common conceptual
and experimental themes that are instructive for researchers interested
in using mass-spectrometry-based proteomics. First, it is clear that, to
ask specific biological questions, well-configured model systems need to
be established. Proteomic experiments produce large amounts of data.
For these data sets to deliver answers or inspire compelling hypoth-
eses that explain the molecular basis of complex biological processes,
well-designed experimental systems and controls must be incorporated
into the research plan. Not surprisingly, experimental systems often
involve pathophysiological states for which clinical phenotypes are well
described. Using the appropriate controls allows investigators rapidly
to winnow down proteomic observations to a manageable number of
proteins that show changes in abundance, activity or post-translational
modification in the experimental model under study.

If carried out properly, mass-spectrometry-based proteomics experi-
ments should uncover a set of proteins associated with a specific cel-
lular or physiological process. Testing the function of these proteins,
however, requires ‘targeted’ follow-up studies that use complementary
experimental approaches. A second theme is the emergence of RNAi as a
near-universal method to perturb the production of any protein in cells
and organisms, offering researchers a powerful strategy to test the func-
tion of proteins identified in proteomic experiments. RNAi also has the
advantage of operating on a scale that is compatible with screening the
biological function of hundreds to thousands of candidate proteins™”*,
making it an attractive method to rapidly validate targets discovered
in large-scale proteomic endeavours. Perhaps the best way to picture
the growing synergistic relationship between mass-spectrometry-
based proteomic techniques and RNAi techniques is to view the former
approach as a hypothesis-generating engine and the latter as a tool for
testing these hypotheses. In this manner, proteomic observations can
be connected to function or phenotype.

A third common theme among the studies highlighted here is that the
follow-up biological experiments were carried out by the same research
group as the original mass-spectrometry-based proteomics investiga-
tion. Although repositories of proteomic data are undoubtedly useful,
this finding suggests that the primary biological users of proteomic
information are typically the generators of these data. There are several
reasons why this might be the case. First, biologists are inundated with
large-scale data sets, including those that inventory transcript, protein
and metabolite expression, as well as protein—protein interactions and
post-translational modification state. This glut of molecular information
almost certainly has a saturating effect on potential users, who may face
too many candidate targets or pathways to explore. Second, potential
users might be concerned about the quality of mass-spectrometry-based
proteomic data (for example, the number of false-positive and false-
negative results). Follow-up biological studies are not trivial in terms
of cost or time, and having confidence in the quality of the data would
probably lower the ‘activation energy barrier’ for secondary users of
proteomic results. Last, it might simply take more time for secondary
users to incorporate mass-spectrometry-based proteomic data sets into
their biological studies, or secondary users might incorporate data from
proteomic experiments mainly to validate observations from their own
experiments. Thus, there might be particular issues to overcome before
repositories of large-scale proteomic data influence hypothesis-driven
research, which often involves highly specific objectives for which
proteomic data might be too general to address. This situation should
improve as new methods for mining stored proteomic data are devel-
oped. It should also be noted that it is much easier to track scientific
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progress if a common authorship is preserved. We might therefore be
underestimating the number of researchers who have capitalized on
repositories of mass-spectrometry-based proteomic data to gain new
insights into biological systems.

We have highlighted experimental commonalities among mass-
spectrometry-based proteomic studies that made important biological
discoveries; however, there are also some noteworthy differences. For
example, several methods for protein quantification have been used:
these include ICAT™; stable isotope labelling of cells™ and organisms®;
and label-free techniques such as unique peptide number*', protein-
sequence coverage” and spectral counting”*”®. Given that each of these
strategies is generally successful, does there need to be a single form of
data collection and analysis in quantitative mass-spectrometry-based
proteomic experiments? This question can be distilled to the issue of
balancing accuracy and ease of implementation. Label-free methods are
the simplest and most cost-effective to carry out, but they lack the preci-
sion of isotope-labelling techniques. However, as long as researchers are
committed to validating a portion of their proteomic results by using
complementary techniques (for example, immunoblotting or selec-
tive-reaction monitoring), confidence in the overall data sets acquired
with either method should be achievable. These validation experiments
should, for example, readily identify false-positive data, which can be
eliminated from further analysis. False-negative results (that is, changes
that occur but are not detected) are more problematic but are almost cer-
tainly minimized as the accuracy of the quantification method increases.
On this note, the discovery of Tfb5 as a component of TFIIH is worth
revisiting. This protein showed only a twofold increase in ICAT signal
in enriched TFITH complexes™, a signal difference that probably would
not have registered as meaningful if less-accurate (label-free) quantifica-
tion methods had been used. Regardless, in all of the studies highlighted
here, the overall importance of the proteomic data sets was established
by follow-up biological experiments.

Conclusions and future directions

Future technical challenges for mass-spectrometry-based proteomics
mainly relate to the nature of proteins in biological systems. Proteins
have a wide range of abundances, and this is further confounded by the
myriad post-translational modifications that are dynamically regulated
by cellular context and time. To capture the various states of proteins
in a cell fully, proteomes must therefore be sampled in different condi-
tions and at several time points following perturbation. Several tech-
nical aspects of mass spectrometers need to be improved to meet the
demands for higher throughput and proteome coverage without sac-
rificing information content. First, advances in instrument scan speed
would allow more frequent sampling of ions. Higher rates of sampling
would translate into more tandem mass spectra acquired per unit time,
which would, in turn, enable higher-resolution chromatography meth-
ods to be used. Increased sampling rates should also improve dynamic
range, because lower-abundance ions are more likely to be detected.
Second, coupling these changes to continued improvements in sen-
sitivity and mass accuracy measurements, the gain in dynamic range
could be multiplied. Increased resolution and mass accuracy should
also strengthen confidence in peptide identifications and facilitate the
discovery of protein modifications. Third, advances in ‘top-down’ mass
spectrometry for sequence-based characterization of intact proteins
can allow patterns of modifications on a protein to be correlated with
specific activities or functions. At present, top-down mass spectrometry
is most effective for small proteins (< 25kDa) and presents difficulties for
analysing larger proteins’”. Key areas for the improvement of top-down
mass spectrometry are the development of more general fragmentation
methods for large proteins, and of higher-throughput and more-robust
methods to introduce intact proteins into the mass spectrometer. Final
issues to consider relate to the throughput and sample demands of stand-
ard mass-spectrometry-based proteomics experiments. Unbiased, glo-
bal methods such as a two-dimensional liquid-chromatography-based
shotgun proteomics require considerable time (several hours per sample)
and material (>0.1 mg protein per sample). Using other strategies such
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Figure 7 | Discovery of DAF-2-regulated protein pathways that modulate
longevity in Caenorhabditis elegans. a, A quantitative proteomic analysis of
changes in protein abundance was carried out in daf-2 mutant C. elegans, by
using metabolic labelling and MudPIT analysis®. Shown are representative
examples of proteins that either decreased (EFT-2) or increased (TAX-6)

in abundance in daf-2 mutants. b, Follow-up studies on differentially
expressed proteins identified cases in which RNAi-mediated knockdown

of the corresponding mRNAs decreased (EFT-2) or increased (TAX-6) the
lifespan of worms. These results suggest that the proteins participate in
compensatory pathways that limit the effects of daf-2 mutation on longevity
and dauer formation. ¢, A model of how DAF-2-regulated proteins
participate in compensatory pathways that affect longevity was assembled
from the results of these experiments.

as accurate mass tagging and single-ion reaction monitoring of peptides
can increase throughput and reduce sample demands, but they limit
the analysis to peptides or proteins that are known to be present in a
mixture and, therefore, preclude serendipitous discoveries™”. Because
mass-spectrometry-based proteomic methodology continues to develop
at a rapid pace, there is much hope that these and other problems will
be solved.

It is clear that biologists are becoming increasingly savvy users of
mass-spectrometry instrumentation and, conversely, that mass spec-
trometrists are gaining familiarity with other biological techniques.
We therefore expect that distinctions between these types of scien-
tist will soon begin to lose meaning. How long might it be, for exam-
ple, before mass spectrometers stand alongside centrifuges and PCR
machines as core pieces of equipment in every biology lab? Wouldn’t
that be the ultimate sign of biological impact for this powerful analytical
technology? ]
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