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Summary

The availability of complete genome sequences for a
large number of pathogenic organisms has opened
the door for large-scale proteomic studies to dissect
both protein expression/regulation and function. This
review highlights key proteomic methods including
two-dimensional gel electrophoresis, reference
mapping, protein expression profiling and recent
advances in gel-free separation techniques that have
made a significant impact on the resolution of com-
plex proteomes. In addition, we highlight recent
developments in the field of chemical proteomics, a
branch of proteomics aimed at functionally profiling
a proteome. These techniques include the develop-
ment of activity-based probes and activity-based pro-
tein profiling methods as well as the use of synthetic
small molecule libraries to screen for pharmacologi-
cal tools to perturb basic biological processes. This
review will focus on the applications of these technol-
ogies to the field of microbiology.

Introduction

 

With the completion of over 1000 prokaryotic and eukary-
otic genome sequences and hundreds of sequencing
projects currently underway (Celestino 

 

et al

 

., 2004),
researchers are now faced with the daunting task of
assigning function to the thousands of predicted gene
products. While microarray technologies (Shalon 

 

et al

 

.,
1996) provide invaluable information concerning the levels
of global mRNA expression, it is clear that in many cases
mRNA transcripts do not directly correlate with protein
expression (Anderson and Seilhamer, 1997; Gygi 

 

et al

 

.,

1999a). Therefore, the field of proteomics is challenged
with the task of providing both quantitative and functional
data to further complement genomics efforts.

Proteomics is traditionally defined as the analysis of a
complete set of proteins (proteome) of a given cell or
organism. This field has primarily been limited to bulk
identification and/or analysis of protein abundance. The
most cost-effective and simplest way to carry out such an
analysis makes use of two-dimensional gel electrophore-
sis coupled to mass spectroscopy-based sequencing
methods (2DE-MS; Figs 1 and 2). 2DE-MS has been used
extensively in the field of bacteriology to characterize and
compare proteomes of pathogenic bacteria (Langen 

 

et al

 

.,
2000; Vandahl 

 

et al

 

., 2001; Schmidt 

 

et al

 

., 2004), and has
recently found applications in the field of parasitology
(Rout and Field, 2001; Drummelsmith 

 

et al

 

., 2003; Parodi-
Talice 

 

et al

 

., 2004) as more genome sequences of proto-
zoan parasites become available. Recent advances in the
use of multidimensional liquid chromatography-based
separations (Fig. 3) have dramatically improved the scope
and depth of proteomic analysis (Graves and Haystead,
2002) and have been applied to mapping out proteomes
of critical pathogenic organisms such as 

 

Plasmodium fal-
ciparum

 

 (Lasonder 

 

et al

 

., 2002).
While classical proteomic techniques provide methods

to determine the identity and abundance of proteins
within a given proteome, an understanding of protein
function can only be inferred from changes in expression.
In the case of enzymes, activity is often tightly regulated
by a series of post-translational controls and therefore
may not be directly correlated with protein abundance. To
address the need to profile global patterns of enzyme
activity, a new set of proteomic techniques has been
developed that make use of small molecule chemical
probes that provide an indirect readout of enzyme activity
(Fig. 4). Furthermore, several recent large-scale screen-
ing efforts have been used to search for novel pharmaco-
logical tools to assess global protein function in
pathogenic organisms such as 

 

Toxoplasma gondii

 

 (Carey

 

et al

 

., 2004) (Fig. 6). In this review, we describe advances
in the fields of classical and chemical proteomics and
discuss current and future applications to the study of
microbiology.
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Classical proteomics: variations on a theme

 

The field of proteomics was established over a decade
ago with the development of facile mass spectrometry-
based protein sequencing methods coupled with methods
to resolve protein mixtures using a variety of gel-based
and chromatographic techniques. The critical parameter
that has dictated the success or failure of this field is the
ability to resolve individual proteins in complex mixtures.
One of the most effective ways to separate proteins in a
complex mixture is by the use of two-dimensional (2D)
gel-based electrophoretic separations (Pandey and Mann,
2000) (Fig. 1). Using these methods proteins are sepa-
rated according to net charge in the first dimension (iso-
electric focusing, IEF) and by molecular weight in the
second dimension (SDS-PAGE) (O’Farrell, 1975). 2DE
has the ability to resolve a large number of proteins includ-
ing those with post-translational modifications (which
often cause a change in charge and/or apparent molecu-
lar weight) as well as unique forms of proteins that result
from differential mRNA splicing or proteolysis (Anderson
and Anderson, 1998; Cordwell 

 

et al

 

., 2001). Following
separation on 2D gels, proteins are stained to allow visu-
alization, excised as gel pieces and digested in-gel with
trypsin. The resulting tryptic peptides can then be
extracted from the gel slice and sequenced using mass-
spectrometry-based sequencing methods followed by
identification of proteins by database searching. In gen-
eral, 2DE-MS methods are used for two primary pur-

poses: reference mapping and protein expression profiling
(Cordwell 

 

et al

 

., 2001) (Fig. 2).

 

Reference mapping

 

The goal of reference mapping is to define the identity and
location on an index map of as many proteins of an organ-
ism as possible (Fig. 2) (Cordwell 

 

et al

 

., 2001). This index
map then provides a point of reference for experiments
aimed at studying the response of a given organism to
various external stimuli. Reference mapping has been
extensively used in the field of bacteriology and reference
maps have been completed for a number of important
human pathogens (Langen 

 

et al

 

., 2000; Vandahl 

 

et al

 

.,
2001; Cho 

 

et al

 

., 2002; Cohen 

 

et al

 

., 2002; Drummelsmith

 

et al

 

., 2003; Parodi-Talice 

 

et al

 

., 2004). One of the most
comprehensive reference maps completed to date is that
of 

 

Haemophilus influenzae

 

 covering nearly 33% of its
open reading frame (Bumann 

 

et al

 

., 2001). The success
of reference mapping of important pathogenic bacteria is
a direct result of the completion of sequencing of more
than 172 prokaryotic genomes coupled with more than
500 sequencing projects currently underway (Celestino

 

et al

 

., 2004).
On the other hand, there are currently only 20 genome

sequencing projects underway for protozoan parasites
(http://www.ncbi.nlm.nih.gov/genomes/static/EG_T.html)
with only one complete genome sequenced, that of 

 

P.

 

Fig. 1.

 

Classical proteomics methods – 2DE-MS. Proteins are separated based on net charge by isoelectric focusing (IEF) in the first dimension. 
During this phase, proteins migrate towards the charged electrode through the gel strip containing a specific pH gradient until they reach their 
isoelectric point (pI), at which point they carry no net charge. Following isolectric focusing, proteins are further separated in the second dimension 
based on their molecular weight using standard SDS-PAGE. Gels are then stained to identify protein spots and individual spots (shown with red 
circle) are excised from the gel, trypsin-digested and extracted peptides are sequenced using tandem mass-spectrometry. In the first MS analysis, 
peptides are ionized and resolved on the basis of mass to charge ratio (MS). From the resulting mass spectrum, parent ions (red peak) are 
selected for MS/MS analysis. These ions are passed through a collision cell where they undergo fragmentation along the peptide backbone to 
produce a predictable pattern of fragments (MS/MS). Differences in fragment ion masses in the MS/MS spectra (see double-headed arrow) can 
be used to determine the sequence of peptides from the target protein. MS/MS fragment profiles can be used to directly search databases for 
predicted peptide matches.
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Fig. 2.

 

Classical proteomics methods – reference mapping. Reference mapping (left) involves identification of all resolvable proteins on a 2D gel. 
The main goal is to determine both the identity and the location of proteins (in this example proteins X, Y and Z) in individual organisms. 
These reference maps can then be used as the basis for protein expression profiling (PEP; right). PEP compares either differences in proteomes 
of different organisms or differences in protein expression of a single organism under different stimuli (right). This allows visualization of both the 
downregulation (dotted red circles) and upregulation (blue circles) of proteins under different conditions.

vs.

No stimulus
2D SDS-PAGE

Reference Mapping

Protein Expression Profiling

Stimulus
2D SDS-PAGE

Protein X

Protein Z

Protein Y

- +pH

M
o

le
cu

la
r

w
ei

g
h

t

2D SDS-PAGE
Organism A

Protein X

Protein Y

Protein Z

- +pH

M
o

le
cu

la
r

w
ei

g
h

t

2D SDS-PAGE
Organism B

 

Fig. 3.

 

Classical proteomics methods – gel-free methods. Complex protein mixtures are denatured and digested in solution with trypsin. Peptides 
are subsequently separated by two-dimensional liquid chromatography and directly analysed by mass spectrometry. Peptides are first separated 
via an ion exchange column where peptides are eluted by stepwise increases in salt concentrations. Eluted proteins bind to an in-line reverse-
phase C18 column and are eluted based on increasing hydrophobicity. Resulting MS/MS spectra, obtained over the lifetime of the chromatographic 
separation, are compiled and used to identify proteins in the complex starting sample.
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falciparum

 

 (Gardner 

 

et al

 

., 2002). This lack of available
sequence information has proven to be a bottleneck in the
characterization of parasitic proteomes. Recently, large-
scale efforts have been made to characterize the com-
plete proteomes of several important parasites including

 

P. falciparum

 

 (Lasonder 

 

et al

 

., 2002), 

 

Trypanosoma cruzii

 

(Parodi-Talice 

 

et al

 

., 2004), 

 

Trypanosoma brucei

 

 (van
Deursen 

 

et al

 

., 2003) and 

 

Leishmania

 

 sp. (Drummelsmith

 

et al

 

., 2003). As many of the genomes remain incomplete,
identification of proteins resolved by 2DE often relies on
incomplete genomes and close sequence homology
between related species. In the case of 

 

Leishmania mex-
icana

 

, identification of 47 proteins of the 2000 mapped by
2DE relied heavily on the genome sequence of the closely
related 

 

Leishmania major

 

 (Nugent 

 

et al

 

., 2004). With more
attention focused on the global health importance of par-
asitic diseases, it is likely that significant headway will be
made in the area of proteome mapping in the near future.

 

Protein expression profiling

 

Reference mapping provides the basis for identifying pro-

teins of interest in pathogenic microorganisms through
protein expression profiling (PEP; Fig. 2) (Cordwell 

 

et al

 

.,
2001). Proteins from an organism exposed to different
stimuli are resolved on separate 2D gels and the gels are
subsequently analysed using computer software to iden-
tify changes in protein expression in the two samples.
PEP has been used for identification of proteins that are
regulated in antibiotic resistant pathogens (McAtee 

 

et al

 

.,
2001; Drummelsmith 

 

et al

 

., 2003), comparison of protein
expression as a result of external stimuli (Guina 

 

et al

 

.,
2003; Kan 

 

et al

 

., 2004; Nirmalan 

 

et al

 

., 2004), mapping
responses to antibiotics (Evers 

 

et al

 

., 2001; Gmuender

 

et al

 

., 2001; Singh 

 

et al

 

., 2001) and identification of life
cycle/stage-specific proteins of protozoan parasites
(Carucci 

 

et al

 

., 2002; El Fakhry 

 

et al

 

., 2002; Bente 

 

et al

 

.,
2003; Gongora 

 

et al

 

., 2003; Curwen 

 

et al

 

., 2004; Paba

 

et al

 

., 2004a).
The evolutionary success of bacteria is highly dependent

on their ability to adapt to multiple environmental stresses
including oxygen and nutrient supply, pH and naturally
occurring antibiotics (Cordwell 

 

et al

 

., 2001). Moreover,
many synthetic antibiotics mimic naturally occurring
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Fig. 4.

 

Activity-based profiling of enzyme tar-
gets in complex proteomes. The use of activity-
based probes significantly simplifies a complex 
proteome allowing the analysis of a specific 
set of protein activities (also referred to as the 
functional proteome). A complex proteome is 
labelled with an ABP (in this example, the gen-
eral cysteine protease probe, DCG-04; Green-
baum 

 

et al

 

., 2000). Proteins are separated by 
2DE (or 1DE) and only active enzymes visual-
ized by the probe tag (biotin, fluorophore or 
radiolabel). Proteomes can be probed under 
varying conditions/stimuli in order to determine 
changes in protein activity. Increases in spot 
(or band) intensity (red circles) correlate with 
increased protein activity. A decrease in spot 
intensity (blue circle) or the disappearance of 
spots (dotted blue circles) correlates with a 
decrease and disappearance of protein activity 
respectively. Spot intensities can be directly 
quantified and compared with spot intensities 
under native conditions to determine relative 
changes in protein activity.
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stresses (i.e. oxazolidinones simulate starvation by inhib-
iting protein synthesis; Mukhtar and Wright, 2005). To this
end, understanding proteome changes in response to dif-
ferent external stimuli can identify various regulatory mech-
anisms as well as potential targets for the development of
novel drug therapies. For example, 

 

Vibrio cholera

 

 causes
severe diarrhoeal disease in humans resulting from bac-
terial colonization of the small intestine and release of
cholera toxin. 

 

V. cholerae

 

 has two predominant habitats:
the natural environment (highly aerobic) and the human
small intestine (highly anaerobic). A comparative 2DE-MS
analysis of 

 

V. cholera

 

 grown in aerobic versus anaerobic
conditions was recently performed to identify proteins dif-
ferentially expressed between the two environments (Kan

 

et al

 

., 2004). Approximately 244 proteins were found to be
differentially regulated, of which several were identified as
motility factors suggesting that the bacteria use a con-
trolled change in motility during colonization, multiplication
and spread within the human host. This study provides the
starting point for future studies aimed at understanding 

 

V.
cholera

 

 pathogenesis and vaccine development and intro-
duces some potentially important new antibiotic targets.

In addition to understanding microbial response to
external stimuli, PEP has proven invaluable in identifying
novel drug targets of protozoan parasites and understand-
ing mechanisms of drug resistance. 

 

Leishmania

 

 sp. have
been used extensively in the field of parasite proteomics
due to the availability of a near-complete 

 

L. major

 

 genome
and the ease with which it can be cultured and manipu-
lated (Drummelsmith 

 

et al

 

., 2003). 

 

Leishmania donovani

 

causes a variety of diseases in humans, several of which
can be fatal. 

 

L. donovani

 

 is a vector-borne parasite that
cycles between the definitive fly host (promastigote stage)
and the mammalian host (amastigote stage). Sixty-seven
proteins were identified by PEP to be differentially
expressed between the two stages (Bente 

 

et al

 

., 2003).
Of these, 41 matched proteins of known function in the 

 

L.
donovani

 

 database and could be separated into five func-
tionally distinct categories: (i) stress response proteins
(i.e. HSP60, HSP70), (ii) cytoskeleton and cell membrane
associating proteins (i.e. 

 

a

 

- and 

 

b

 

-tubulin, ArfGap, eno-
lase), (iii) proteins involved in energy metabolism and
phosphorylation (i.e. aldolase, F1-ATPase, arginine
kinase), (iv) cell cycle and proliferation-associated pro-
teins (i.e. Ran-binding protein, negative regulator of
cdc42p, replication factor A) and (v) proteins involved in
amino acid metabolism (i.e. alanine transaminase). One
of the major limitations of this study and similar studies in
other pathogenic organisms is the identification of mainly
cytosolic proteins, thereby excluding potentially important
extracellular membrane proteins involved in host–patho-
gen interactions. However, these studies do shed some
light on pathways used by the parasite to productively
infect a host organism.

 

Limitations of 2DE-based proteomics

 

Bottlenecks in proteome mapping occur as a result of the
inability of 2D gels to adequately resolve several classes
of proteins including very large or small proteins, mem-
brane-associated proteins, extremely hydrophobic, acidic
or basic proteins and proteins found in low abundance
within the cell (Corthals 

 

et al

 

., 2000; Gygi 

 

et al

 

., 2000a;
Graves and Haystead, 2002). Even with advances in pro-
tein staining techniques including the use of fluorescent
dyes with increased sensitivity (Lopez 

 

et al

 

., 2000; Berg-
gren 

 

et al

 

., 2002) and the introduction of specialized pH
gradients allowing for increased resolution (Bjellqvist 

 

et al

 

.,
1993), a high percentage of proteins within an organism
cannot be mapped and identified using 2DE-MS. In addi-
tion to technical difficulties in resolving proteins, 2DE gels
are also extremely labour intensive requiring several sep-
arations for comparative analyses. Furthermore, 2D gels
methods are not easily adapted to automation (Gygi 

 

et al

 

.,
2000a; Graves and Haystead, 2002).

 

Technological advances in proteomic methods

 

Differential gel electrophoresis (DIGE)

 

The introduction of differential gel electrophoresis (DIGE)
(Tonge 

 

et al

 

., 2001) has addressed some of the pitfalls
and limitations of classical protein expression profiling.
This technique makes use of fluorescent dyes that
covalently modify all proteins in a given proteomic sample.
Using two fluorescent dyes with non-overlapping excita-
tion and emission profiles it is possible to label two distinct
proteomes that can then be compared on a single gel by
mixing the samples. This method allows comparative
studies using a single gel separation and solves issues
associated with lack of run-to-run reproducibility of 2D
gels (Tonge 

 

et al

 

., 2001; Gharbi 

 

et al

 

., 2002). This tech-
nique has been successfully applied to the study of pro-
tein processing events involved in invasion of host cells
by the protozoan parasite 

 

T. gondii

 

 (Zhou 

 

et al

 

., 2004).
The protein complex MIC2/M2AP is proteolytically pro-
cessed at several points along the secretory pathway and
at the parasite surface culminating in a final cleavage
event at the parasite surface (Carruthers 

 

et al

 

., 2000). This
key processing step releasing the complex from the par-
asite surface is accomplished by an as of yet unidentified
protease, MPP1. In an effort to identify substrates of a
second unrelated surface shedding activity termed MPP2,
a 2D-DIGE method was used to compare parasites
treated or not treated with the tripeptide aldehyde Ac–
Leu–Leu–norLeucinal (ALLN) protease inhibitor (Zhou

 

et al

 

., 2004). This study confirmed that in addition to pro-
cessing MIC2 and M2AP, MPP2 also appears to be
responsible for processing MIC4 and SUB1.
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Simplification of the proteome: LC/MS/MS and MuDPIT

 

The current trend in proteome mapping is to simplify the
proteome from a complete proteome to a partial or
enriched proteome, thus resolving some of the limitations
in resolution and identification of proteins in highly com-
plex samples (discussed below). This subproteome is
often a fraction contained within a specific subcellular
organelle(s) of interest. For example, membrane and
extracellular proteins are likely to be of interest for drug
development strategies as these proteins are often
directly involved in host–pathogen interactions (Cordwell

 

et al., 2001). Additionally, to address some of the limita-
tions of protein resolution of 2D gels, several gel-free
techniques have been developed. These include direct
liquid chromatography separation of tryptic peptides
coupled to tandem mass spectrometry (LC/MS/MS)
(McCormack et al., 1997) and multidimensional liquid
chromatography coupled to MS/MS analysis (MuDPIT)
(Washburn et al., 2001; Wolters et al., 2001). While these
are powerful methods there are some limitations of LC-
based proteomic methodologies including the need for
highly advanced instrumentation that many groups may
not be able to access directly, and the limited ability to
detect protein subspecies resulting from differential splic-
ing or post-translational modification. To circumvent these
limitations, several studies have used subcellular fraction-
ation followed by simple one-dimensional (1D) LC/MS/MS
to identify proteins of a specific organelle or subproteome
(Jefferies et al., 2001; Bromley et al., 2003; Blonder et al.,
2004; Sam-Yellowe et al., 2004; Tjalsma et al., 2004;
Calvo et al., 2005) in an effort to identify new targets for
drug development.

In one of the most comprehensive analyses of the cell
membrane proteome of Pseudomonas aeruginosa to
date, 786 cell membrane-associated proteins were iden-
tified (Blonder et al., 2004). Significantly, these studies
identified a potentially novel penicillin amidase as well as
the mexB transporter, both of which are involved in anti-
biotic resistance and the former of which may prove to be
a target for the development of novel drug therapies. Fur-
thermore, many parasites express proteins on the surface
of host cells in order to control immune responses and
cell adhesion. These proteins may also prove to be rele-
vant targets for vaccine and drug development.

Direct LC/MS/MS methods have also been used to
identify proteins expressed at the surface of erythrocytes
infected by P. falciparum (Florens et al., 2004). These
studies identified two novel proteins, PIESP1 and
PIESP2, conserved across Plasmodium species that are
likely to be candidates for drug development due to their
broad expression across various Plasmodium isolates.

While a somewhat challenging technique, MuDPIT has
proven useful in extending the fraction of the proteome

capable of being analysed (Fig. 3). The use of two dimen-
sional (cation exchange and reverse phase) chromato-
graphic separation coupled to MS/MS analysis provides
additional resolution for proteome mapping (Washburn
et al., 2001). A large-scale effort to identify the proteomes
associated with the four primary life cycle stages of
P. falciparum (sporozoites, merozoites, trophozoites and
gametocytes) succeeded in mapping over 2400 proteins.
These proteome maps identified sets of proteins that were
differentially expressed between the four stages. Interest-
ingly, nearly 350 hypothetical integral membrane proteins
and cytoplasmic proteins with signal sequences were
identified. These are of great interest to the research
community as they represent candidate targets for novel
drug development (Florens et al., 2002).

MuDPIT has also been used to identify proteomes of
subcellular organelles. Many of the Apicomplexan para-
sites have specialized secretory organelles including
micronemes, rhoptries and dense granules that contain
the majority of their proteins involved in host–pathogen
interaction (Dubremetz et al., 1998). One such study
focused on identifying the protein reportoire of the Plas-
modium merozoite rhoptry organelle (Sam-Yellowe et al.,
2004). Rhoptries are involved in erythrocyte invasion by
the merozoite form of the parasite; however, relatively few
rhoptry proteins have been identified. Following subcellu-
lar fractionation to isolate rhoptry organelles, bioinfor-
matic and proteome analysis identified 36 proteins
including known rhoptry proteins, proteases and proteins
involved in lipid metabolism. These studies have shown
that by making the proteome map less complex it is pos-
sible to identify low abundance and membrane-associ-
ated proteins and to correlate previously unidentified
proteins with likely subcellular localizations thus facilitat-
ing their functional characterizations. While this is a pow-
erful method for identification of subproteomes, the
relevance of the results are dependent on the quality of
fractionation protocols and controls used as organelle
markers.

Quantitative proteomics

While 2DE-MS has been used for qualitative and quanti-
tative proteome analysis it is often difficult to obtain direct
and accurate quantitative information from gel-based
methods. Direct quantitative analysis of proteins sepa-
rated by 2DE requires a high degree of reproducibility,
something that is often difficult to achieve due to the
parallel nature of 2DE. In addition, proteins can only be
quantified if their abundance falls within the dynamic
range of the protein staining/detection method used and
only spots representing one protein species can be con-
sidered for quantitative analysis (Adam et al., 2002a;
Schmidt et al., 2004). Combined, these limitations have
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hindered direct quantitative analysis of protein abundance
by classical proteomic methods.

Isotope-coded affinity tagging (ICAT) reagents were
recently developed for the simultaneous accurate quanti-
fication and identification of proteins within a complex
proteome (Gygi et al., 1999b). ICAT reagents consist of a
cysteine reactive moiety, a biotin affinity tag for isolation
and purification of tagged peptides and a linker region
consisting of either eight hydrogens (light tag) or eight
deuteriums (heavy tag) (Gygi et al., 1999b; Moseley,
2001; Adam et al., 2002a). In a typical experiment, two
complex proteomes of interest are labelled with the light
and heavy ICAT reagents, respectively, mixed and then
subjected to in-solution tryptic digestion followed by LC/
MS/MS. Peptides are quantified in the MS mode based
on relative signal intensities of identical peptides labelled
with either the heavy or light form of the ICAT reagent.
This approach offers several advantages over 2DE tech-
niques by circumventing the need for gel-based separa-
tion (Moseley, 2001; Gygi et al., 2002; Schmidt et al.,
2004). ICAT reagents have been used successfully to
quantify proteome changes in developmental stages and
responses to external stimuli of several bacterial and par-
asitic pathogens. One such study compared the trypo-
mastigote and amastigote stages of T. cruzi (Paba et al.,
2004b). As expected, proteins involved in structural
changes were found to be differentially expressed
between stages. In particular, the loss of PAR (paraflagel-
lar rod) proteins was observed in amasitogotes. Further-
more, cruzain, the major cysteine protease activity in T.
cruzi, showed higher expression in amastigotes. Cruzain
has been shown to be involved in mediating critical cal-
cium-signalling in host cells involved in invasion.

Isotope-coded affinity tagging reagents have also been
used to analyse the proteome of Mycobacterium tubercu-
losis (Schmidt et al., 2004). Comparing virulent and atten-
uated strains, these studies identified three proteins
(Rv0223c, Rv1513 and Rv0570) that were unique to the
virulent strain representing potential candidate vaccine
and therapeutic targets. Moreover, of clinical relevance,
proteins encoded by two additional genes (Rv2935 and
Rv2940c) previously implicated in virulence of M. tuber-
culosis were found to be upregulated in the attenuated
strain. These differential expression patterns in the two
strains highlight the unique regulatory mechanisms that
are in use.

Isotope-coded affinity tagging reagents have under-
gone several improvements (Smolka et al., 2001; 2002;
Patel and Perrin, 2004; van Swieten et al., 2004) since
their emergence in the late 1990s including the develop-
ment of fluorescent (visible) ICAT reagents (Bottari et al.,
2004; Lu et al., 2004), cleavable ICAT reagents (Hansen
et al., 2003; Li et al., 2003; Yi et al., 2005) and incorpora-
tion of different reactive moieties (Moseley, 2001). How-

ever, the current available ICAT reagents suffer from
several weaknesses (Gygi et al., 2000b; Hamdan and
Righetti, 2002; Smolka et al., 2002). The primary limitation
of ICAT reagents is the requirement of a free cysteine on
the protein being labelled. It is estimated that as much as
20% of any given proteome lacks a free cysteine residue
making these proteins transparent to ICAT analysis. In
addition, ICAT methods do not provide information about
post-translational modifications such as phosphorylation.
Moreover, as highlighted in the analysis of the M. tuber-
culosis proteome, ICAT methods show preference for
high-molecular-weight proteins while 2DE-MS shows a
preference for low-molecular-weight proteins and cys-
teine-free proteins. Of the hundreds of proteins identified
by ICAT LC/MS/MS and 2DE-MS only 27 were common
to both data sets (Schmidt et al., 2004). This highlights the
importance of using complementary analysis methods to
maximize proteome coverage.

Chemical proteomics: it’s all about activity!

While classical proteomic techniques have found useful
applications in the field of microbiology over the past
decade, these methods only provide information regard-
ing identity and abundance of proteins. Additionally most
classical proteomic techniques do not allow direct assess-
ment of post-translational regulation by factors such as
protein–protein and/or protein–inhibitor interactions so
they often fail to provide an understanding of global pro-
tein function (Gygi et al., 1999a). In particular, many enzy-
matic proteins such as proteases are synthesized as
precursor (zymogen) forms that must be post-translation-
ally activated resulting in activity profiles that are often
poorly correlated with overall abundance. In order to
address this limitation in classical proteomic methods, the
field of chemical proteomics has recently been estab-
lished as a means to profile global patterns of enzyme
activity through the use of synthetic small molecules
known as activity-based probes (ABPs) (Cravatt and
Sorensen, 2000; Greenbaum et al., 2002a). These chem-
ical reagents can be designed to target a distinct subset
of enzymatic targets and facilitate identification as well as
activity-based protein profiling (ABPP) of enzymes in
complex proteomes. These methods have proven to be a
powerful addition to the proteomics toolbox, however, as
with the use of any kind of small molecule tool there exists
the possibility of off-target effects that are difficult to
resolve. Generally, these issues can be addressed with
detailed follow-up studies using classical genetics and
biochemistry and by using multiple classes of probes that
modify the same enzyme target.

The central component of this method is the ABP which
consists of three basic structural elements: a reactive
group (or ‘warhead’), a linker/specificity region and a tag
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region (Jeffery and Bogyo, 2003). The warhead group
serves as the key functional element that directs covalent,
activity-dependant modification of a target enzyme or
enzyme family. The linker region serves as a scaffold for
attachment of functional groups that direct the selectivity
of the probe and the tag is used to visualize the resulting
modified target enzymes. A number of different warheads,
linkers and tags have been used and are the focus of
several other extensive reviews (Adam et al., 2002a; Jef-
fery and Bogyo, 2003; Berger et al., 2004; Speers and
Cravatt, 2004). Two basic approaches have been taken in
the design of ABPs: a directed approach aimed at design-
ing probes to target a specific enzyme or class of enzymes
and a non-directed approach aimed at characterizing
enzyme families for which selective active-site reagents
have not yet been identified. In both cases, the ABP pro-
vides a facile means to simplify a complex proteome into
a ‘functional’ proteome thus allowing a focused look at
regulation of a small set of enzymatic targets (Fig. 4).

The design and synthesis of activity-based probes

Directed approach

The design and synthesis of directed ABPs has capital-
ized on the wealth of information resulting from medicinal
chemistry efforts aimed at developing selective inhibitors
for a number of enzyme families. Thus, it is possible to
use well-established chemistries to target a number of
enzymes. Often, creation of a chemical probe requires no
more than simply tagging a covalent inhibitor whose
selectivity and reactivity have already been defined. In
other cases, extensive synthetic chemistry efforts are
required to develop probes with the necessary reactivity,
selectivity and labelling characteristics. To date a range of
directed ABPs have been developed to target serine
hydrolases (Liu et al., 1999; Kidd et al., 2001), caspase
family cysteine proteases (Thornberry et al., 1994; Faleiro
et al., 1997; Winssinger et al., 2002), papain family cys-
teine proteases (Bogyo et al., 2000; Greenbaum et al.,
2000), metalloproteases (Chan et al., 2004; Saghatelian
et al., 2004), phosphatases (Lo et al., 2002), the protea-
some (Bogyo et al., 1997; Kessler et al., 2001; Nazif and
Bogyo, 2001) and the ubiquitin-specific proteases (Boro-
dovsky et al., 2002; 2005; Hemelaar et al., 2004; Ovaa
et al., 2004). These reagents have been applied to a num-
ber of important biological studies that have led to a
greater understanding of protein function on a global
scale. Some examples of these applications are dis-
cussed below.

Non-directed approach

While directed ABPs have proven useful for the study of

several key enzyme families, they are limited on a broader
scale by the fact that selective affinity labels have not been
identified for a large number of proteins/protein families.
The purpose of a non-directed approach is to expand the
number of targets that can be profiled using ABPs (Adam
et al., 2001; Speers and Cravatt, 2004). Using combina-
torial approaches it is possible to begin to generate
diverse sets of potential probes that can then be applied
to profiling experiments in complex proteomic samples.

One effort to identify novel chemical proteomic tools
made use of a library of probes containing a sulphonate
ester reactive moiety (Adam et al., 2002b). This warhead
was selected because of its moderate reactivity and ease
of synthesis. The primary functional groups attached to
the warhead were varied using a combinatorial approach.
Proteins labelled by these probes in an activity-dependant
manner could be easily identified by affinity isolation fol-
lowed by mass spectrometry-based sequencing. Initial
studies identified six mechanistically distinct enzyme fam-
ilies including epoxide hydrolases, aldehyde dehydroge-
nases, thiolases, NAD/NADP-dependant oxidoreductases
and enoyal coA hydratases that were not targeted with
other directed ABPs.

To address some of the limitations in structural diversity
of the sulphonate ester-based ABPs, a second study
developed ABPs containing an a-chloroacetamide (a-CA)
reactive group linked to a range of dipeptide scaffolds
(Barglow and Cravatt, 2004). Again, the a-CA functional
group was chosen as a warhead because of its relatively
mild reactivity and because carbon electrophiles have
been shown to have no strong bias towards a particular
active-site functional group. Therefore, a set of diverse
protein families could be labelled by these non-directed
probes. Profiling of complex proteomes derived from tis-
sue samples and cell lines produced distinct reactivity
profiles and showed little overlap with the sulphonate
ester library. Thus, the two libraries target unique subsets
of the proteome.

Applications for activity-based probes

The successful development of a number of novel ABP
families has led to the parallel development of a range of
applications for these probes. Several strategies aimed at
identifying novel candidate drug targets (target discovery)
and chemical inhibitors of these targets (inhibitor discov-
ery) have been introduced.

Target discovery

With the rise of drug resistance, there is an urgent need
to identify microbial targets for the development of novel
drug therapies and vaccines. There is a growing trend to
shift from identifying compounds that simply kill a microbe
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to identifying compounds that target and inactivate a fac-
tor specifically involved in pathogenesis (Brotz-Oesterhelt
et al., 2005). The rationale for such a shift in focus is that
by targeting non-essential proteins required for pathogen-
esis but not basic survival the microbe will be less likely
to  develop  resistance  to  the  drug.  To  this  end, there is
a need for methods for rapid target identification and
characterization.

Activity-based probes can be used to profile the activi-
ties of several protein targets in a single experiment
without the need to generate reagent quantities of recom-
binant enzymes. In an example of the use of ABPs to
study pathogens, a general cysteine protease probe,
DCG-04 (Greenbaum et al., 2002b), was used to profile
cysteine protease activities in the human malarial para-
site, P. falciparum. Initial profiling efforts identified four
proteases including falcipain-1, -2, -3 and a cathepsin C-
like protease. Falcipain-1 was the first cysteine protease
cloned from P. falciparum; however, biochemical and func-
tional analyses had been limited due to difficulties in the
recombinant expression of this protease (Rosenthal and
Nelson, 1992). A falcipain-1-specific inhibitor, YA29-
Eps(S,S), was identified by screening a set of epoxide-
based positional scanning libraries (PSLs, discussed fur-
ther below) in crude parasite extracts (Greenbaum et al.,
2002b). This compound was then used in parasite culture
models to propose a potential role for falcipain-1 in ery-
throcyte invasion by merozoites, making it an ideal target
for future development of novel anti-malarial drug
therapies.

Activity-based probes have also been used to charac-
terize the major cysteine proteases of T. brucei (Caffrey
et al., 2001). An 125I-tagged version of the covalent inhib-
itor LHVS-PhOH was used to identify rhodesain as the
predominant cysteine protease activity in T. brucei. Addi-
tionally, a series of irreversible cysteine protease inhibitors
including peptide vinyl sulphones, chloromethylketones,
diazomethylketones and fluoromethylketones were tested
against the blood form of T. brucei in vitro (Troeberg et al.,
1999). Biotinylated ABP versions of those found to be anti-
trypanosidal were used to identify the likely protease tar-
gets of the respective inhibitors. At least one of these
target proteases, trypanopain-Tb, is a potential target for
development of novel drug therapies. Additionally, a series
of peptide vinyl sulphone ABPs were used to extensively
characterize the proteasome of T. brucei (Wang et al.,
2003). These studies highlighted differences in the sub-
strate and inhibitor specificities of the parasite enzyme
relative to the human enzyme that could potentially be
used to create novel anti-parasite agents.

Inhibitor discovery

One of the most useful applications for ABPs is in screen-

ing large sets of inhibitor libraries against multiple enzyme
targets within a crude proteome (Greenbaum et al.,
2002a). Screening in crude cell extracts allows for rapid
identification of lead compounds for endogenously
expressed protease targets with minimal effort and no a
priori knowledge of the inhibitor targets. PSLs of small
molecule inhibitors have been developed in an effort to
identify specific inhibitors of the papain family of cysteine
proteases (Greenbaum et al., 2002a,c). These PSLs were
created by fixing one residue of the inhibitor while varying
the other positions as a mixture of all the natural amino
acids. Thus, information regarding the overall specificity
of each residue could then be combined to generate
selective inhibitors. Screening of the libraries was accom-
plished using an indirect competition assay in which a
crude proteome is treated with a mixture library and the
potency and selectivity determined by labelling of residual
active enzymes with a general ABP (Fig. 5). The ability to
inhibit active-site labelling of each target in the proteome
is measured as a per cent competition value relative to an
untreated control. PSLs have been used to identify inhib-
itors of rat liver cathepsins (Greenbaum et al., 2002c) and
of P. falciparum cysteine proteases (Greenbaum et al.,
2002b). Furthermore, similar approaches can be used to
screen diverse libraries of individual inhibitors (Leung
et al., 2003).

Direct competition screening offers several advantages
over classical substrate-based kinetic assays. First, it
bypasses the need for reagent quantities of recombinant
proteins and allows screening of uncharacterized targets
in complex proteomes. Furthermore, it allows the analysis
of multiple enzymes in a single assay without the need to
optimize conditions for each target (Adam et al., 2002a;
Greenbaum et al., 2002a; Speers and Cravatt, 2004). In
addition, PSLs enable affinity fingerprinting, which can be
used to create a database of reference affinity patterns
for known enzymes. Such a database can then be used
to classify unknown proteases from complex proteomes
by comparison of their affinity fingerprints (Greenbaum
et al., 2002c).

Chemical genetics: small molecules as tools for 
functional analysis

For many years the pharmaceutical industry has made
use of high-throughput screens for inhibitors in the discov-
ery of novel therapeutic agents for the treatment of dis-
ease and infections (Crews and Splittgerber, 1999).
Typically, a diverse small molecule library is screened
against a single well-characterized target. Recently, this
strategy of high-throughput screening has been adapted
to the discovery of small molecules that can be used as
tools for dissecting protein function, a field often referred
to as chemical genetics (Ward et al., 2002). Chemical
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genetics is akin to classical genetics in that there are two
predominant approaches: forward and reverse genetic
strategies (Fig. 6). Forward chemical genetic (or pheno-
type-based) screens involve screening small molecule
libraries for phenotypic effects in a biological assay of
interest followed by subsequent identification of targets
responsible for the observed phenotype. In a reverse
chemical genetic (or target-based) screen, small molecule
libraries are screened against a single protein target to
identify selective inhibitors that can be used in pharmaco-
logical studies to assign functional roles to the protein of
interest (Ward et al., 2002; Khersonsky and Chang,
2004).

These chemical genetics strategies offer several advan-
tages over classical genetic and biochemical techniques.
First, forward chemical genetic strategies identify com-
pounds capable of perturbing key biological processes
without knowledge of protein targets. Additionally, the use
of small molecule inhibitors bypasses the need to genet-
ically disrupt (knock down or knock out) genes of interest
(Ward et al., 2002). The process of gene disruption can
often be tedious and time-consuming and results can be
difficult to interpret in cases where there are genes that
perform similar functions and/or enable the organism to
develop alternate survival strategies. Moreover, several
organisms such as P. falciparum remain difficult to manip-
ulate genetically (de Bruin et al., 1992) and essential
genes in haploid organisms such as T. gondii (Boothroyd
et al., 1997; Black and Boothroyd, 2000) cannot be stud-
ied using gene disruption techniques. To this end, chem-
ical genetics offers an alternate strategy for studying
protein function in a highly controlled manner.

This technique has been employed successfully in sev-
eral mammalian systems to identify compounds that block
protein–protein interactions important in cell signalling
(Roehrl et al., 2004), cytokinesis (Eggert et al., 2004),
endocytic trafficking (Nieland et al., 2004), mitosis and cell
migration (Yarrow et al., 2003a,b) and DNA binding
(Shipps et al., 1997). While chemical genetics has found
widespread use in mammalian systems, it has only
recently been employed in the field of microbiology. The
majority of chemical genetic screens performed in micro-
bial systems have focused on identifying small molecules
that show general cytotoxic effects on microbes or that
inhibit growth (Ward et al., 2002). More recently, the first
high-throughput screen for small molecules capable of
perturbing biological processes of the intracellular proto-
zoan parasite, T. gondii, was performed (Carey et al.,
2004). In this study, a high-throughput microscopy-based
assay was developed to screen 12 160 structurally
diverse small molecules. This study identified several
inhibitors that perturbed various aspects of the invasion
process including motility, secretion and conoid extension.
These newly identified small molecules are likely to be

Fig. 5. Application of activity-based probes (ABPs) for indirect com-
petition studies with small molecules. ABPs are useful tools for deter-
mining selectivity and potency of small molecule inhibitors. This 
approach has the advantage of being able to analyse several related 
proteins in a single gel in their native condition. Cell lysates or whole 
cells are pre-treated with a range of concentrations of a small mole-
cule inhibitor. The sample is then incubated with a tagged ABP and 
active proteases are separated by SDS-PAGE. Band intensities are 
subsequently quantified to determine the degree of inhibition of 
active-site labelling by the inhibitor. This is measured as a per cent 
competition with respect to an untreated control. Decreases in band 
intensities are correlated with more potent inhibition by the small 
molecule inhibitor. In addition, selectivity of the inhibitor relative to 
closely related members of the same enzyme family can be deter-
mined in the same experiment.
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useful tools in dissecting the complex process of host cell
invasion.

One of the major limitations of forward chemical genetic
screens of small molecules lies in the inability to rapidly
identify targets of the small molecules. Most small mole-
cule libraries consist of compounds whose mechanism of
action remains unknown. Furthermore, there is often no
way to predict the likely target family or class based on

the structure of the small molecule showing interesting
biological activity. One potential solution to this problem is
to use focused libraries of small molecules designed to
target a defined enzyme family. Additionally, by focusing
this library further to contain only covalent inhibitors it
becomes possible to rapidly identify target enzymes by
direct affinity isolation methods. With continued advances
in these areas, chemical genetics will provide an efficient

Fig. 6. Chemical genetic screens. This schematic illustrates both forward and reverse chemical genetic screens for inhibitors that perturb invasion 
of host cells by an obligate intracellular parasite (represented by the half moon shape). Forward (phenotype-based) screen. In a forward screen, 
a biological process of interest (in this case invasion) is developed into a relatively high-throughput assay that can be performed in the presence 
of a library of small molecules. For positive hits that block host cell invasion, tagged versions of the inhibitors are synthesized and used to isolate 
the protein(s) responsible for the phenotype. The isolated proteins are then identified using mass spectrometry-based sequencing techniques. 
Reverse (target-based) screens. In reverse screens, a protein of interest with unknown function is treated with small molecule libraries to identify 
compounds with potent inhibitory activity. Positive hits that show high selectivity for the desired target relative to other related enzymes are then 
used in cell-based assays to determine the effect of target inhibition on the biological system. In this example, treatment of parasites with the 
inhibitor in the presence of host cells prevents parasite invasion of host cells.
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means of identifying tools for studying protein function and
activity in a highly controlled, temporal manner.

Conclusions and future challenges

The ever increasing number of completed sequences for
important human pathogens will lead to a similar rise in
demand for new methods to facilitate identification and
functional analysis of the gene products. Here we review
a myriad of classical proteomic approaches that have
been used to make significant headway in mapping and
analysing the proteomes of several important pathogenic
bacteria and parasites. In addition, the advent of multidi-
mensional chromatography methods and chemical pro-
teomic tools has increased the quality of information
obtained by proteomic analysis. The field of chemical pro-
teomics will likely hold a unique niche in the study of
pathogenic organisms, in particular in haploid organisms
such as the protozoan parasites T. gondii and P. falci-
parum as it provides a means of temporally regulating
enzyme function thereby allowing the study of essential
proteins that cannot be knocked out by standard genetic
techniques.

Although the field of chemical proteomics has enjoyed
several years of intense technological development, there
are still several challenges that lie ahead. ABPs have only
been developed for a handful of enzyme classes covering
only a small portion of the proteome. Future efforts aimed
at developing probes that target a wider range of both
enzyme and protein targets will greatly increase the
fraction of the proteome accessible to ABPP. This will
require the synthesis of more structurally diverse candi-
date probes. In addition, current methods of identifying
enzymes targeted by ABPs suffer from some of the same
limitations faced by classical proteomics separation meth-
ods. Future efforts must focus on coupling ABPP with gel-
free separation and identification technologies such as
LC/MS/MS and capillary electrophoresis-MS/MS.

Finally, chemical genetic screens to identify small mol-
ecule inhibitors of protein function suffer from a lack of
highly robust cell-based assays. Future efforts directed
at establishing reproducible assays will greatly advance
the field of chemical genetics and aid in the discovery
and design of novel, highly selective inhibitors for per-
turbing biological function of target proteins. In addition,
the use of more focused libraries of direct irreversible
inhibitors may increase the amount of useful data
obtained from a screening experiment. In conclusion,
continued advances in both the development of diverse
ABPs as well as in the technological aspects of both
classical and chemical proteomics will provide a more
comprehensive understanding of complex proteomes in
the field of microbiology.
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