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Abstract

Cyanobacteria are photosynthetic bacteria notable for their ability to produce hydrogen and a variety of interesting
secondary metabolites. As a result of the growing number of completed cyanobacterial genome projects, the
development of post-genomics analysis for this important group has been accelerating. DNA microarrays and
classical two-dimensional gel electrophoresis (2DE) were the first technologies applied in such analyses. In many
other systems, ‘shotgun’ proteomics employing multi-dimensional liquid chromatography and tandem mass spectro-
metry has proven to be a powerful tool. However, this approach has been relatively under-utilized in cyanobacteria.
This study assesses progress in cyanobacterial shotgun proteomics to date, and adds a new perspective by develop-
ing a protocol for the shotgun proteomic analysis of the filamentous cyanobacterium Anabaena variabilis ATCC 29413,
a model for N, fixation. Using approaches for enhanced protein extraction, 646 proteins were identified, which is
more than double the previous results obtained using 2DE. Notably, the improved extraction method and shotgun
approach resulted in a significantly higher representation of basic and hydrophobic proteins. The use of protein
bioinformatics tools to further mine these shotgun data is illustrated through the application of PSORTb for
localization, the grand average hydropathy (GRAVY) index for hydrophobicity, LipoP for lipoproteins and the
exponentially modified protein abundance index (emPAl) for abundance. The results are compared with the most
well-studied cyanobacterium, Synechocystis sp. PCC 6803. Some general issues in shotgun proteome identification
and quantification are then addressed.
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INTRODUCTION
Cyanobacteria (blue-green algae) are one of the  demonstrate morphological diversity ranging from
largest groups of prokaryotes, and are able to carry  single unicellular genera to complex multicellular

and  hypersaline environments. Cyanobacteria

out plant-like oxygenic photosynthesis using water as
an electron donor. They occupy a wide range of
illuminated niches in freshwater, marine, terrestrial

filamentous strains, many of which have specialized
differentiated cells such as the heterocyst in nitrogen-
fixing Anabaena and Nostoc species [1].
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The ability of these organisms to split water
into hydrogen and oxygen makes them attractive
candidates for hydrogen production [2—4], and the
responsible enzymes (nitrogenases and hydrogenases)
have been the focus of many genetic studies [5-7].
The adaptive character of these organisms to
different, often adverse, environments also makes
them interesting potential sources of therapeutic
secondary metabolites [8]. Cyanobacterial genome
sequences have been available since 1996 [9],
and holistic, or systems biology, studies of these
organisms are underway [10].

In this article, we present an assessment of the
current state of the cyanobacterial proteomics field.
In particular, we examine the main proteomics
approaches and discuss the strides being made in
shotgun proteomics in particular. This is achieved by
comparing data in the literature from cyanobacterial
shotgun proteomics with data generated in this
study on the filamentous N,-fixing cyanobacterium
Anabaenavariabilis ATCC 29413. After presenting the
background context and some comments on the
challenges of cyanobacterial proteomics, we present
the results and discussion of our new data, and end
with a future perspective. Although the focus here is
on cyanobacteria, some more general shotgun
proteomics issues are discussed.

TRADITIONAL CYANOBACTERIAL
PROTEOMICS

The analysis of cyanobacterial proteins has been
traditionally undertaken on fractions of the whole
proteome [11, 12], primarily employing electro-
phoresis-based approaches. Techniques to obtain
these fractions include aqueous polymer two-phase
partitioning for plasma membrane isolation [11].
Studies have particularly focused on the inner
membrane and the thylakoid [13, 14] subproteomes,
where the photosystems are found together with the
phycobilisome pigments involved in the channelling
of solar energy.

The most well-studied cyanobacterium 1is
Synechocystis sp. PCC 6803, on which a number
of gel-based studies have been carried out, provid-
ing data on proteins in the periplasm (57 proteins
identified) [13], plasma membrane (57 proteins
identified)  [14], thylakoild membrane (78
proteins identified) [15] and outer membrane (29
proteins identified) [16]. The Cyano2Dbase [17, 18]
database for this organism lists 234 proteins from
different fractions (soluble, insoluble, thylakoid

membrane and secreted). The soluble subproteome
of this organism was resolved using two-dimensional
electrophoresis (2DE), with 74 unique proteins
identified [19]. Finally, studies have been carried
out of proteome changes under different salt
concentrations in this strain [20] and under hetero-
trophic conditions [21].

SHOTGUN PROTEOMICS

Strategies for separation and
identification

The shotgun proteomics approach was developed in
an attempt to increase throughput and to access
proteins that are difficult to resolve using gel
electrophoresis [22-24]. Shotgun proteomics uses
multi-dimensional separations [usually via high-
performance liquid chromatography (HPLC)| of
the complex mixture of peptides, generated from
the treatment of a protein mixture derived from
whole cell lysis with a protease such as trypsin. The
rationale is that since the properties of peptides are
more forgiving than proteins, standardized separation
protocols can be brought to bear for proteome-wide
measurements [25]. The complexity of the peptide
mixture is typically simplified first using a strong
cation exchange (SCX) resin that, once loaded with
peptides, is sequentially eluted with salt solutions of
increasing strength. Fractions of this eluent are then
submitted for multiple reverse-phase liquid chroma-
tography—tandem mass spectrometry (RP-LC-MS/
MS) analysis [23]. Although shotgun proteomics was
originally based on orthogonal chromatography,
recently the field has expanded by also employing
some combinations of gel-based, liquid-phase
isoelectric  focusing (IEF) and LC separation of
proteins and peptides. This diversity of workflows
has been demonstrated on proteins in human serum
[26], in archaea [27] and in the cyanobacterium
Synechocystis sp. PCC 6803 [28]. Thus, the definition
of shotgun proteomics can be widened to include
not only multi-dimensional LC separation, but
also these alternative separations such as gel-based
separation of peptides or protein separation in ion-
exchange columns or IEF gels, all prior to loading
the tryptic peptides into a RP-LC-MS/MS.

There is still much debate as to which might be
the best method for shotgun proteomics. An attempt
to address this issue was made in the cyanobacterium
Synechocystis sp. PCC6803 [28], where different
protein and peptide separation workflows were
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examined. The best workflow combination for this
particular organism employed 1D SDS-PAGE
protein separation followed by gel-based IEF and
RP-LC peptide fractionations. This result was
confirmed more broadly in the proteomic study
of the crenarchaeon Sulfolobus solfataricus P2 [27].
An important observation regarding all these shotgun
approaches is that each workflow identified a set of
unique proteins (peptides). Therefore, for compre-
hensive identification of any proteome, the best
results would be achieved using different fractiona-
tion approaches (pre- and post-digestion) in parallel.

Quantification

The majority of shotgun proteomics studies reported
to date have focused on coverage and identification.
However, a successful proteomics experiment
requires both protein identification and quantification
[29], preferably on a global scale. In classical
proteomics, 2DE is used for protein separation and
quantification via staining intensity, with identifica-
tion relying on mass spectrometry (MS). In shotgun
proteomics workflows, gel-based separations are
usually avoided altogether [23]. Instead, digested
peptide mixtures are directly analysed by MS,
often after some orthogonal pre-fractionation.
Quantification in these workflows requires some
type of labelling, with two fundamentally different
approaches in use: in vivo and in vitro labelling.
In vitro methods make use of chemical or enzymatic
approaches to specifically derivatize functional
groups. Examples of these methods include isotope-
coded affinity tag (ICAT) [30] and '®O labelling [31].
The mass shift observed in these approaches is usually
more or less fixed. In vivo methods rely on the
ability of the organism to biosynthetically incorporate
isotope-labelled precursors [32]. In a popular
approach called SILAC, labelled amino acid are
supplied to cell cultures [33]. Supplying the cell
culture with both labelled arginine and lysine ensures
that all tryptic peptides are labelled and the mass
shift is fixed. Complete labelling with °N or *C is a
popular method for labelling of unicellular organisms,
and has recently been extended to multicellular
organisms [34-36].

In a quantitative shotgun proteomics experiment,
the sample complexity is doubled with respect to MS
since each peptide now appears twice in the mass
spectrum, although the biological complexity
remains the same. A disadvantage is that the intensity
of each peptide is reduced because it appears now

as two separate peaks. In addition, when MS/MS
spectra are acquired for both isotopomers, the
number of identifications is approximately halved.
However, the increase in complexity is not always a
disadvantage, as Snijders et al. [35] recently demon-
strated. In that report, the increased complexity
of MS spectra was exploited, and it was shown
that MS/MS spectra obtained from uniform
’N- and "C-labelled peptides contain additional
information that can be used to reduce the number
of false-negative peptide identifications [35].

An approach for quantitative protein analysis
developed by Ross et al. [37], called iTRAQ,
surmounts this problem of complexity by making
use of isobaric mass labels at the N-termini and lysine
side chains of peptides in a digest mixture. One of
the main advantages is that these labels do not
increase the complexity of the MS spectrum, and the
peak intensity of each peptide is not reduced because
peptides labelled with difterent isobaric tags have the
same precursor mass. An additional advantage is that
quantification occurs at the MS/MS stage, and the
reporter ions are quantified more accurately, since
lower levels of chemical and instrument generated
noise are present in the MS/MS scan.

These recent advances, and ongoing eftorts, will
aid development of quantitative shotgun proteomics
for the measurement of expression levels of proteins
in cyanobacteria, and will lead to a greater under-
standing of cellular processes in these organisms.

EXPERIMENTAL AND DATA
ANALYSIS CHALLENGES IN
SHOTGUN PROTEOMICS

One of the main challenges for the success of a
shotgun separation of cyanobacterial (and many
other) proteins is their solubilization into a bufter
compatible with downstream processing. In general,
the solubilization of membrane proteins is a
major concern in the proteomics community [38].
Recently, some alternative procedures have been
implemented for membrane protein analysis using
proteases with broad specificity such as proteinase K
[39]. The wuse of non-ionic and zwitterionic
detergents was investigated also in the solubilization
of membrane proteins from red blood cells and
Arabidopsis  thaliana [40], using those extracts in
conjunction with SDS-PAGE or 2DE. Other
approaches used direct solubilization of membrane
proteins into organic solvents coupled with a RP-LC
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and MS analysis [41, 42]. This last procedure ofters
the opportunity for high throughput analysis.

As mentioned above, the use of zwitterionic and
non-ionic detergents should improve the solubiliza-
tion of membrane proteins from cyanobacteria. In
this article, we report results from protein extraction
with a mixture of two of these detergents: ASB-14,
a general detergent used in the solubilization of
membrane proteins, and dodecyl-p-d-maltoside
(DM), used mainly in the solubilization of thylakoid
membranes and cytoplasmic membrane proteins
[43]. The use of these detergents, together with a
shotgun approach, was assessed for the proteome
analysis of the cyanobacterium A. variabilis ATCC
29413. The results are benchmarked against 2DE
experiments of the same phenotype and against the
shotgun proteome of another cyanobacterium,
Synechocystis sp. PCC6803.

A number of challenges arise in the context of
data analysis. In common with most experiments in
proteomics, the application of shotgun proteomics
presents issues with regard to identification and
function. Despite the pace of genome sequencing
efforts, the published sequences of cyanobacteria, like
many other organisms, still have numerous hypo-
thetical and/or poorly characterized proteins within
their proteome.

Since there have been relatively few large-scale
cyanobacterial shotgun data sets until recently, there
has been little opportunity to examine in detail the
types of proteins found. There is now such an
opportunity, both to provide a deeper understanding
of biological function as well as to guide researchers
in designing better experiments to enrich lower-
abundance proteins. This is true generally in shotgun
proteomics outside a few key organisms.

MATERIALS AND METHODS

Strain and culture conditions

Axenic cultures of the filamentous N»-fixing cyano-
bacterium A. variabilis ATCC 29413 were obtained
from the American Type Culture Collection
(Rockville, MD, USA), and grown in 250ml
Erlenmeyer flasks at 25°C in BG-11 medium
under a 12:12h light—dark cycle. Illumination was
provided by fluorescent plant growth lamps (Gro-
Lux lamps, Osram Sylvania, Danvers, MA, USA),
with a photosynthetically active radiation of 50 n
257! Cells were harvested in the late-
exponential phase by centrifugation at 10000¢ for

einsteinm.

5min at 4°C, and the pellets were collected for
immediate protein extraction.

Protein extraction

Cell pellets were resuspended in a lysis buffer
containing 7M urea, 2M thiourea, 4% CHAPS,
2% ASB-14, 1% DM, 20% glycerol, 200 mM KCl,
100mM dibasic sodium phosphate pH 7.6 and
1mM PMSEF. The cells were disrupted by grinding
in liquid nitrogen (three times). Cell debris and
insoluble protein particulates were removed by
centrifugation at 21000¢ for 30min. The total
protein concentration was measured using the Bio-
Rad RC DC protein assay kit (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol.
Protein extracts were stored at —20°C until required.

Tryptic digestion and peptide extraction
Total protein of 2mg (in ~250 pl) were dissolved in
an equal volume of digestion solution containing
8M urea, 200mM ammonium bicarbonate and
20 mM methylamine and mixed by vortexing for ca.
10s. The proteins were then reduced with 20 mM
tris(hydroxypropyl)phosphine (THP) at 50°C for
15min and alkylated with 40 mM iodoacetamide
in the dark at room temperature for 15min.
Endoprotease Lys-C (Roche Diagnostics Ltd., East
Sussex, UK) was added to a final substrate-to-
enzyme ratio of 100:1 (w/w) as previously described
by Link et al. [44], and the reaction was incubated at
37°C for 15h. The Lys-C digestion was diluted
4-fold with 100 mM ammonium bicarbonate, and
modified trypsin (Roche Diagnostics Ltd, East
Sussex, UK) was added to a final substrate-to-
enzyme ratio of 50:1 (w/w). The trypsin digestion
was incubated at 37°C for 15h. A solid-phase
extraction with SupelCleanC18 cartridges (Sigma-
Aldrich, St Louis, MO, USA) was carried out on the
complex peptide mixture according to the manu-
facturer’s instructions. These peptide samples were
lyophilized to dryness in a vacuum concentrator
(Eppendort Concentrator 5301, Eppendorf UK Ltd,
Cambridge, UK) and then stored at —20°C until
used.

Liquid chromatography

Peptides were re-dissolved in SCX buffer A (10 mM
KoHPO,, 25% acetonitrile, pH 3), sonicated and
centrifuged (5min at 10000 g). This solution was
then loaded onto a 2.6 x 200 mm, 5 pm, 300 A
PolySulfoethyl A column (Poly LC Inc., Columbia,
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MD, USA) connected to a BioLC HPLC system
(Dionex-LC  Packings, Hercules, CA, USA).
Peptides were eluted with a linear gradient of
0-25% buffer B in 40 min and 25-100% buffer B
in 20min (10mM K,HPO,, 25% acetonitrile,
500mM KCI, pH 3) at a flow rate of 0.2 ml/min,
with fractions collected at 1min intervals. All
collected fractions were lyophilized to dryness by
vacuum centrifugation, and then redissolved in 3%
acetonitrile solution (0.1% formic acid) prior to their
analysis by MS/MS.

RP-HPLC-ESI-MS/MS analysis
Nano-ESI-MS/MS analyses were performed on a
QSTAR XL  mass spectrometer  (Applied
Biosystems-MDS Sciex, Foster City, CA, USA;
MDS-Sciex, Concord, Ontario, Canada). Mass
spectra were acquired by scanning a 300-1700 m/z
range. Fractions were injected into the mass spectro-
meter using a Famos® auto-sampler (LC Packings,
Dionex, Amsterdam, The Netherlands) and an
Ultimate® pump (LC Packings) through a fused-
silica capillary at 300 nl/min. Samples (20 pl) were
applied at 30 pl/min to a 0.3 X 5mm trap column
(m-Precolumn Cartridge, PepMap C18, 5 pum,
100 A; LC Packing, Amsterdam, The Netherlands)
using a mobile phase A, containing 0.1% formic acid
and 3% acetonitrile. After application and washing of
the sample for 10 min, the trap column switched
online to a 0.075 x 150 mm reversed-phase capillary
column (C18 PepMap100, 3 pm, 100 A, 75umid. x
15 cm). Peptides were eluted using a mobile phase B,
containing 97% acetonitrile, and 0.1% formic acid.
The linear gradient was 5—45% B over 76 min.
Electrospray fused silica PicoTip™ needles were
obtained from New Objective (Woburn, MA), and
the spray voltage was set at 5.5kV.

Data analysis and interpretation

Protein identification from the shotgun workflow
was performed using ProID 1.1 (Applied Biosystems,
MDS Sciex) against the NCBI protein non-
redundant database (June, 2005) using a mass
tolerance of 0.15Da for the precursor mass and
0.1Da for the fragment masses. Search parameters
allowed for one missed cleavage of trypsin.
Carbamidomethylation was selected as a fixed
modification and oxidation of methionine was
allowed to be variable. A list of proteins identified
was generated using ProGroup Viewer v. 1.0.5
(Applied Biosystems, MDS Sciex). For single- and

multi-peptide matches to a protein, a protein
identification  probability cut-off of 95% in
ProGroup Viewer was used to filter matches.

Physical and chemical parameters, including the
grand average hydropathy (GRAVY) index [45],
were calculated using ProtParam [46] at http://
us.expasy.org/tools/protparam.html. Species exhib-
iting positive GRAVY indices are considered
hydrophobic, and those with negative indices are
deemed hydrophilic. GRAVY values greater than
40.3 were used as an indication of hydrophobic
proteins.

Prediction of protein localization was carried
out by the program PSORTDb v2.0 [47] (http://
psort.org). PSORTDb, in general, is an accurate and
reliable program for predicting the location of
proteins. This tool is able to categorize analysed
proteins into one of the following localization
sites:  cytoplasm, cytoplasmic membrane (inner
membrane), periplasm, outer membrane and extra-
cellular. In some cases, the location is designated as
unknown. Unfortunately, PSORTb does not detect
lipoproteins, which may represent an essential class of
membrane proteins. For the detection of these
proteins, the program LipoP was used [48]. This
program identifies lipoproteins by making use of the
signal sequence cleaved by a lipoprotein signal
peptidase (also called signal peptidase I and II).
The GRAVY index [49] was used as an indicator of
integral membrane proteins, together with the
prediction by PSORTb.

The abundance of each protein was estimated by
calculating the protein abundance index (PAI) [50]
and the exponentially modified protein abundance
index (emPAI) [51]. PAI was defined as the number
of observable unique peptides per protein normal-
ized by the number of peptides obtained via in silico
digestion [50]. The emPAI scale was given by
10" — 1, an exponential relationship with PAI [51].
Proteogest software, which employs a Perl script, was
used to generate lists of insilico digested peptides [52].
This bioinformatics tool was downloaded from the
internet (http://www.utoronto.ca/emililab/program
/proteogest.htm).

RESULTS AND DISCUSSION
Numbers and categories of proteins
identified in the shotgun proteomics
workflow

The whole-cell lysate from A. variabilis was digested
with trypsin, and an off-line SCX separation of the
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Cytoplasm: 253/17.2%

Inner membrane: 44/4.9%

Ribosomal proteins: 30

K

‘ Amino-acyl tRNA
Synthetases: 12

DNA replication: 15/2.5%
Transcription: 14/2.4%

Hypothetical proteins: 138/23.4%

Poorly characterized: 76/12.9%

Periplasmic: 13/26.5%

Translation, ribosomal structure.: 49/8.3%

Post-translational modification: 37/6.3%

Cell-enveloped biogenesis.: 23/3.9%

Intracellular trafficking.: 7/1.2%
Cell motility: 4/0.7%

Outer membrane: 6/6.7%

Energy production: 41/7%
Carbohydrate metab.: 42/7.1%

Amino acid metabolism: 38/6.5%
Nucleotide metabolism: 13/2.2%
Coenzyme metabolism: 14/2.4%
Lipid metabolism: 5/0.8%
Inorganic ion transport: 26/4.4%
Secondary metabolites: 13/2.2%

Defense mechanisms: 1/0.2%
Signal transduction: 23/3.9%

Cell division: 10/1.7%

Extracellular: 3/10.3%

Figure I: The A. variabilis proteome: a functional classification. A virtual cell in which the major functional processes
are indicated. Numbers: left side, number of proteins identified; right side, percentage of the total number of proteins
identified. The schematic also shows the protein location as predicted by PSORTb.

resulting peptides was performed, followed by
online RP-LC ESI-MS/MS. The 66 SCX fractions
generated 45072 MS/MS spectra, with a total of
646 proteins confidently identified (see Table I,
Supplementary Material). Of these 646 proteins,
341 proteins were identified by more than two
peptides (with a confidence of 99%). Thus,
the coverage of the A. variabilis proteome was
13%, with 48% of these proteins being identified
by a single peptide. The fraction of proteins
identified with two or more peptides can be
improved through the use of longer MS running
time (RP-HPLC gradients) and the amount of
sample loaded.

A classification of these proteins according to
major functional categories is represented in a virtual
cell shown in Figure 1. Of these identified proteins,
33% are involved in cellular metabolism (energy
production and conversion, carbohydrate, amino
acid and nucleotide transport and metabolism,
etc.), including the phycobilisome apparatus.
The remaining proteins were distributed within
cellular processes (19%, including cell division, cell
enveloped biogenesis, post-translational modifica-
tion), and information storage and processing (13%).

Poorly characterized proteins (12%) and hypothetical
proteins (23%) represent a significant fraction of the
identified proteins, consistent with the incomplete
status of the sequencing and annotation effort for
A. wvariabilis. The classification of proteins into
functional groups from proteins identified by two
or more peptides shows no significant difference to
the categorization obtained from proteins identified
by a single peptide (data not shown). This observa-
tion is in line with that previously described by
Aggarwal et al. [53].

Protein extraction and identification in cyano-
bacteria has proven to be a difficult process, as seen in
the case of Synechocystis sp. PCC 6803 [28]. In that
study, a typical single workflow shotgun approach
led to the identification of 391 proteins from 40
SCX fractions (221 with more than two peptides)
[28]. As can be seen in Table 1, an improvement in a
single workflow has been made over the Synechocystis
study by improving the process of protein digestion
using zwitterionic and non-ionic detergents. Further
details and an assessment by the protein’s physical
and chemical properties and abundance between
these two cyanobacteria are presented in the
following sub-sections.
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Table I: Comparison between Anabaena variabilis ATCC 29413 and Synechocystis sp. PCC 6803 of the number and
percentage of proteins identified by location (against the theoretical number of proteins per location) using the

shotgun workflow

Location Anabaena variabilis Synechocystis sp.
Observed Theoretical® % Observed Theoretical® %
Cytoplasmic 253 1467 172 194 1014 191
Cytoplasmic Membrane 44 900 49 10 540 19
Extracellular 3 29 10.3 0 8 0.0
Outer Membrane 6 89 6.7 | 40 2.5
Periplasmic 13 49 26.5 1l 44 25.0
Unknown 327 2505 13.0 175 1521 1.5
646 5039 129 391 3167 2.3
GRAVY® >403 23¢ +1.104¢ 5 40474
Lipoproteins® 29° 12 g If
pl® 372 12.02 344 1.8
MW (Da)® 4385.1 171314 71311 170087

?Prediction of the protein location in the entire proteome was obtained from pre-computed results generated using PSORTb at http://psort.

nibb.ac.jp/psortb/.

Grand average hydropathy (GRAVY) values calculating using the ProtParam tool at http://us.expasy.org/tools/protparam.html.

“Number of proteins with GRAVY values higher than +0.3.
9The highest GRAVY values found in each strain.

“Lipoprotein signals were obtain using the LipoP tool at www.cbs.dtu.dk/services/LipoP/.

‘Number of proteins with signal peptidase | or Il, respectively.
8The pl and MW range in each strain.

Comparison of protein properties

Since a touted advantage of shotgun proteomics over
2DE-based proteomics is the ability to identify a
broader range of proteins, we compared the results
obtained here against a 2DE investigation of
A. wvariabilis (Barrios-Llerena  ME, Reardon KEF,
Wright PC. Proteomic analysis of A. wvariabilis
ATCC 29413 and assignment of putative function
through protein sequence homology, Submitted),
with the results depicted in Figure 2. Both work-
flows used the same extraction protocol, and while
the proteins in the 2DE study were acetone
precipitated prior to the isoelectric focusing, the
main difference between the two is the separation
method. Table 2 shows the location of proteins
identified by the two workflows as predicted by the
PSORTD algorithm, along with an indication of
the protein hydrophobicities determined from the
GRAVY index. This comparison shows that the
shotgun workflow yielded an improvement in
the number of basic proteins and smaller proteins
identified in comparison with the 2DE workflow.
Thirty proteins have a pl value greater than 10 in the
shotgun workflow, compared with only eight in the
2DE workflow. Taking as a reference a 40kDa cut-
off for the molecular weight, the number of proteins

3
1000 t t t + t t t t t

100 1

MW (kDa)

Figure 2: Comparison of the proteins identified in
the shotgun (<) and 2-DE (A) workflows in Anabaena
variabilis ATCC 29413. For the shotgun analysis, 2 mg
of protein was digested with trypsin, and for the 2-DE
analysis, 500 ng of protein was loaded into 3—I0NL IPG
strip and run in 15% SDS-PAGE.

below this value is three times higher in the shotgun
workflow compared with the 2DE workflow
(497 and 159 proteins, respectively).

Furthermore, the number of cytoplasmic mem-
brane proteins increased from 9 to 44 proteins
through the use of the shotgun workflow, and
a similar result was obtained for the periplasmic
proteins (13 proteins compared with 5).
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Table 2: Comparison between shotgun and 2DE workflows of the number of proteins, and relative percentages,
against the number of proteins identified and theoretically predicted in Anabaena variabilis ATCC29413

Location® Theoretical® Shotgun 2DE
Observed % Obs' % Theo Observed % Obs' % Theo!

Cytoplasmic 1467 253 392 17.2 116 45.7 79
Cytoplasmic membrane 900 44 6.8 49 9 35 1.0
Extracellular 29 3 0.5 10.3 | 04 34
Outer membrane 89 6 09 6.7 5 20 5.6
Periplasmic 49 13 20 26.5 5 20 10.2
Unknown 2505 327 50.6 13.2 118 46.4 4.7

5039 646 129 254 5.0
GRAVY® >103 23¢ +1104¢ I 1+0441°
Lipoproteins® 29 12 10 3f
pl® 3.72 12.02 434 11.70
MW (Da)" 4385.1 171314 4432.0 127030

?Prediction of the protein location in the entire proteome was obtained from pre-computed results generated using PSORTb at http://psort.
nibb.ac.jp/psortb/.

®Grand average hydropathy (GRAVY) values were calculated using the ProtParam tool at http://us.expasy.org/tools/protparam.html.
“Number of proteins with GRAVY values higher than +0.3.

9The highest GRAVY values found in each workflow.

CLipoprotein signals were obtained using the LipoP tool at www.cbs.dtu.dk/services/LipoP).

‘Number of proteins with signal peptidases | and I, respectively.

8The pl and MW range in each strain.

"The pl and MW range in each workflow.

iPercentage observed—the percentage of the number of proteins identified in that predicted location against the total numbers identified.
IPercentage theoretical—the number of proteins identified in that location versus the number theoretically expected in that location.

Interestingly, comparison of the outer membrane  Synechocystis sp. PCC6803 (Figure 3 and Table 1). In
proteins identified using these two techniques shows  general, the distribution of proteins is similar for both
that only two proteins (out of five for 2DE and six  strains (Figure 3), with the largest number of proteins
for shotgun) were common between the two  having pl values between 4 and 7. The range of
workflows. This low level of agreement may be  molecular weights for both strains is similar in the
due to the different separation methods used in the  upper range (170 kDa). Ten proteins with molecular
two workflows, and is also influenced by the low  weights below 7.1kDa were found in A. variabilis
overall recovery of outer membrane (OM) proteins.  (down to 4kDa); notably, three of these proteins
The number of membrane proteins for the shotgun ~ were subunits of photosystems I and II (Psb-Y
and 2DE workflows was further increased with the  and -H and PSI-)).
identification of 41 and 13 predicted lipoproteins The main distribution of the proteins found for
using LipoP, respectively. The shotgun workflow  these two strains using the shotgun workflow is
yielded 29 proteins that present signal peptidase I,  shown in Table 1. The proportion of cytoplasmic
and 12 that include signal peptidase I (Table I,  proteins is similar in A. variabilis and Synechocystis
Supplementary Material), while the 2DE workflow (17 and 19%, respectively). However, a major
resulted in 10 and three proteins with signal  difference in the number of cytoplasmic membrane
peptidases I and II, respectively (data not shown).  proteins that can be observed (44 proteins in A.
All of these putative lipoproteins were designated  variabilis compared with 9 proteins in Synechocystis).
as ‘unknown’ by PSORTb. This increased detection ~ As in the case of the shotgun workflow in A.
of hydrophobic proteins is reflected in the number  variabilis, prediction of lipoproteins in Synechocystis
of proteins with GRAVY values higher than 40.3in  resulted in nine predicted proteins, of which eight
the shotgun (23 proteins) compared with only one  present with signal peptidase I and one with signal
in the 2DE workflow. peptidase II. This prediction reveals a 4-fold increase
It is of interest to compare the results from  in membrane proteins found in A. variabilis compared
shotgun workflows for proteins from A. variabilis and ~ with  Synechocystis, and may be attributed to the
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Figure 3: Distribution of proteins found identified in
the shotgun workflow from Anabaena variabilis ATCC
29413 (<) and Synechocystis sp. PCC 6803 (A).

presence of ASB-14 and B-DM in the extraction
buffer. The GRAVY indices reflect the same pattern
towards hydrophobic proteins in A. variabilis (23
proteins with GRAVY values higher than +0.3)
compared with five in Synechocystis.

Although relatively few outer membrane proteins
were identified in this study, the detergents used
in our extraction buffer have previously proven
effective for hydrophobic proteins. For example,
Norling’s group used these detergents in the extrac-
tion of outer membrane proteins [16]. Protein
extracts were concentrated and fractionated using a
sucrose gradient and polymer two-phase separation.
The resulting outer membrane protein fraction was
then resolved with 2DE and 29 proteins were
identified. The fractionation step employed by these
researchers may be important in the detection of the
relatively low-abundance outer membrane proteins.

Comparison of protein abundance
The protein abundance in these two strains was
analysed using their emPAI [51]. Proteins with a
high emPAI value are highly abundant and more
likely to be identified using MS. Table 3 shows the
emPAI values for A. variabilis (shotgun and 2DE
workflow) and Synechocystis (shotgun workflow). A
comparison of the shotgun and 2DE gel workflow
emPAl values for A. variabilis reveals that the most
abundant proteins are the phycobilisome proteins,
with an emPAI value of 7.577 for the shotgun and
5.494 for the 2DE workflow. Both proteins are from
the phycobilisome assembly.

Analysis of the shotgun data for the two
cyanobacteria shows that 18 and 5 proteins have
emPAIl values higher than 3.0 in A. variabilis and

Synechocystis, respectively. In both cases, the most
abundant proteins were phycobilisome associated.
However, in the case of A. wvariabilis, 10 other
abundant proteins were observed, such as
‘COG0783: DNA-binding ferritin-like protein’
(inorganic ion transport protein), and ‘COG0526:
Thiol-disulfide isomerase and thioredoxins’ (TCA
cycle, energy metabolism). In A. variabilis, the protein
with the highest emPAI value was an ATPase
involved in DNA repair, with a value of 7.73,
while the most abundant protein in Synechocystis was
the allophycocyanin B-subunit with a value of 7.37.

From these results, it is apparent that abundance
of phycobilisome proteins in cyanobacterial extracts
is a major concern, as those proteins can interfere
with the detection of the low-abundance proteins. In
the shotgun workflow for A. variabilis, the percentage
of abundant proteins (emPAI value higher than 3.0)
is 2-fold higher than in Synechocystis, but this does not
reduce the number of low-abundance proteins
(emPAI value between 0 and 1.0) identified in this
strain, as seen in Table 3.

CONCLUSION

Application of proteomics to cyanobacteria has
mainly focussed on 2DE-based separations, with
only one study in the cyanobacterium Synechocystis
sp. PCC 6803 [28] showing an intensive use of the
shotgun approach using multiple combinations of
LC- and gel-based separation techniques. The
application of an alternative shotgun workflow in
A. wvariabilis ATCC 29413 in combination with
non-ionic and zwitterionic detergents yielded an
improvement in the identification of cytoplasmic
membrane proteins, without compromising the
identification of other proteins (cytoplasmic, peri-
plasmic, etc.). This is the first time, to our knowl-
edge, that a large-scale shotgun proteomics study
has been performed within the genus Anabaena.
Moreover, the use of four bioinformatic tools in this
study showed them to be useful in data interpreta-
tion and in the gathering of properties and
parameters (such as predicted protein location and
abundance) inherent in the cells. At the same time,
these tools validated the use of the alternative
shotgun workflow in the improvement in identifica-
tion of cytoplasmic membrane proteins. These tools
are not perfect; for example, PSORTb was unable to
classify some of these proteins and returned
‘unknown’ for the location.

Zz0z 1snbny 9| uo Jasn vopsnp Jo uswpedsq 'S'N Aq 91.8012/1.Z1/2/G/a01e/Biq/woo dnoolwspede//:sdpy woly papeojumoq



130 Barrios-Llerena et al.

Table 3: Number of proteins, and their overall relative percentage, detected for different emPAl values in Anabaena
variabilis ATCC 29413 (shotgun and 2DE workflows) and Synechocystis sp. PCC 6803 (shotgun workflow)

emPAI? Shotgun 2DE
A. variabilis %P Synechocystis %P A. variabilis %P
0-I 548 84.8 405 877 194 764
1-2 6l 94 35 90 47 18.5
2-3 19 29 8 20 5 20
>3 18 2.8 5 1.3 8 3l
646 391 254

*emPAl (exponentially modified protein abundance index) values calculated according to Ishihama et al. [5I]
Ppercentage of the number of proteins with that emPAl value against the total number of proteins identified for that organism and workflow.

The use of the PAI confirms that the phyco-
bilisome proteins are highly abundant proteins in
both shotgun and 2DE workflows. Those proteins
did not negatively impact the relative number of
low-abundance proteins identified using our shotgun
technique. However, in an absolute sense, there
are still significant numbers of proteins not resolvable
using any of the shotgun methods tested here
or in the literature. In order to further improve
the proteome coverage in cyanobacteria, a more
exhaustive approach is required. For example, the
analysis of the insoluble proteins (pellet) from the
extract is likely to result in the identification of more
membrane peptides. This could be accomplished by
dissolving the pellet in organic solvents, as reported
by Moslavac et al. [54] in Anabaena PCC 7120. The
selective removal of the highly abundant proteins
will be critical to access additional low-abundance
proteins. Multiple injections of each sample into the
MS can also further improve proteome coverage.

Another opportunity to increase proteome cover-
age lies in the observation of unmatched peptides,
which occurs frequently, even with high-quality
mass spectra. One cause of this may be poorly
annotated genomes. An alternative strategy is to use
the translation of the unannotated genome sequence
into an amino acid sequence, encoding putative
proteins in all six reading frames, and to identity
unmatched peptides by MS/MS. This strategy has
proven to result in more robust protein identifica-
tions, as demonstrated by Smith e al. [55] in the
study of the wunicellular organism Teétrahymena
thermophila.

Finally, the use of a shotgun proteomics analysis in
cyanobacterial strains should grow as the community
becomes increasingly more confident. The versatility
of multi-dimensional separations for different kinds

of samples with extreme properties such as acidity
and low aqueous solubility makes them attractive
tools for a global proteome analysis. Moreover, with
recent improvements in protein quantification
techniques such as ICAT, iTRAQ and invivo isotope
enrichment, the use of quantitative shotgun
approaches is extremely attractive. However, the
issue of compatibility between separation techniques
and quantification still needs to be addressed further.

Key Points

e The first large-scale shotgun proteomics in the genus Anabaena
was performed successfully, resulting in the identification of 646
proteins.

e An alternative extraction method, coupled with the shotgun
approach, was more effective for the detection of membrane
proteins.

e Information regarding the properties and characteristics of the
proteome of this organism was gained through the use of bio-
informatic tools.

e The abundance of phycobilisome proteins was confirmed using
an experimental PAI

e This study provides the basis for the design of biologically
focused experimental studies on this and closely related
organisms.
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