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This is the first broad proteomic description of Gluconacetobacter diazotrophicus, an endophytic
bacterium, responsible for the major fraction of the atmospheric nitrogen fixed in sugarcane in
tropical regions. Proteomic coverage of G. diazotrophicus PAL5 was obtained by two independent
approaches: 2-DE followed by MALDI-TOF or TOF-TOF MS and 1-DE followed by chromatog-
raphy in a C18 column online coupled to an ESI-Q-TOF or ESI-IT mass spectrometer. The 583
identified proteins were sorted into functional categories and used to describe potential meta-
bolic pathways for nucleotides, amino acids, carbohydrates, lipids, cofactors and energy produc-
tion, according to the Enzyme Commission of Enzyme Nomenclature (EC) and Kyoto Encyclo-
pedia of genes and genomes (KEGG) databases. The identification of such proteins and their
possible insertion in conserved biochemical routes will allow comparisons between G. diazo-
trophicus and other bacterial species. Furthermore, the 88 proteins classified as conserved
unknown or unknown constitute a potential target for functional genomic studies, aiming at the
understanding of protein function and regulation of gene expression. The knowledge of meta-
bolic fundamentals and coordination of these actions are crucial for the rational, safe and sus-
tainable interference on crops. The entire dataset, including peptide sequence information, is
available as Supporting Information and is the major contribution of this work.
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1 Introduction

One of the growth-limiting factors for any organism is
nitrogen. Although the most abundant compound in at-
mosphere, approximately 79%, this large reservoir of free
nitrogen is not available for many organisms, including
plants [1]. Furthermore, crop production in tropical soils,
often assumed to be highly weathered and thus nutrient-
depleted, is mainly based on the increasing use of chemi-
cal fertilizers. Since nitrogen is the main yield-limiting
factor, as much as 30% of the total fertilizers used are
nitrogenous chemicals [2]. Apart from costs, fertilizers
affect the balance of the global nitrogen cycle, pollute
groundwater, and increase the risk of chemical spills and
the amount of atmospheric nitrous oxide, a potent
“greenhouse” gas [3]. Consequently, decreasing depend-
ence on chemicals input for agricultural production is a
need.

Among the environmental-friendly technologies avail-
able, great emphasis has been given to the biological nitro-
gen fixation (BNF) process. The enzymatic reduction of N2 to
ammonia, unique to Bacteria and Archaea [4, 5], makes
nitrogen available to living organisms, either directly, by as-
sociation with N2-fixing microorganisms (diazotrophs), or
indirectly, by conversion of organic nitrogen into NO3

– and
NH4

1, thus making nitrogen in the soil ready for plant
uptake [6].

Besides Rhizobium species, which establish a nitrogen-
fixing symbiosis in root nodules of legume plants, there is
also a major subset of soil free-living bacteria, the endophytic
diazotrophs, which fix nitrogen when in association with
plant root surfaces or within host tissues [7, 8]. Living as
endophytes, the bacteria face less competition for nutrients,
interact more intimately with the plant and are protected
from changes in the environment [9, 10].

Microbiological survey on cultures of Brazilian sugar-
cane tissues showed greater diversity of diazotrophic bacteria
than in varieties grown in countries where substantial nitro-
gen input is applied to the soil [11, 12]. Thus, the low-cost
high-yield production of sugarcane in Brazil is a reflection of
the vast extensions of cropland, the tropical sunny weather
plus the nitrogen-fixing activities of these endophytes. This is
an example of the optimization of BNF applied to crop pro-
duction, without the adverse environmental effects of fertili-
zers [11–13].

Among the endophytic diazotrophic bacteria isolated
from sugarcane plants, Gluconacetobacter diazotrophicus (syn.
Acetobacter diazotrophicus) was the first described [14]. It was
isolated in 1988 from sugarcane juice-rich medium [15] and
later characterized as an acid-tolerant N2-fixing, aerobic,
Gram-negative bacterium. It has been found in roots, stems
and leaves of sugarcane plants, as well as in Cameroon grass,
sweet potato, coffee, tea, banana, ragi, rice and pineapple
[16]. G. diazotrophicus worldwide distribution is responsible
for almost half of the fixed N that is available to host-plants
[17].

Other G. diazotrophicus contributions to a profitable as-
sociation with the host-plants include the synthesis of the
plant growth-promoting substances auxins and gibberellins
[18–20] and of a bacteriocin, whose lysozyme-like activity in-
hibits growth of the sugarcane pathogen, Xanthomonas albi-
lineans [21]. Moreover, G. diazotrophicus exhibits antagonistic
activity against the phytotoxin produced by the fungus Colle-
trotrichum falcatum, the causal agent of red-rot, the most
dreaded disease in sugarcane [22].

G. diazotrophicus also secretes a constitutively expressed
levansucrase (LsdA), which allows the bacterium to use
sucrose, its natural carbon source substrate [23, 24]. Sucrose
utilization by G. diazotrophicus leads to the accumulation of
gluconic acids, which causes acidification of the media [25].
This highlights a secondary biofertilizer activity of G. diazo-
trophicus, since acidification can promote solubilization of
zinc and inorganic phosphate compounds in the soil [26]. G.
diazotrophicus is an endophyte, but has also been found in
the rhizosphere [16], therefore, its solubilization activities
might work outside and inside the host, turning the ele-
ments in the environment promptly available to increase
crop productivity.

G. diazotrophicus properties studied so far suggest it is a
diazotrophic organism quite distinct from other root-asso-
ciated bacteria [27]. Therefore, efforts have been made to
better understand its physiology, aiming the future develop-
ment of biotechnological approaches for a more sustainable
and environmentally safe crop production [28]. BNF asso-
ciated to sugarcane crops is a matter of special interest. In
Brazil, ethanol fuel produced from sugarcane is cheaper
than oil, just as convenient and environmentally superior
because it does not increase CO2 levels. Improvement in
agricultural sustainability will require further exploitation of
BNF to turn it into the major source of nitrogen for plants.
Its advantages include renewability and independence of
fossil-based energy, whose costs and supply are affected by
international politics and whose manufacture, distribution
and use require a complex infrastructure [3].

The characteristics of G. diazotrophicus described above
emphasize its abilities to directly promote growth and pro-
tect the sugarcane plant. However, the large-scale application
of selected strains of G. diazotrophicus for ethanol produc-
tion, with regard to a positive energy balance of the Brazilian
biofuel program, has been hampered by inconsistent perfor-
mance in field trials [29–31]. Among possible culprits is the
poor knowledge regarding the molecular basis of G. diazo-
trophicus-sugarcane interaction and on the relative contribu-
tion of each symbiotic partner to the biology of the intact as-
sociation.

Over the last years, the Riogene Genome Consortium
joined efforts to sequence G. diazotrophicus strain PAL5
genomic DNA. Data analysis revealed about 3990 putative
ORF (Ferreira, P. C. G. et al., Riogene is a consortium set up
to sequence complete genome of G. diazotrophicus PAL5.
http://www.riogene.lncc.br/). Some of these encode well-
known functions of G. diazotrophicus, such as the establish-
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ment of endophytic behavior, host recognition, colonization,
plant hormone production and nitrogen-fixing activity (Fer-
reira, P. C. G. et al., Riogene is a consortium set up to
sequence complete genome of G. diazotrophicus PAL5.
http://www.riogene.lncc.br/). However, the majority of the
ORF await validation and/or functional characterization.
Therefore, current research activities aim at going beyond
the realm of genome sequencing, towards proteomic
analysis.

In order to achieve broader proteomic coverage of G.
diazotrophicus PAL5, two independent approaches were
used: (i) 2-DE followed by MALDI-TOF or TOF-TOF MS or
(ii) 1-DE followed by chromatography in a C18 column
online coupled to an ESI-Q-TOF or ESI-IT mass spectrome-
ter. The almost 600 proteins identified make up an extensive
database. For many of the identified proteins roles have not
been assigned, therefore, functional genomic studies are
required to extend our understanding of the bacterium
physiology. Direct application of the data generated include
comparative proteomics, that could be extremely beneficial
not only for exploration of gene expression control by the
bacterium under distinct conditions, but also allowing a bet-
ter understanding of its interaction with sugarcane and other
plant-hosts.

2 Materials and methods

2.1 2-DE protein separation and MALDI MS

2.1.1 Cell growth conditions and preparation of

whole-cell lysates

G. diazotrophicus, lineage PAL5 (BR11281), was pre-cultured
in DYGS medium (2 g/L glucose, 2 g/L yeast extract, 1.5 g/L
peptone, 1.3 g/L glutamic acid, 0.5 g/L K2HPO4, 0.5 g/L
MgSO4.7H2O, pH 6.0) [32] to exponential phase, when cells
were harvested by centrifugation (18 0006g, 10 min, 47C)
and washed twice in PBS buffer [33]. About 26106 cells in
100 mL were inoculated in 2 L of LGI medium (0.2 g/L
K2HPO4, 0.6 g/L KH2PO4, 0.2 g/L MgSO4.7H2O, 0.02 g/L
CaCl2.2H2O, 0.002 g/L Na2MoO4.2H2O, 0.01 g/L
FeCl3.6H2O, 5 mL/L bromothymol blue 0.5% in 0.2M KOH,
10 g/L glucose) [27] containing 10 mM (NH4)2SO4 in a reac-
tor (Bioengineering, GAC - capacity for 2.5 L), at 307C and

400 rpm. The pO2 in the culture vessel was maintained at
atmospheric levels by a constant influx of oxygen at 3 L/min
and the pH was kept at 5.5 by inflow of phosphate-citrate
buffer 1M pH 5.5. Growth was followed by cell number
counts (Newbauer-counting chamber) and optical density at
600 nm (spectrophotometer PE - Model Lambda 11) and cells
were collected 48 h after inoculation (exponential phase of
growth) (Table 1).

The culture was centrifuged at 10 0006g for 15 min at
47C and the cells were washed with 100 mM Tris/HCl pH
8.0. For 2-DE analysis, LGI-grown cells were resuspended
in 2-D lysis buffer (2% CHAPS, 8 M urea, 0.13 M DTT,
0.5% v/v Pharmalyte 3–10, 1 mM PMSF) and the cell sus-
pension was submitted to 20 cycles of freezing in liquid
nitrogen and thawing at 377C. Lysis of cells was followed
by optical microscopy and clear lysates were obtained by
centrifugation at 14 0006g for 1 h at 47C. Protein con-
centration was estimated by 2D Quant Kit (GE Bio-
sciences).

2.1.2 2-DE, staining and image acquisition

The first dimension of 2-DE was performed using the IPG-
Phor IEF unit according to the manufacturer recommenda-
tions (GE Biosciences). A sample containing 2 mg of protein
was submitted to IEF on an 18-cm Immobiline DryStrip pH
gradient 4–7 (GE Biosciences). After focusing, proteins on
the strips were reduced and alkylated, as recommended [34].
Second dimension electrophoresis was performed on a 12%
polyacrylamide/SDS gel on a Daltsix Unit (GE Biosciences)
according to manufacturer’s instructions. Proteins were
stained with CBB R-250, after which, the gels were scanned
(ImageScanner LabScan v5.0) and analyzed with the Image-
Master 2D Platinum v5.0 software (GE Biosciences). Values
of pI and Mr values of the proteins of interest were deter-
mined considering a linear distribution of pH and the Rain-
bow broad range molecular weight protein markers (GE
Biosciences), respectively.

2.1.3 In-gel digestion

Excision and processing of protein spots were performed as
previously described [35]. Digestions were done with se-
quencing grade-modified porcine trypsin (Promega, Madi-
son, WI) at 377C for 16 h.

Table 1. Growth conditions, protein separation and identification methods

Growth condition Phase of growth Sample Separation method Identification method

LGI Exponential Whole-lysate 2-DE MALDI-TOF and MALDI TOF/TOF
DYGS Late exponential Whole-lysate 1-DE LC-Q-TOF
MS/10 Stationary Membrane enriched fraction 1-DE LC-Ion-Trap
MS/10 Stationary Whole-lysate 1-DE LC-Ion-Trap
MS/10 Stationary Whole-lysate IEF LC-Ion-Trap
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2.1.4 MALDI-TOF/TOF-TOF analysis

Of the tryptic peptides, 0.5 mL was mixed with 0.5 mL of a
saturated solution of CHCA matrix in 50% ACN, 1% TFA.
The mixture was spotted onto a MALDI sample plate and
allowed to crystallize at room temperature.

MALDI-TOF analysis was performed in a Voyager DE
PRO BioSpectrometer Workstation (Applied Biosystem, Fos-
ter City, CA, USA), operated in reflectron-delayed extraction
mode with high resolution for the 800–4000-Da range.

MALDI-TOF-TOF peptide sequencing was performed by
precursor ion fragmentation, using N2 gas in the collision
cell at 2.8610–6 torr, in a 4700 Explorer Proteomics Analyzer
(Applied Biosystem). Trypsin autolysis peptides masses
842.5 and 2211.1 and calibration mixture 1 or 2 (Sequazyme
Peptide Mass Standard kit, PerSeptive Biosystems, Foster
City, CA, USA) were used, respectively, as internal and
external standards in both MS and MS/MS procedures.

Protein identification was carried out against the G. dia-
zotrophicus database (Ferreira, P. C. G. et al., Riogene is a
consortium set up to sequence complete genome of G. dia-
zotrophicus PAL5. http://www.riogene.lncc.br/) using the
MASCOTsoftware (Matrix Science, London, UK) [36] and the
following parameters: cys-carbamidomethylation as fixed
modification; methionine oxidation as variable modification;
one missed trypsin cleavage, monoisotopic masses, peptide
and ion tolerances at 0.5 and 0.3 Da. Under these conditions,
a probability based score .51 was considered significant (p
,0.05). The other criteria for identification were a minimum
of 20% of protein coverage and four peptides with hits in the
database (for PMF data) or two peptide sequence tags (for
MS/MS).

2.2 1-DE, peptide chromatography and ESI MS

2.2.1 Cell growth conditions and sample preparation

G. diazotrophicus was grown in DYGS medium in Erlen-
meyers flasks, at 307C and 150 rpm for 72 h. Cells were col-
lected and washed as described above and resuspended in
SDS-PAGE Laemmli buffer and heated for 10 min at 1007C.
A clear lysate was obtained after centrifugation at 14 0006g
for 1 h at 47C.

Alternatively, the bacterium was grown in a tenfold dilu-
ted Murashige and Skoog medium (MS/10) [37], without
hormones and sucrose. The cells were harvested after 9 days,
washed and resuspended in 8.1 M urea, 4% CHAPS, 1%
DTT, 2% Pharmalyte, 3–10, 8 mM PMSF, 0.5% Triton X-100.
Cells were disrupted by 20 cycles of freeze-thawing as in
Section 2.1, sonication and vortexing. A clear lysate was
obtained after centrifugation at 57 0006g for 2.5 h at 57C.
The supernatant was colleted and stored at –807C until used.
Membrane proteins in the pellet of the latter centrifugation
were prepared as previously described [38, 39] and resus-
pended in 1% CHAPS, 2% NP-40, 5% Triton X-100, 1%
Pharmalyte, 8 M urea.

Protein concentration was estimated by 2D Quant Kit
(GE Biosciences) or the BCA protein assay [40].

2.2.2 1-DE and IEF

Two independent, but complementary protein separation
approaches were used: SDS-PAGE or IEF. SDS-PAGE was
performed on a 12% polyacrylamide gel in a mini Protean II
system (Bio-Rad).

IEF was carried out on Immobiline DryStrip (IPG, 7 cm,
linear pH gradient 3–10, GE Biosciences). Proteins (80 mg)
were completed to a volume of 130 mL resulting in a final
concentration of 8.1 M urea, 2% CHAPS, 0.28% DTT, 1%
IPG buffer 3–10, and 0.002% w/v Bromophenol Blue. The
IPGphor IEF System was used to perform an active re-
hydratation step for 12 h at 30 V. IEF conditions were
according to the manufacturer’s instructions.

2.2.3 In-gel digestion

Excision and processing of protein spots from SDS-PAGE
gels were performed as previously described [35].

IPG strips were cut in 0.7-cm pieces and proteins were
reduced with 350 mL of 25 mM NH4HCO3, pH 8.0 and 50%
ACN, containing 10 mg/mL DTT. Proteins were then alkyl-
ated with 350 mL of a 30 mg/mL iodoacetamide (IAA) solu-
tion. Each piece was shrunk by dehydration in ACN and
dried in a vacuum centrifuge. Trypsin digestions were per-
formed as previously described [41]. Peptides were extracted
in 80 mL of 50% ACN and 5% formic acid (FA). Samples were
concentrated by vacuum centrifugation to approximately
10 mL and stored at 2207C until MS analysis.

2.2.4 ESI-Q-TOF analysis

LC-MSMS was performed in a Q-TOF Ultima API mass
spectrometer (Micromass, Manchester, UK) to analyze tryp-
tic peptides from proteins separated by SDS-PAGE. A nano-
flow ESI source was used with a lockspray source for lock-
mass measurements during all the chromatographic run.
Samples of approximately 0.5 mg of digested proteins were
desalted online using a Waters Opti-Pak C18 trap column.
The mixture of trapped peptides was then separated by elu-
tion with a water/ACN 0.1% formic acid gradient through a
Nanoease C18 (75-mm id) capillary column. Data were
acquired in data-dependent mode (DDA), and multiple-
charged peptides ions (12 and 13) were automatically mass
selected and dissociated in MS/MS experiments. Typical LC
and ESI conditions were a 200 nL/min flow, a 3 kV nanoflow
capillary voltage, a 1007C block temperature and a 100 V cone
voltage.

The MS/MS spectra were processed using the Pro-
teinLynx 2.0 software (Waters, Milford) and the pkl file gen-
erated was searched against the database using the MASCOT
software (MatrixScience, London, UK).
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2.2.5 C18 chromatography coupled to ESI-IT MS

Digested protein samples were resolved on a
15 cm6300 mm id (300 Å; 3 mm) ProteCol C18 column
(SGE, Australia). Mobile phase A was 0.1% v/v formic acid in
water, and B was 0.1% v/v formic acid in ACN. Eluting pep-
tides in the column effluent were directly electrosprayed into
a LCQ Deca XP Plus IT spectrometer (Thermo Finnigan,
USA). The voltage applied to the electrospray source was
3.30 kV, while the inlet capillary was held at 31.0 V and
1807C. Ten arbitrary units (range 0–100) of sheath gas flow
were used. Spectra of eluting peptides were acquired in a
data-dependent fashion by first acquiring a full MS scan
from m/z 400 to 2000 followed by consecutive MS/MS scans
of the five most intense ions of the previous full MS scan.

The MS/MS spectra were extracted and the charge state
was deconvoluted and deisotoped by BioWorks version 3.3.
All MS/MS samples were analyzed using SEQUEST (Ther-
moFinnigan; version 27, rev. 12) and X!Tandem (http://
www.thegpm.org version 2007.01.01.1) against the G. diazo-
trophicus database. Fragment ion mass tolerance of 0.50 Da
and a parent ion tolerance of 1.4 Da were used in the
searches. Iodoacetamide derivative of cysteine was specified
in SEQUEST and X!Tandem as a fixed modification. Oxida-
tion of methionine, tryptophan oxidation to formylk-
ynurenin and acrylamide adduct of cysteine were specified in
SEQUEST and X!Tandem as variable modifications.

The Scaffold (version Scaffold-01_06_18, Proteome Soft-
ware, Portland, OR) software was used to validate MS/MS-
based peptide and protein identifications. Peptide identifica-
tions were accepted if they could be established at greater
than 95.0% probability as specified by the Peptide Prophet
algorithm [42]. Protein identifications were accepted if they
could be established at greater than 95.0% probability and
contained at least two identified peptides. Protein probability
scores were assigned by the Protein Prophet algorithm [43].

3 Results and discussion

3.1. Protein database assembly and expression profile

of G. diazotrophicus

3.1.1 2-DE analysis followed by MALDI MS

The whole-cell lysate proteome profile of G. diazotrophicus
grown in LGI, was obtained by 2-DE. Three 2-DE gels of G.
diazotrophicus were run that showed the same protein pro-
file. One of them was selected as the reference (Fig. 1A). A
set of 368 protein spots spread over the pH range 4 to 7 was
clearly visualized on the gel after CBB staining. The vast
majority of proteins (ca 80%) possessed Mr in the range 22 to
97 kDa (Fig. 1A); only 7% were bigger than 97 kDa and 13%
smaller than 22 kDa.

All 368 protein spots were trypsin digested and analyzed
by MALDI MS. From these, 205 proteins (ca 52%) were

identified at p�0.05. Fig. 1A shows the successfully identi-
fied spots numbered c1 to c368, as in the Supporting Infor-
mation, where number of peptides matched, scores, experi-
mental pI and Mr, peptide sequences, sequence coverage and
charge state are also listed.

Some spots contained two proteins; therefore, the 205
proteins derived, in fact, from 190 spots. Multiple protein
identifications, in some cases, result from streaky spots and/
or diffusion of proteins in close proximity.

Several other proteins were isoforms, probably derived
from PTM of the same primary sequence. The majority of
these isoforms presented little or no observable Mr modi-
fication, but differed in charge. Thus, the 205 proteins were,
ultimately, the products of 161 distinct genes (i.e. independ-
ent accession numbers, Supporting Information Table S1).

Assuming that the G. diazotrophicus genome encodes
about 3990 proteins, the 161 proteins identified correspond
to 4% of the proteomic potential of the bacterium. To raise
the ratio of identified/predicted proteins we employed an
alternative gel-based analysis: 1-DE protein separation, in gel
protein trypsinization, separation of the tryptic peptides
generated and MS/MS analysis (1-DE/LC/MS/MS). More-
over, to maximize the chance of detecting as many distinct
proteins as possible by 1-DE/LC/MS/MS, we analyzed lysates
from cells cultured under different conditions and used
diverse protein extraction methods, as described in Section
2.2.

3.1.2 ESI-Q-TOF analysis

G. diazotrophicus was grown in DYGS, the cells were lysed in
Laemmli buffer and soluble proteins were separated by
1-DE. The resulting gel was sliced into ten pieces of similar
sizes (Fig. 1B) and the proteins were in-gel digested with
trypsin.

The tryptic peptide mixtures were separated as described
in Section 2.2, according to hydrophobicity. This methodol-
ogy permitted the separation of proteins and peptides,
respectively, according to Mr and hydrophobicity.

A set of 13 872 MS/MS spectra were acquired, allowing
the identification of 537 proteins from distinct genes at
p,0.05 (Supporting Information Table S1). Since the iden-
tity of 127 from the 537 had been previously determined by
the 2-DE/MALDI strategy, overall, we managed to identify
574 different proteins (Supporting Information Table S1).

3.1.3 ESI-IT analysis

Subcellular fractions of G. diazotrophicus grown in MS/10
medium were analyzed on ESI-IT. Soluble and membrane
proteins of G. diazotrophicus were separated by SDS-PAGE
and the whole-cell lysate proteins were separated by IEF on
Immobiline DryStrips. Each gel was cut in ten pieces and
proteins were in-gel trypsin digested. Tryptic peptides were
resolved on a C18 column and directly electrosprayed into an
IT mass spectrometer. In all, 96 proteins were identified,
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Figure 1. Methods of G. diazotrophicus
protein expression profile construction
and analysis. (A) 2-DE electrophoresis
map of whole-cell lysate from G. diazo-
trophicus, showing the 368 visualized
spots. 205 proteins in the 190 numbered
spots were identified by MS. (B) The 1-
DE gel of whole-cell lysate proteins from
DYGS grown G. diazotrophicus, sliced in
ten fragments used for in-gel protein
tryptic digestion. (C) Venn diagram with
the sets of proteins identified by each
method: 161 distinct proteins were iden-
tified by 2-DE, 547 by 1-DE/LC/MS/MS,
with an intersection of 128 proteins of a
total of 583 proteins.

with confidence level .95% and a minimum of two peptides
identified per protein. Statistics and reliability analyses were
performed in Scaffold proteome software.

Since 87 of the 96 proteins had been identified by MALDI
or LC-Q-TOF, only nine novel proteins were added to the
proteome database of G. diazotrophicus. As a whole, 583 G.
diazotrophicus proteins were successfully identified in this
work (36 exclusively by 2-DE/MALDI, 128 by both methods
and 419 exclusively in the 1-DE/LC/MS/MS approach;
Fig. 1C, Supporting Information Table S1). This represents
15% of the estimated proteome of the bacterium relative to
genome encoded proteins. Only 4% of the proteins were
identified by 2-DE and MALDI MS. Further protein identifi-
cation was only possible by the use of 1-DE/LC/MS/MS,
confirming the robustness of these procedures.

3.2 Localization, functional classification and special

categories of proteins

3.2.1 Protein cellular localization sites

The majority of the proteins described here are soluble;
however, some membrane-associated proteins were also
identified. These were outer membrane lipoproteins (spots
c15, c109, c152, c203, c204, c25, c368), GTP-binding protein
TypA/BipA (spot c5), a dipeptidase M19 (spot c156) and sev-
eral ATP synthase subunits (spots c330, c34, c36). Mem-
brane-associated proteins identified by 1-DE/LC/MSMS
comprised an UDP-N-acetylenolpyruvoylglucosamine
reductase (cell wall formation [44]), an outer membrane
lipoprotein, Omp16, Porin B precursor (of the outer mem-
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brane efflux protein), two putative surface antigens and a
YaeT precursor. In Escherichia coli, yaeT gene codes for an
essential function in targeting and folding of outer mem-
brane proteins [45, 46].

Export processes proteins included a polysaccharide
export protein, CtrD (capsule polysaccharide export ATP-
binding protein), HlyD (membrane fusion protein of type-I
secretion system [47]) and type II/IV secretion system pro-
tein, SecB (protein export chaperone [48]).

Identification of additional membrane proteins from G.
diazothrophicus is of special interest, since in the endophyte
stage the bacteria are in intimate contact with plant cells
surfaces, nutrients and other microorganisms within the
plant apoplast compartment. Moreover, in vitro, drastic
ultrastructural alterations have been observed in many N-
fixing endophytes, including G. diazothrophicus [16] as a
consequence of protein pattern changes, including mem-
brane remodeling. Therefore, a proteomic analysis of mem-
brane envelope proteins of G. diazothrophicus under distinct
physiological states would certainly lay a foundation for a
better understanding of membrane functions in the cell.

3.2.2 Functional classification of proteins

The 583 proteins were grouped according to the Sanger
classification system for bacterial proteins [49] (Fig. 2). The
major group included 220 proteins (38% of those identified)
with functions in the central/intermediary/miscellaneous
metabolism. The second major group comprised 84 proteins
with roles in information transfer (transcription, translation,
and modification of nucleic acids). Other well-represented
groups were surface (54) and energy metabolism (46) pro-
teins.

A group of 50 conserved unknown, as well as 27
unknown proteins were also identified. An interesting set
comprehended 32 proteins with roles in adaptation to atypi-
cal conditions, folding of molecules and pathogenicity.
Twenty-seven regulatory proteins were found, even though
these are usually low-abundant in bacterial cells. Other cate-
gories represented were those involved in degradation of
large (39) and small molecules (4).

3.2.3 Proteins involved in transport

Twenty-four of the proteins identified, were transporters or
members of transport systems. Among these were several
ABC transport system components, D-ribose, D-xylose and
fucose periplasmic binding proteins, ATP-binding proteins
of sugar and vitamin B1 uptake systems and a member of an
uncharacterized transport process. Other transporter system
protein was SufC, a versatile ATPase that can associate either
with other Suf proteins to form a Fe–S cluster-assembling
machinery or with membrane proteins to form an Fe–S ABC
exporter complex [50].

In addition, we managed to identify PhoU, a protein
involved in the transport of inorganic phosphate under lim-
iting conditions in many bacterial species [51]. However,
PhoU in E. coli also plays role as a global negative regulator,
beyond its role in phosphate metabolism, shutting down
cellular metabolism to ensure metabolically quiescent bac-
teria survival under various stress conditions [52].

Other transport-related proteins identified were ExbB, of
the biopolymers transport system, and TolB plus TonB. TolB
is a component of a multiprotein translocation complex, with
roles in the recycling of peptidoglycan and in the covalent
linking of peptidoglycan and lipoproteins [53]. TonB, on the
other hand, is the transducer of the proton-motive force

Figure 2. Classification of the G. diazo-
trophicus proteins identified according
to the functional categories of the San-
ger prokaryotic scheme. Absolute values
per categories are shown.
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energy for active transport of iron-siderophore complexes
and vitamin B12 across the outer membrane [54]. Interest-
ingly, in E. coli, both TonB and TolB are involved in the
translocation of colicins and in this process TonB functions
in association with protein ExbB [55, 56], mentioned above.
Mechanisms of iron acquisition, such as the one involving
TonB are quite important for endophytic bacteria, since free
iron level is low in plants and iron sequestering is important
for host-bacteria relationships [54].

3.2.4 Nitrogen fixation-related proteins

Nitrogenase is an enzymatic complex that catalyzes the
reduction of dinitrogen to ammonia coupled to the hydrol-
ysis of ATP [57]. It consists of two component metallopro-
teins, the iron protein (NifH) and molybdenum-iron protein
(NifD, NifK) [58]. The major cluster of nif/fix and associated
genes of G. diazotrophicus have been characterized [59, 60].
Their arrangement on the genome of the bacterium is quite
similar to that of the nif/fix cluster in Azospirillum brasilense,
however, the individual gene products are more similar to
those in species of Rhizobiaceae or in Rhodobacter capsulatus
[60].

We managed to detect, in some of the samples, the
three nitrogenase proteins NifH, NifD and NifK, as well
as NifA and NtrX. NifA is the transcriptional activator of
the nifHDK operon and NtrX is the response regulator of
the two-component system NtrY/NtrX involved in the
activation of nitrogen assimilatory genes such as glnA
[61].

3.2.5 Proteins involved in adaptation and protection

responses

Among the proteins involved in cellular adaptation and pro-
tection responses we found an universal stress-related pro-
tein, five chaperones, three proteins involved in iron metab-
olism, two antioxidant proteins, two cold-shock proteins, an
organic solvent tolerance protein, a multidrug resistance
protein EmrA, a bacteriocin and a paraquat-inducible protein
PqiB.

The chaperones identified were DnaK, DnaJ, HtpG, a
chaperone-binding protein and SurA. The ensemble of
chaperones comprises systems for ATP-dependent folding
and assembly of newly synthesized proteins, for the trans-
location of unfolded proteins across membranes and
refolding and degradation of misfolded and aggregated
proteins [62].

One of the proteins that provide folding assistance
during protein biosynthesis is DnaK. The specificity of the
folding processes depends on the activity of co-chaperones,
such as DnaJ, functioning together with DnaK and GrpE
[63]. SurA, on its turn, is involved in the folding of extra-
cytoplasmic proteins, but has also a protective role, since is
required for E. coli survival during the stationary growth
phase [64]. HtpG, on the other hand, a homologue of the

mammalian chaperone HSP90, is not essential for E. coli
survival [65], but has a crucial role in thermal stress man-
agement in cyanobacteria [66].

Chaperone and associated proteins that allow bacterial
cells to cope with alterations of protein conformation are
usually expressed in response to an increase in ambient
temperature. Cold-shock response, to the contrary, com-
prises predominantly proteins such as helicases, nucleases,
and ribosome-associated components [67]. Two putative cold-
shock response proteins namely, DEAD box protein A and
protein CspE, were identified in G. diazotrophicus. Interest-
ingly, CspE in E. coli is not cold induced, but is constitutively
expressed at 377C and it is functionally important, since it
regulates the expression of two proteins involved in the stress
response. Therefore, the expression of DEAD box protein A
and of CspE in G. diazotrophicus might be an indication that
they function in the bacterial adaptation to other external
stress factors besides protecting against cold distress. How-
ever, there is also evidence that they play important roles in
bacterial cell physiology under normal conditions. Experi-
mental data suggest they bind mRNA molecules to regulate
ribosomal translation and control the rate of mRNA degra-
dation and termination of transcription [68].

Two proteins involved in cellular protection are super-
oxide dismutase (SOD) and peroxiredoxin, which take part in
cell defenses against reactive oxygen species (ROS) [69].

3.2.6 Regulatory proteins

Thirty-four (ca. 6%) of the 583 proteins have predicted reg-
ulatory activities, contrasting with the notion that proteomic
analysis is unable to detect low-abundance regulatory pro-
teins. These proteins are likely to regulate global networks
and mutagenesis of the corresponding genes should yield
important insights into the control of overall cellular metab-
olism. Some of the regulatory proteins identified were BolA-
like protein, which in E. coli is essential for a shift in cell
morphology and leads to increased transcription of the cell
wall synthetic genes dacA (PBP5), dacC (PBP6) and ampC
[70]; N utilization substance protein B, involved in the tran-
scription termination process [71]; ROS/MucR transcrip-
tional regulator protein, which in E. coli regulates diverse
functions, including biosynthesis of the exopolysaccharides
succinoglycan and galactoglucan [72]; transcriptional reg-
ulatory protein ChvI, a member of a two-component system
that regulates succinoglycan synthesis [73]; and a putative
transcriptional regulator LysR.

Other regulators identified include transcription anti-
termination protein NusG, transcriptional regulator of the
IclR family/regucalcin, a transcriptional regulator of CarD
family, polyphosphate kinase, inosine-guanosine kinase,
ribokinase, ribulokinase, phosphoglycerate kinase, uridylate
kinase, PrkA serine protein kinase and a putative serine
protease, the three nitrogenase proteins NifH, NifD and
NifK, as well as NifA and NtrX, a response regulator of the
NtrY/NtrX two-component system.
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3.3 Metabolic pathways in G. diazotrophicus

Enzyme Commission numbers (EC) could be assigned to
234 out of the 583 proteins. These EC numbers were used to
search the Kyoto Encyclopedia of genes and genomes
(KEGG) database for metabolic routes. As a great number of
proteins can be shared by various metabolic pathways, iden-
tification of a few proteins in a pathway may be the con-
sequence of this interconnected metabolic network. There-
fore, a pathway was deemed potentially active in G. diazo-
trophicus when a minimum of three different representative
enzymatic activities were identified. Furthermore, at least
one of these proteins should be exclusive of the referred
pathway.

By applying these criteria to the set of proteins identified
in this work, 33 pathways were represented in G. diazo-
trophicus protein database (Table 2). In several cases, a com-
plete or near-complete set of enzymes of a pathway was
identified.

Amino acid metabolism was represented by 12 pathways,
namely, glutamate metabolism (12 proteins), glycine, serine
and threonine (11), methionine (9), aspartate and alanine (8),
phenylalanine, tyrosine and tryptophan (7), glutathione (7),
valine, leucine and isoleucine (6), lysine (6), arginine and
proline (6), tyrosine (5), cysteine (3) and urea cycle and me-
tabolism of amino groups (4).

Nine pathways for carbohydrates metabolism were char-
acterized. The most represented pathways were pentose

Table 2. Metabolic pathways represented on the proteome of G. diazotrophicus, according to KEGGa)

Metabolic pathways No Ecs

Amino acids metabolism (12) 1- Glutamate metabolism 12
2- Glycine, serine and threonine metabolism 11
3- Methionine metabolism 9
5- Alanine and aspartate metabolism 8
4- Phenylalanine, tyrosine and tryptophan metabolism 7
6- Glutathione metabolism 7
7- Valine, leucine and isoleucine metabolism 6
8- Lysine biosynthesis 6
9- Arginine and proline metabolism 5

10- Tyrosine metabolism 5
11- Urea cycle and metabolism of amino groups 4
12- Cysteine metabolism 3

Carbohydrate metabolism (9) 14- Pentose phosphate pathway 14
13- Glycolysis/Gluconeogenesis 13
15- Pyruvate metabolism 9
16- Citrate cycle (TCA cycle) 8
17- Fructose and mannose metabolism 5
18- Butanoate metabolism 5
19- Glucose and glucoronate interconversions 4
20- Starch and sucrose metabolism 4
21- Glycoxylate and dicarboxylate metabolism 4

Energy metabolism (3) 22- Carbon fixation 13
23- Methane metabolism 7
24- Nitrogen metabolism 4

Metabolism of cofactors and vitamins(2) 25- Panthotenate and CoA biosynthesis 8
26- Phorphyrin and chlorophyll metabolism 4

Lipid metabolism (2) 27- Fatty acids biosynthesis 4
28- Biosynthesis of steroids 4

Biosynthesis of secondary metabolites (1) 29- Streptomycin metabolism 6

Nucleotide metabolism (2) 30- Purine metabolism 20
31- Pyrimidine metabolism 17

Genetoic information processing (1) 32-Aminoacyl-tRNA biosynthesis 11

Environmental information processing (1) 33- Two-component system 5

a) A pathway was deemed potentially active in G. diazotrophicus when a minimum of three different enzymatic activities were identified
and, at least one of them should be exclusive of that pathway. Numbers of pathways per metabolic group (n) and of proteins (No ECs)
per pathway are shown.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



1640 L. M. S. Lery et al. Proteomics 2008, 8, 1631–1644

phosphate (PPP, 14 proteins), glycolysis/gluconeogenesis
(13; see Ssection 3.3.1), pyruvate metabolism (9) and citric
acid cycle (TCA, 8). In addition, 13 proteins for carbon fixa-
tion, seven for the methane metabolism and four of the
nitrogen metabolism were among those of the energy me-
tabolism group.

Nucleotide pathways comprehended 20 proteins for pur-
ines and 17 for pyrimidines metabolisms. Other metabolic
routes defined in this work were two for cofactors biosyn-
thesis, two for lipid metabolism, one for secondary metabo-
lite biosynthesis, one for genetic information processing and
one for environmental information processing.

3.3.1 Glucose utilization: direct oxidation, pentose

phosphate pathway, and other routes for

carbohydrates utilization

It has been previously described that the key step in glucose
utilization by G. diazotrophicus is its periplasmic oxidation to
gluconate catalyzed by a the periplasmic pyrroloquinoline
quinone (PQQ)-linked glucose dehydrogenase [74]. Accord-
ingly, some enzymes for the utilization of gluconate were
identified in this work: gluconate 5-dehydrogenase, 6-phos-
phogluconate dehydrogenase, a key enzyme of the PPP (see
below), and 2-ketogluconate reductase.

Other intracellular mechanisms for carbohydrate utili-
zation rely on NAD-glucose dehydrogenase [75, 76] and
include the PPP and Embden-Meyerhof pathways. A third
one, is the Entner-Doudoroff pathway, with two key enzymes
(EC 4.2.1.12 and 4.1.2.14), which have not been detected in
the samples of G. diazotrophicus analyzed. This pathway,
however, is present in species of the Acetobacteriaceae family,
ex. Acetobacter xylinum [77] and among the Gluconobacter
species, ex. G. oxydans, whose genome has been sequenced
recently [78]. Therefore, the presence of the Entner-Doudor-
off pathway in G. diazotrophicus cannot be discarded and
further investigation is required.

The PPP has been described as the main pathway for the
catabolism of sugars among Acetobacteriaceae [79, 80]. The
first stage of the PPP, the oxidative stage, is a rate-limiting
step redox reaction catalyzed by glucose-6-phosphate-dehy-
drogenase (EC 1.1.1.49) and by the enzymes EC 3.1.1.31, EC
5.1.3.1, and EC 5.3.1.6 (Supporting Information Table S1).
Feeding this pathway, the gluconate produced by the peri-
plasmic oxidation of glucose, enters directly into PPP as 6-
phospho-gluconate [76]. The second stage of PPP is non-oxi-
dative and catalyzed by the enzymes EC 4.1.2.9, EC 2.2.1.1
and EC 2.2.1.2, also described herein (Supporting Informa-
tion Table S1).

One important enzyme, 6-phosphofructokinase (EC
2.7.1.11), for the commitment step in the glycolysis pathway
was not identified, in agreement with previous studies [76,
79]. The set of enzymes of glycolysis/gluconeogenesis path-
way identified was: 5.4.2.2, 3.1.3.11, 4.1.2.13, 5.4.2.4, 5.4.2.1,
4.2.1.11 and 2.7.1.40. The detection of proteins that turns
glycerate-1,3 biphosphate into pyruvate plus the presence of

a typical catabolic enzyme, the pyruvate kinase (EC 2.7.1.40)
might indicate some catabolic role for the lower part of the
Embden-Meyerhof pathway. However, the identification of
fructose-bisphosphate aldolase (EC 4.1.2.13) and, most
importantly, of the fructose-1,6-bisphosphatase (EC 3.1.3.11)
strongly suggests that this pathway also functions in gluco-
neogenesis in G. diazotrophicus. The data presented here
complement previous work since, instead of enzyme activi-
ties, the proteins themselves were detected and unquestion-
ably identified.

Several TCA cycle enzymes were identified: ATP citrate
synthase (EC 2.3.3.1), aconitate hydratase (EC 4.2.1.3), iso-
citrate dehydrogenase (EC 1.1.1.42), dihydrolipoamide suc-
cinyltransferase component E2 of 2-oxoglutarate dehy-
drogenase complex (EC 1.2.4.2), succinyl-CoA synthetase
beta chain (EC 6.2.1.5), two subunits of succinate dehy-
drogenase (flavoprotein and iron-sulfur proteins), and
fumarate hydratase (EC 4.2.1.2). Some subunits of pyruvate
dehydrogenase, used to produce acetyl-CoA, that fuels the
TCA cycle, were also found. However, the two main enzymes
of the glyoxylate by-pass, isocitrate lyase and malate syn-
thase, were not found, in agreement with a previous study
[76]. A strain of G. diazotrophicus, PAL3, has a complete TCA
cycle [76], and it is assumed that this could be true for Glu-
conacetobacter in general. In contrast, Gluconobacter, another
genus of the Acetobacteriaceae family, has an incomplete TCA
cycle [78, 81].

3.3.2 Oxidative phosphorylation and complexes of

electron transport chain

Respiration is an important feature of G. diazotrophicus
physiology, which relies on a high respiratory capacity to
protect its nitrogenase from O2 [25, 27]. In the Acetobacter-
aceae family a large number of membrane dehydrogenases
(quinoproteins and flavoproteins) yield electrons to the
respiratory chain [25, 82]. The general structure of the aero-
bic respiratory system of G. diazotrophicus includes various
dehydrogenases, cytochrome c as electron carrier, ubiqui-
none Q10 as the main electron collector in the inner mem-
brane, and terminal ubiquinol oxidases [83].

Members of the respiratory electron transport chain were
detected as a large group of approximately 30 proteins. The
presence of six components of the NADH:ubiquinone oxi-
reductase, namely, subunits B, C/D, E, F, G and I, suggests
high abundance of an enzyme composed of many polypep-
tides, identified as type 1 NADH dehydrogenases (NDH-1)
[84]. Various subunits of alcohol dehydrogenases (ADH)
were found in G. diazotrophicus: one is highly similar to the
ADH from G. europaeus and G. polyoxogenes [85]; two smaller
ones, classified as GroES-like ADH, presented similarity to
GOX0313 and GOX0314 from G. oxydans and other two were
zinc-binding proteins, one similar to the putative oxido-
reductase GOX2594, also from G. oxydans and, the other, a
homologue of YP_159089 from Azoarcus sp. EbN1. Of the
aldehyde dehydrogenases (ALDH) identified, one is similar
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to that found in G. europaeus (accession number CAA69955)
[86] and the other is smaller and more strongly related to the
ALDH from Xanthobacter autotrophicus, locus AAC13641
[87].

Four subunits of an electron-transfer flavoprotein were
identified: FixA, FixB, FixC and EtfB. The roles of these pro-
teins in G. diazotrophicus are not known, however, in R.
meliloti, fixABC genes are located in a single operon, are co-
transcriptionally activated by the NifA with the nitrogenase
genes nifH, D, K, and are essential for nitrogen fixation [88].

We also managed to identify two NADH:flavin oxire-
ductases of the OYE family, COG1902, one quinone oxire-
ductase, COG0604, one nitroreductase, COG0778, an addi-
tional PQQ-containing dehydrogenase, similar to Glucono-
bacter oxydans GOX1969, and one nitropropane
deoxygenase, like GOX1587.

Membrane ubiquinone is the general electron acceptor
for all bacterial membrane-bound dehydrogenases [25, 84].
The ubiquinones, and in particular Q10, are active electron
carriers receiving electrons from the outer and inner faces of
the membrane [89]. G. diazotrophicus in addition to Q10 its
major ubiquinone, has, in smaller proportions, the ubiqui-
none Q9 and PQQ. Ubiquinone synthesis proceeds in three
stages, the formation of the ring, the addition of a hydro-
phobic polyisoprenoid chain, and modifications of the ring
[90]. Among the enzymes that work in these pathways we did
identify a geranyltranstransferase of the prenyl chain syn-
thesis stage (EC 2.5.1.10) and ring modifying enzymes, UbiE
(a methyltransferase), UbiG (a SAM O-methyltransferase)
and UbiH (a hydroxylase).

It has been shown that G. diazotrophicus, an oxidase
negative species, uses a ubiquinol oxidase, instead of cyto-
chrome c oxidase, at the terminal end of the respiratory chain
[25], and two ubiquinol oxidases were described in the bac-
terium. One is the cytochrome ba-type KCN-resistance and
the other [25], the cytochrome bb/bd-type KCN-sensitive [84].
In this work, the subunit II of the cytochrome ba-type ubi-
quinol oxidase was identified. It has high similarity in amino
acid sequence to the corresponding subunit of the cyto-
chrome a1 (ba)-type ubiquinol oxidases of both, Acetobacter
pasterianus and A. aceti [91].

4 Concluding remarks

This is the first broad proteomic description of G. diazo-
trophicus, an endophytic bacterium, responsible for the
major fraction of the nitrogen fixed in sugarcane in tropical
regions.

The 208 proteins identified by 2-DE/MALDI are the
starting point for the establishment of a proteome reference
map for G. diazotrophicus. If we add those to the set identi-
fied by 1-DE/LC/MS/MS, we end up with 583 distinct pro-
teins that were sorted into their functional categories and
were used to describe metabolic pathways potentially func-
tional in this bacterium. Accordingly, many metabolic path-

ways related to nucleotides, amino acids, carbohydrates,
lipids, cofactors and energy metabolism have been described.
The identification of such conserved biochemical pathway
will help comparisons between G. diazotrophicus and other
bacterial species. Further proteomic studies, however, will be
required to highlight species-specific pathways to document
differences.

From the 583 proteins in the database, nearly 13% were
classified as conserved unknown or unknown proteins.
These yet unexplored data constitute a potential target for
functional genomic studies. Therefore, the proteomic data-
base presented herein lays the foundation for future studies
on the physiology and metabolism of G. diazotrophicus. The
knowledge of metabolic fundamentals and coordination of
these actions are crucial for the rational, safe and sustainable
interference on crops. The entire dataset, including peptide
sequence information, is available as Supporting Informa-
tion and is the major contribution of this work.
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