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Proteome studies complement current molecular ap-
proaches through analysis of the actively translated
portion of the genome (the “functional proteome”). Two-
dimensional gel electrophoresis (2-DGE) utilising immo-
bilized pH gradients of pH 2.3–5.0 and pH 6.0–11.0, devel-
oped with predetermined regions of overlap compatible
with commercially available pH 4.0–7.0 gradients, per-
mitted the display of a significant portion of the pro-
teome of Mycobacterium tuberculosis H37Rv. A signif-
icant portion of the M. tuberculosis proteome, in the
molecular mass (Mr) window 5 kDa to 200 kDa and with
isoelectric point (pI) between pH 2.3 and 11.0, was visu-
alised for the first time. A total of 493 protein spots were
effectively resolved, including 126 spots that could not
be seen using standard pH 4.0–7.0 gradients. These re-
sults were used to compare the physical properties of
the observed proteins to the theoretical predictions of
the recently completed M. tuberculosis H37Rv genome.
Most proteins were found in the pI and mass window of
pH 4.0–7.0 and 10–100 kDa. Analysis of the predicted
proteome revealed a bimodal pI distribution, with sub-
stantial numbers of proteins in the pI regions 4.0–7.0 and
9.0–12.0 as has been seen for the majority of completed
genomes. Such data may reveal current limitations in
experimental extraction and separation of extremely ba-
sic, high Mr and hydrophobic proteins via 2-DGE. Con-
versely, 13 acidic proteins were observed with pI less
than the lowest value predicted by the genome. In addi-
tion, a subset of small proteins (<10 kDa) were observed
within the pI region of pH 5.0–8.0 that were not pre-
dicted by the complete genomic sequence, reflecting the
current inability to distinguish small genes from within

DNA sequence. This work represents the foundation for
comparing the protein expression patterns of different
pathogenic and nonpathogenic M. tuberculosis strains.
The characterization of M. tuberculosis protein expres-
sion, further facilitated by the recent completion of the
genome sequence, could aid in developing more effec-
tive diagnostic or therapeutic reagents. © 1998 Academic Press
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Tuberculosis remains a major health problem, both
in industrialised countries and in the developing world.
Currently one third of the human population is in-
fected with Mycobacterium tuberculosis, resulting in 8
million cases of clinical tuberculosis each year and a
reported 2.9 million deaths [1–3], a greater toll of hu-
man life than that caused by any other single patho-
gen. Multiple factors, acting independently and in
combination, have contributed to the increase in tuber-
culosis infection world-wide. These include the concur-
rent epidemic of Human Immunodeficiency Syndrome
infection and a lethal synergy with the AIDS virus
[4–5], increased immigration from countries where tu-
berculosis is endemic, and primary transmission
among populations such as the homeless, children,
non-nationals and certain ethnic minorities. This epi-
demic is further compounded by the evolution of multi-
drug-resistant strains of M. tuberculosis that have con-
tinued to weather the ‘antibiotic revolution’ [6–8]. The
WHO estimates that the mortality rate due to tuber-
culosis infection will increase by 38.7% from 1990 to
2000, and those tuberculosis deaths related to HIV will
rise by 331% [9]. The efficacy of the widely used vaccine
strain Mycobacterium bovis (BCG) varies considerably,
affording protection for approximately 50% of vacci-
nated subjects, with wider variability of 0-80% depend-
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Immobilised pH gradient; PGRS, polymorphic glycine-rich sequence.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 253, 70–79 (1998)
ARTICLE NO. RC989709

700006-291X/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



ing on the population studied, reinforcing the need for
alternative methods of immunoprophylaxis against tu-
berculosis [10–12].

There is a crucial demand for answers to the many
questions surrounding mycobacterial virulence, sur-
vival in macrophages and those proteins that stimulate

FIG. 1. Two-dimensional plot of calculated pI and Mr of the 3, 924 predicted proteins encoded by the complete M. tuberculosis genome
sequence.

FIG. 2. Six computer generated protein ‘windows’ illustrating the silver-stained protein output of M. tuberculosis H37Rv at 37°C across
the pI gradient pH 2.3–11. (A) pH 2.3–5.0, 7.5%T, (B) 4.0–7.0, 7.5%T, (C) 6.0–11.0, 7.5%T, (D) pH 2.3–5.0, 15%T, (E) 4.0–7.0, 15%T, (F)
6.0–11.0, 15%T.
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protective immunity. Such answers will serve the de-
velopment of anti-mycobacterial drugs, more effective
vaccines and diagnostic reagents, since discerning be-
tween infection with M. tuberculosis, other non-
pathogenic mycobacteria and prior immunisation with
BCG continues to confound the medical community.

A variety of genetic methods have been employed to
explore the mechanisms of mycobacterial virulence
[13–16] most notably in the reconstruction of BCG as a
new immunotherapeutic tool [17]. However, mycobac-

teria remain difficult to domesticate in the laboratory.
Their slow generation time, resistance to many stan-
dard antimicrobial reagents, and thick lipid-rich cell
wall inhibit the development of single colonies on
growth media and hinder genetic manipulation. Fur-
thermore, many of the prefabricated tools used in bac-
terial molecular biology are also unsuitable for use
because of the requirement for Mycobacterium-specific
promoters, origins of replication and signal sequences,
confounded further by high G1C content DNA [17].

FIG. 3. Two-dimensional plot of the observed pI and Mr of the 493 M. tuberculosis proteins visualised within a series of silver-stained 2D
gels. Dashed line represents pI value at which protein expression is greatly reduced.

FIG. 4. Two-dimensional plot of the observed pI and Mr of 493 M. tuberculosis proteins visualised, and superimposed on the predicted
values from 3, 924 conceptually translated ORFs from the complete M. tuberculosis genome. The blue crosses represent the pI and Mr of the
silver-stained 2-DGE spots and the red circles represent the pI and Mr of the conceptually translated ORFs. Dashed boxes serve to highlight
the presence of proteins of (i) extremely acidic pI, and (ii) Mr # 10 kDa, observed experimentally but not represented following predicted
proteome plot.
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The somewhat limited impact of genetics in analyt-
ical medicine applied to tuberculosis and other dis-
eases [18] may be explained by the small percentage of
diseases (2%) related to monogenic causality [19]. The
one-gene-one-effect theory is no longer tenable. The
dogma of DNA to RNA to protein to phenotype and
disease rarely applies to the assembly of human dis-
ease states. Genetic analysis in itself cannot predict or
diagnose multigenic diseases. Mycobacterial virulence
is most certainly polygenic, and it is unlikely that a
lone gene is solely responsible for the clinical manifes-
tations of this disease. In combination with genetic
elements, we must also consider the complex gene in-
teractions and cellular events, which in an intricate
epigenetic network influence and modify gene expres-
sion and/or post-translational modifications [19].

Total genomic sequence is currently available for a
single unicellular eukaryote and 15 bacteria [20–35],
and work has commenced on a further 61 genomes [36,
37]. More than a century after Robert Koch’s postu-
lates [38], the Wellcome Trust Pathogen Genome Unit
at the Sanger Centre (Hinxton, Cambridge, UK) in
collaboration with Cole and colleagues at the Pasteur
Institute (Paris, France) have recently presented the
complete genomic blueprint for M. tuberculosis [33,
39–40]. The genome consists of 4, 441, 529 nucleotide
base pairs encoding 3, 924 genes. The sequence of every
potential antigen and drug target is now available for
effective vaccine construction. However, the quest to
make biology finite has revealed little about genome
structure and function. Approximately 45% of the
genes revealed in the 15 other fully sequenced micro-
bial genomes encode ‘hypothetical’ or ‘unknown’ pro-
teins. Furthermore, the ability of M. tuberculosis to

cause disease has not been ascribed to any well-defined
virulence factors and the genetic information within
must be fully deciphered before an attempt can be
made to rewrite the course of this disease. Scientists at
the Institute for Genome Research (TIGR; Gaithers-
burg, MD, USA) are currently working on other myco-
bacterial genomes, including a second isolate of M.
tuberculosis. However, the major task following com-
pletion will be testing the predictions from the genomic
sequence. Open Reading Frames (ORFs) must be au-
thenticated. Alone, sequence is unable to predict: (i) if
and when gene-products are translated, (ii) the relative
concentrations of gene-products in vivo, (iii) the cellu-
lar or subcellular distribution of gene-products, (iv) the
extent of post-translational modifications, (v) occur-
rence of small genes/ORFs of #300 bp left undetected
following genomic annotation and (vi) the effects of
gene ‘knock-out’ and over expression.

Proteome (the protein complement of a genome, [41])
studies are currently based on the production of two-
dimensional electrophoresis gel ‘maps’, and the post-
separational characterisation of the proteins detailed
within. Proteomics complements whole genome se-
quencing by determining which genes are active at any
given point in time. This has been termed the “func-
tional proteome” [42], namely those proteins carrying
out life processes within cells and tissues under vary-
ing physiological conditions. Large-scale proteome
studies are currently in progress for the fully se-
quenced bacteria E. coli [43–46], Haemophilus influ-
enzae [47], and the yeast Saccharomyces cerevisiae
[48–49]. Previous reports detailing the application of
2-DGE to mycobacterial proteins are summarised in
Table 1.

TABLE 1

Published Analyses of Mycobacterium Species Using 2-D Gel Electrophoresis

Strain Genotype Growth medium
2-DGE Staining

method
No. of proteins

observed Reference

M. bovis BCG Pasteur Avirulent Middlebrook
7H9/ADC

Silver nitrate 772 [50]

M. tuberculosis H37Rv Wild type
Virulent

GAS Silver nitrate 205 [51]

M. bovis BCG Pasteur Avirulent Middlebrook
7H9/OADC

[35S] methionine '170 [52]

M. tuberculosis Erdman Wild type
Virulent

1 0.04% Tween 80
”

” ”

M. tuberculosis H37Rv Wild type
Virulent

Proskauer-Beck Gold '130 [53]

M. tuberculosis Erdman Wild type
Virulent

Middlebrook
7H11; 7H9

[35S] methionine '120 [54]

M. tuberculosis H37Rv Wild type
Virulent

Dubos Coomassie brilliant
blue, silver

'75 [55]

M. bovis BCG–CSL
(Commonwealth
Serum Laboratories)

Avirulent Dubos 1 albumin 125I '50 [56]

Source. Modified from [50].
Note. GAS, glycerol-alanine-salts; OADC, oleic acid-albumin-dextrose-catalase.
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Although the majority of proteins are found close to
biological pH and within a 30-50 kDa mass range,
highly acidic (,pH 4.0), highly basic (.pH 9.0), low
molecular mass (,10 kDa), and high molecular mass
(.100 kDa) proteins cannot be simultaneously re-
solved on a single 2-D gel. Novel immobilised pH gra-
dients of pH 2.3–5.0 and pH 6.0–11.0 used for isoelec-
tric focussing in the first dimension were designed to
maximise the number of protein spots resolved during
proteome mapping in conjunction with 15%T and
7.5%T second dimension acrylamide concentrations.
These pH gradients have been developed with prede-
termined regions of overlap in the pH zones 4.0–5.0
and 6.0–7.0 compatible with that of commercially
available pH 4.0–7.0 IPG gel strips to permit cross-
referencing between each gel image and their adjacent
pH ‘windows’. Recent reports detailing their use with
Spiroplasma melliferum [42], Ochrobactrum anthropi
[57] and Mycobacterium bovis BCG [50] vindicate the
use of these novel pH gradients for the analysis of
extreme pH regions of M. tuberculosis H37Rv. These
results were subsequently utilised to compare the ob-
served and theoretical properties of proteins encoded
by the complete M. tuberculosis genome.

MATERIALS AND METHODS

Bacterial strains and media. M. tuberculosis H37Rv (ATCC
272940) cultures were maintained in Middlebrook 7H9 medium sup-
plemented with albumin-dextrose-catalase (ADC; Difco Labs, De-
troit, MI, USA). Batch cultures of M. tuberculosis were stored in 1, 2
and 5 mL aliquots at 280°C in 7H9/ADC broth.

Sample preparation. Whole cell lysates of M. tuberculosis were
prepared by diluting a late-log phase culture 1:10 in 800 mL of
Middlebrook 7H9/ADC broth. Bacteria were cultured at 37°C for 21
days with continuous stirring. Morphology and acid fastness were
verified by Ziehl-Neelsen staining. Cells were harvested as previ-
ously described [50]. Design, construction and quality control of
prefabricated IPG pH 2.3–5.0 and pH 6.0–11.0 gel strips are detailed
elsewhere [57]. 2-DGE and silver-staining were performed as de-
scribed in [50].

Image analysis. Silver-stained gels were scanned using a Molec-
ular Dynamics (Sunnyvale, CA, USA) personal densitometer. The
image was then transferred as an 8-bit gel image file into
PHORETIX 2-D gel analysis software (NonLinear Dynamics,
Newcastle-upon-Tyne, UK) where it was converted to an 8-bit .tif file.
Multiple high quality silver-stained gel images were used to create a
composite Phoretix reference map of M. tuberculosis based upon a
representative gel image to which were added spots unique to the
remaining gels in each series of pI and Mr ‘windows’. PHORETIX
software was used to automate the removal of streaks and gel-
related artifacts, spot detection, spot measurement, and spot match-
ing between image files. Spots were characterised on the basis of
high circularity (perimeter/area, in pixels) and spot intensity. In
addition, the centroid within each protein spot boundary was used to
determine corresponding (x, y) coordinates. In total, 15 gels covering
the entire gradient were analysed.

Determination of observed pI and Mr . Both Mr (GIBCO BRL,
Gaithersburg, MD, USA) and pI (Bio-Rad, Hercules, CA, USA) markers
were run independently and in tandem with M. tuberculosis samples to
act as internal calibrants for determining the observed values. The Mr

values were plotted versus “y” coordinates from the 2-D gels, and a

logarithmic equation was fitted by linear least-squares regression. Us-
ing this equation, the “y” coordinates of each spot was converted to
observed Mr. A similar procedure was used for calculating the observed
pI except the predicted pI and “x” coordinates were fitted by linear
least-squares regression to a linear equation.

Theoretical pI and Mr derived from genomic sequence. A list of
ORFs, encoding predicted proteins, detected in the complete M.
tuberculosis H37Rv genome sequence were obtained by ftp from
ftp://sanger.ac.uk/pub.tb.sequences/ and analysed using the Genetics
Computer Group (GCG) sequence analysis software package version
8.0 (GCG, University of Wisconsin Biotechnology Centre, Madison,
WI, USA) to predict pI and Mr. The number of proteins were assem-
bled in 5 kDa increments to examine the Mr distribution, while pI
was assembled in 0.1 pH unit increments. Mr and pI distribution
corresponding to experimental data was determined from the com-
puter generated reference maps in similar increments.

RESULTS

Conceptual M. tuberculosis H37Rv Proteome

The pI and Mr of 3, 924 predicted proteins from the
complete M. tuberculosis genomic sequence were cal-
culated and plotted to show the distribution of the
theoretical proteome on a 2-D gel (Figure 1). To simu-
late protein mobility during 2-DGE, the x-axis was
drawn on a linear scale to represent protein mobility
during isoelectric focusing along the linear pH gradi-
ents, while the y-axis was drawn on a logarithmic scale
to represent migration during second-dimension SDS-
PAGE. M. tuberculosis predicted proteins ranged from
pI 3.33 (ORF number rv3652; PGRS-family protein
fragment) to 13.15 (rv3924; 50S ribosomal protein L34)
and molecular mass from 2.9 kDa (rv3599c; hypothet-
ical 2.9 kDa protein) to 431.6 kDa (rv2048c; polyketide
synthase). Following database comparisons, many of
the 3, 924 proteins (;40%) have been attributed pre-
cise functions, while 44% show some degree of similar-
ity, and the remaining 16% resemble no known pro-
teins. Based on the conceptual translation of novel
ORFs in the genomic sequence, it is currently unknown
which of the hypothetical ORFs are even expressed in
vivo and what role they may undertake. In addition,
the predicted pI, and Mr do not take into account the
effects of protein processing such as post-translational
modifications.

Observed M. tuberculosis H37Rv Proteome

Six ‘windows’ of protein expression [50] were created
with a horizontal overlap of one pI unit (Figure 2).
A total of 541 protein spots were visualised for silver-
stained gels of M. tuberculosis following 21 days
growth at 37°C. When redundancy between the regions
of pI overlap was taken into account, a total of 493
proteins spots were effectively resolved (Table 2). The
positions of these spots with respect to pI and Mr is
illustrated in Figure 3. Some loss of resolution was
observed in the regions of overlap following the con-
struction of 5 pH units within one 18cm IPG for the pH
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6.0–11.0 region, in contrast to 3 pH units for pH 4–7,
identical in IPG strip length. This resulted in a 40%
reduction in available IPG migration length in the
basic region. Subsequently, proteins visualised in the
pH region 6-7 may appear to comigrate in this con-
densed basic zone. However, approximately 88 and 18
novel protein spots respectively, were seen using pH
6.0–11.0 and pH 2.3–5.0 immobilised pH gradients. At
this stage, the new pH 6.0–11.0 gradient is incapable
of allowing the focusing of larger protein loads and
some horizontal streaking in the first dimension of very
basic proteins remains a problem [42]. Observed pI
ranged from pH 2.5 to pH 10.9, and Mr ranged from
approximately 1.7 kDa to 117 kDa.

Comparison of Conceptual and Experimental
Proteomes

The distribution of the expressed and theoretical M.
tuberculosis proteome was compared by plotting the pI
and Mr of all experimentally observed proteins with
the pI and Mr of the predicted proteins (Figure 4). In
both instances, the abundant proteins were found to
cluster in the pI and Mr range pH 4.0–7.0 (Figure 5a
and 5b) and 10–100 kDa, respectively. However, for
the predicted proteome, a bimodal pI distribution was
observed, with substantial numbers of proteins in the
additional pI region 9–12 (Figure 4). The near absence
of proteins observed experimentally in this pI region
suggests a need for specifically optimised protocols in
association with current IPG technology for resolving
basic proteins. Görg and colleagues have recently de-
scribed construction of an immobilised pH 4–12 gradi-
ent, whereby horizontal streaking at the basic end,
often described for linear IPGs up to pH 10, was not
observed [58]. Furthermore, the use of a trichloroacetic
acid/acetone extraction procedure for proteins in the
region pH 9–12 resulted in ideal separation of very

basic proteins otherwise not observed on the pH 4–12
gradient following extraction with classical ‘lysis
buffer’ [50]. As no known sample preparation protocol
allows ideal solubilisation of both extreme acidic and
basic proteins, different solubilisation procedures may
effect prefractionation of cellular extracts prior to elec-
trophoretic separation, therefore reducing the com-
plexity of these translation profiles. Conversely, there
were 13 proteins observed in the acidic region of the
gels, with pI less than 3.33, the lowest pI value pre-
dicted from the genome sequence. These may represent
small, unannotated genes, proteins having undergone
post-translational modification, or breakdown peptides
from larger proteins either with unknown or without
function. Further characterisation by mass-spectrometry
and N-terminal sequencing may reveal their identity
and putative function. Since only 493 (;13%) proteins
were observed experimentally in comparison to almost
4,000 predicted from the genome sequence, this re-
flects a far from optimal appraisal of currently avail-
able separation and visualisation techniques. How-
ever, this figure is comparable to the percentages visu-
alised using 2-DGE for E.coli proteins [45–46] and is
significantly greater than the percentages of the hu-
man genome that have been visualised [59–60]. The
difference may be accounted for by those proteins for
which the methods of extraction were not ideal, for
example, membrane proteins, which account for 20-
30% of all predicted ORFs, hydrophobic proteins, mis-
interpretations of the genomic sequence and low copy
number molecules that cannot be visualized with
currently available methods. In addition, post-trans-
lational modifications such as glycosylation, acetyla-
tion and/or phosphorylation facilitate the generation of
a diversity of proteins from any one gene, resulting in
variable pI and/or Mr values in comparison to those
predicted from the DNA sequence.

The theoretical proteome of M. tuberculosis showed a
decrease in the number of proteins in the range be-
tween pH 7.3–7.4 and more noticeably at pH 8.3–8.4
(Figure 1 and 5a). The cytoplasmic pH of most cells is
between pH 7.2–7.4 [23], and it may be difficult to
maintain protein structure, rigidity and solubility
when pI is near cytoplasmic pH. This theory is sup-
ported by the fact that the observed proteome similarly
has few proteins in this range. With 24 proteins in the
pI interval 6.9–7.0, a substantial decrease to no more
than 5 proteins can be seen for the following pI inter-
vals from pH 7.0 through to pH 11.0 (Figure 5b). Sim-
ilar results were recently observed for the pI of pro-
teins from M. bovis BCG [50], E. coli [45–46] and H.
influenzae [47].

Of considerable interest was the presence of a subset
of proteins with observed Mr # 10 kDa and pI between
pH 5.0–8.0 for which there were few corresponding
proteins encoded by the genome (Figure 4). This could
be the result of protein truncation during translation

TABLE 2

Number of Protein Spots Observed for M. tuberculosis
H37Rv from Six ‘Windows’ of Protein Expression

Window of protein
expression

Total number
of spots

Number of
nonredundant

spots

Window A 4 1
Window B 11 11
Window C 23 20
Window D 30 17
Reference pH 4–7 Windowa 356 356
Window F 117 88

Total 541 493

a Spots visualised in each ‘window’ in addition to those seen in the
reference pH 4–7 Window E, i.e., excluding redundancy vertically
and horizontally.
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or misinterpretation of genomic sequence resulting in
small genes that remain indistinguishable from ran-
dom stretches of DNA without defined start/stop
codons. These small Mr proteins will now be character-
ised by mass-spectrometry and N-terminal sequence
determination for comparison with complete M. tuber-
culosis H37Rv sequence data. Other studies have re-
ported similar findings, namely during the yeast ge-
nome project where researchers applied a minimum
size cutoff for potential coding regions of 300 base
pairs, or a protein of around 100 residues. While suc-
cessfully excluding many artificial candidates from the
list of potential proteins, it excluded at least 65 pro-
teins (representing more than 1% of all yeast proteins)
that had previously been biochemically or genetically
characterised [61]. Similarly, characterisation of pro-
teins with Mr , 10kDa in E.coli revealed that only 13
of 42 (31%) N-terminally sequenced proteins matched
the sequence predicted from the original genomic an-
notation [62]. Many of these proteins were breakdown
peptides of unknown function from larger proteins.
However, such data also leads to the re-annotation of
small gene sequences through large-scale genome re-
search.

DISCUSSION

Initial efforts to resolve Mycobacterium whole cell
lysates using commercially available pH 4.0–7.0 im-
mobilised pH gradients and 2-DGE resulted in cluster-
ing of proteins in the acidic region and an inability to
visualise basic proteins (data not shown). The con-
struction of novel pH 2.3–5.0 and pH 6.0–11.0 gradi-
ents has resulted in the visualisation of a significant
number of proteins in the extreme acidic and basic

regions. Here, through the co-occurrence of protein
spots within zones of overlapping pI and Mr present
horizontally and vertically we were able to construct
the most comprehensive documentation of the actively
translated proteome of M. tuberculosis H37Rv to date.
Upon comparison with previously published analyses,
the authors have observed at least a 3-fold increase in
the numbers of proteins observed (Table 2). Several
authors have similarly demonstrated a relationship
between increased gel size and improved resolution of
protein spots [63–68]. However, upon comparison with
the predicted M. tuberculosis proteome, the illustrated
under-representation of extremely basic and high Mr
proteins highlight current limitations with 2-DGE
technology. There remains a need for specifically opti-
mised protocols for those proteins for which the
methods of extraction or separation were not ideal, for
example, membrane-associated and hydrophobic pro-
teins, or larger proteins which undergo adsorption to
charged binding sites within the IPG, and are thus
prevented entry into the second dimension [69–70].
Much of the proteome may also be present in the form
of low copy number proteins [71–72], for which current
detection methods are inadequate. Efforts to synthe-
sise narrow range immobilised pH gradients in regions
where increased resolution is required will also aid
separation and characterisation of protein gene-
products. The surprising expression of a number of
small gene-products (#10 kDa) not mirrored by
genomic predictions, may be explained by misinterpre-
tations of the genomic sequence not accounting for
those small genes (,100 codons) which remain difficult
to distinguish during genomic annotation [73–74]. In
addition, highly processed proteins resulting in vari-
able pI and/or Mr values will migrate on the 2-D gel

FIG. 5. (A) Distribution of proteins according to pI for the predicted M. tuberculosis proteome. (B) Distribution of proteins according to
pI for the observed M. tuberculosis H37Rv proteome.
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contrary to sequence predictions. These results further
reinforce the need to authenticate annotated ORFs.

A total of 493 proteins were observed over 6 pro-
teome ‘windows’, a fraction of the total number pre-
dicted from the complete genomic sequence. As cells
possess vast differences in solubility, Mr and pI, mul-
tiple protein extractions and gel conditions will be re-
quired to assure that the proteome is faithfully dis-
played. Proteome studies for the fully sequenced
bacterium Mycoplasma genitalium [41] report visual-
isation of approximately 49% of 470 predicted proteins.
However, bacteria possessing more complex genomes
such as E. coli (4, 269 genes) and H. influenzae (1, 743
genes) report observed numbers of proteins in the or-
der of 36% [45] and 22% [47], respectively. Unlike the
somewhat static nature of the genome, an organism
will have many proteomes dictated by environmental
variability. Furthermore, as the evolutionary complex-
ity of an organism increases, it appears that the per-
centage of total proteins expressed at a given instant
are reduced [75]. This is since smaller genome organ-
isms must maintain a greater percentage of proteins
with “housekeeping” type functions, while higher or-
ganisms maintain complex systems specific for many
different environmental challenges.

We now have access to complete genomic sequence
for several micro-organisms. However, the DNA code
must be supplemented by corresponding information
at the level of transcription and translation to reveal
the mechanisms of genome function. Significant
amounts of data are already available for levels of
mRNA transcripts within cells detected by microar-
ray technology [76 –77]. However, while such tech-
nology has found a niche in the era of functional
genomics, recent reports [78] suggest that mRNA
abundance does not necessarily correspond to cellu-
lar levels of protein expression. This is thought to be
due to factors such as variable mRNA half-life.
Therefore, ORF expression must be verified by iden-
tification of expressed proteins and assessment of
protein sequence, versus that predicted by genomic
annotation. Extending the pI and Mr range over
which proteins can be visualised has been shown to
significantly increase the potential of 2-D electro-
phoresis to resolve complex cellular extracts. The
technology developed for this study in association
with post-separational analysis techniques such as
mass spectrometry, will help rapidly match sequence
data with such maps of protein expression, thereby
facilitating the identification of differences in protein
expression between pathogenic and nonpathogenic
M. tuberculosis strains under a variety of environ-
mental conditions. Once identified, those genes/gene-
products essential for virulence may then become
targets for the production of new diagnostic and
therapeutic reagents.
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