
Journal of Integrated 

OMICS
a methodological journal 

Editors-in-Chief

Carlos Lodeiro-Espiño

Florentino Fdez-Riverola

Jens Coorssen

Jose-Luís Capelo-Martínez

Volume 1   Issue 2   31 December 2011   ISSN 2182-0287



JIOMICS® 2011 

JIOMICS 
 
Journal of Integrated OMICS 
 

 

Focus and Scope 
 

Journal of Integrated OMICS, JIOMICS, provides a forum for the publication of original research papers, preliminary 
communications, technical notes and critical reviews in all branches of pure and applied "-omics", such as genomics, proteomics, 
lipidomics, metabolomics or metallomics. The manuscripts must address methodological development. Contributions are 
evaluated based on established guidelines, including the fundamental nature of the study, scientific novelty, and substantial 
improvement or advantage over existing technology or method. Original research papers on fundamental studies, and novel 
sensor and instrumentation development, are especially encouraged. It is expected that improvements will also be demonstrated 
within the context of (or with regard to) a specific biological question; ability to promote the analysis of molecular mechanisms 
is of particular interest. Novel or improved applications in areas such as clinical, medicinal and biological chemistry, 
environmental analysis, pharmacology and materials science and engineering are welcome. 
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Caseous lymphadenitis (CLA) is a chronic disease a+ect-
ing small ruminants; it is caused by infection with Coryne-
bacterium pseudotuberculosis and is responsible for signi1-
cant worldwide economic losses due to decreases in both the 
productivity and the reproductive performance of infected 
animals [1]. 6e lack of e8cient immunoprophylaxis against 
CLA results in ine+ective management of this disease in ani-
mals, facilitating its dissemination [2]. E8cient vaccines 
against CLA and diagnostic kits for this disease are still not 
available, in part due to a lack of su8cient information con-
cerning newly-characterized C. pseudotuberculosis virulence 
determinants [3]. 

Only a few genes and their products have been identi1ed 
as factors that contribute to the virulence of C. pseudotuber-
culosis, including phospholipase D (PLD) [4,5], the fagABC 

operon involved in iron acquisition by the cell [6] and the 
protease CP40 [7]. Chaplin et al. [8] developed a DNA vac-
cine encoding PLD to immunize sheep, but they achieved 
only partial protection against challenge with C. pseudotu-
berculosis. Similar results were obtained when sheep were 
immunized with a formalin-inactivated subunit vaccine [9]. 
CP40 protease has been reported as a possible candidate for 
the development of vaccines, based on Western blot analysis 
with serum samples from sheep experimentally infected with 
C. pseudotuberculosis [10].  

To date, the search for immunogenic proteins has been 
carried out in a non-exhaustive manner, using various ex-
traction and separation techniques [11,12]. A comprehensive 
analysis of the entire set of proteins expressed by C. pseudo-
tuberculosis strains is needed in order to identify the best 
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Caseous lymphadenitis (CLA) is a chronic disease a+ecting small ruminants that is caused by Corynebacterium pseudotuberculosis and is 

responsible for signi1cant economic losses. Various C. pseudotuberculosis secreted proteins are known to react with sera from infected goats. 

Mapping of the secretome would help us understand the pathogenesis of CLA. We identi1ed six immunoreactive secreted proteins of C. 

pseudotuberculosis by 2D-Western blotting, using sera from goats with CLA, and characterized them by mass spectrometry. 6is preliminary 

information will give support to future studies aimed at the development of e8cient vaccines and diagnostic kits. 

Keywords: C. pseudotuberculosis, Caseous lymphadenitis, Secretome. 

Abstract 

1. Introduction 
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candidate proteins for immunoprophylactic or diagnostic 
applications. Bacterial secreted proteins have a various bio-
logical functions, ranging from toxicity to more subtle alter-
ations of the host cell for the bene1t of the invader; they are 
an important part of the pathogenic process [13]. 

6ere has not been much conclusive research concerning 
pathogenesis or even the immune response against C. 
pseudotuberculosis infection, compared to research on other 
important veterinary pathogens, such as Mycobacterium 
tuberculosis [14]. Mapping of the C. pseudotuberculosis se-
cretome, followed by characterization of expressed proteins 
and assessment of their immunogenic potential would be 
ideal for shedding light on the pathogenesis of speci1c 
strains and the host immune response that they provoke, 
paving the way for the development of more e8cient vac-
cines and diagnostic kits. We examined antigenic proteins of 
the secretome of C. pseudotuberculosis strain 1002 cultivated 
in chemically de1ned medium (CDM) using serological pro-
teome analysis (SERPA) [15]. 

2. Material and Methods 

2.1 Bacterial strain and growth conditions 

Corynebacterium pseudotuberculosis strain 1002, originally 
isolated from an infected goat in Brazil [16], was routinely 
maintained in Brain Heart Infusion broth (BHI) and charac-
terized by biochemical and molecular methods, as previously 
described [17]. For SERPA, bacteria were grown at 37ºC 
under agitation (100 rpm), for 24 h in 1 L of chemically de-
1ned medium (CDM), until reaching the exponential growth 
phase (OD600nm = 1.3). 6e CDM contained 0.067M of 
phosphate bu+er, 0.05% (v/v) Tween 80 (Sigma), 4% (v/v) 
100X minimal Essential Medium (MEM) Vitamin Solution  
(Invitrogen), 1% (v/v) of 50X MEM Amino Acids Solution 
(Invitrogen), 1% (v/v) 100X MEM Non-Essential Amino 
Acids Solution (Invitrogen) and 1.2% (w/v) 1lter-sterilized 
glucose, as previously described [18]. 

2.2 Extraction of secreted proteins 

Corynebacterium pseudotuberculosis exoproteins were 
obtained according to a previously described three-phase 
partitioning (TPP) protocol [19]. Brie]y, bacterial cells were 
separated from the supernatant by centrifugation at 4,000 
rpm for 20 min at 4ºC. 6e supernatant was 1ltered through 
a 0.22 μm membrane (1lter) and 30% (w/v) ammonium 
sulphate was added. 6e pH was adjusted to 4.0 and n-
butanol was added at a ratio of 1:1, and the sample was 
vortexed. A_er 1h of incubation at room temperature, the 
precipitate at the interface was collected and re-suspended in 
1 mL of 20 mM Tris-HCl bu+er pH 7.4 with 10 μL of 
protease inhibitor (GE). 

2.3 2D-PAGE-Western blot 

Two-dimensional electrophoretic separation was carried 

out, as previously described [20], with minor modi1cations. 
Secreted proteins (150 µg) were dissolved in 2-DE sample 
bu+er (8 M urea, 2 M thiourea, 4% CHAPS, 1% (v/v) carrier 
ampholyte pH 3.0-5.6, 80 mM dithiothreitol (DTT), 40 mM 
Tris-base and bromophenol blue. 6e mixture was used for 
overnight rehydration of 11 cm immobilized pH gradient 
(IPG) strips (Immobiline DryStripTM Gels, pH 3.0-5.6 NL 
[GE Healthcare]).  Isoelectric focusing (IEF) was carried out 
at room temperature for 24.5 h (maximum voltage of 3,500 
V and maximum current of     50 μA). A_er equilibration for 
15 min in a 50 mM Tris HCl (pH 8.8) bu+er solution 
containing 6 M urea, 2% (w/v) SDS, 30% (v/v) glycerol and 
0.001% (v/v) bromophenol blue and 10 mg/mL DTT, the 
strips were equilibrated for 15 min in the same solution, 
except that the DTT was replaced by 25 mg/mL 
iodoacetamide. 6e proteins were resolved in 2D 
electrophoresis in 12% polyacrilamyde gels under 
denaturing conditions, using a Protean IIxi system (Biorad). 
Protein spots were visualized by staining with Coomassie 
blue G-250 (GE Healthcare). For each protein sample, three 
2D gels were stained to visualize proteins and six 2D gels 
were electroblotted onto polyvinylidene di]uoride 
membranes (Owl system) for    1 h, with an electric current 
of 0.4 A. 6e membranes were blocked overnight at 4º C in 
5% non-fat milk in phosphate bu+ered saline pH 7.5 with 
0.05% Tween 20 (PBS-T). 6e membranes were then 
incubated at room temperature for 1 h in PBS-T with sera (at 
a proportion of 1:100 v/v PBS-T:serum) obtained from 
animals either infected or uninfected with C. 
pseudotuberculosis. 6e membranes were then washed with 
PBS-T three times for 5 min and incubated for 1h with an 
anti-goat IgG peroxidase antibody produced in rabbits 
(Sigma), diluted 1:1000 in PBS-T solution. Antibody-tagged 
protein spots were detected with DAB peroxidase substrate 
solution. 

2.4 Identi&cation of immunoreactive proteins 

Membranes were digitally scanned and immunoreactive 
proteins matched to 2D gel images of the samples were 
identi1ed using the Melanie so_ware (GeneBio). All spots 
reactive in 2D-Western blots were selected from an 
analogous 2D stained gel and manually excised. 6e excised 
gel fragments were incubated overnight with 25mM 
bicarbonate/50% acetonitrile (ACN) solution until 
completely destained. A_er drying, gel fragments were 
placed in 50 mM ammonium bicarbonate solution with 
20ng/µL sequencing-grade modi1ed trypsin (Promega 
Biosciences, CA, USA). Digestion was run at 37º C 
overnight. 6e peptides were extracted using 5% formic 
acid/50% acetonitrile solution, concentrated in a SpeedVac 
(Savant, USA) to a volume of about 10 µL, desalted using 
ZipTip® C18 plates (C18 resin, P10; Millipore Corporation, 
Bedford, MA, USA) and eluted with 0.1% tri]uoroacetic acid 
solution containing 50% ACN. 6e sample extract was 
mixed at a 1:1 ratio with matrix (10 mg/mL recrystallized α-
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cyano-4-hydroxycinnamic acid) to a 1nal volume of 1 µL 
and then spotted onto an MTP AnchorChip™ 600/384 
(Bruker Daltonics) for matrix-assisted laser desorption/
ionization time-of-]ight tandem mass spectrometry 
(MALDI-TOF-MS/MS) (LIFT technology, Auto]ex III™; 
BrukerDaltonics, Billerica, USA) analysis. Ionization was 
performed in MS/MS (PSD-LIFT technology) by irradiation 
of a nitrogen laser (337 nm) operating at 50 Hz. Data were 
acquired at a maximum accelerating potential of 25 kV in 
the positive and re]ector modes. Trypsin and keratin 
contamination peaks were excluded from the mass spectra 
and MS/MS results were used to search the C. 
pseudotuberculosis 1002 (Gen Bank: CP001809.1) protein 
database using MASCOT so_ware (http://
www.matrixscience.com/). 

3. Results and Discussion 

Bacterial growth within a host resulting in infection is a 
consequence of colonization, adherence, invasion, evasion of 
the immune response and toxigenesis caused by the bacterial 
cell. 6is feat can be accomplished by a bacterial strain 
through temporal expression of a panoply of virulence genes 
(the virulon), in response to appropriate environmental 
stimuli. Characterization of when, which and what amounts 
of virulence factors are expressed in response to certain 
stimuli is necessary for understanding the pathogenesis of 
bacterial species [13]. 6e dynamics of the immune response 
to infection can only be fully understood if we characterize 
the bacterial proteins responsible for eliciting the immune 
response. 6e advent of genomics has made this approach 
feasible, since information concerning an immunogenic 

protein can be traced back to the genome, and thence to the 
regulon that is involved. Several species of Actinobacteria 
have been the subject of proteomic analysis, including 
Mycobacterium avium, Mycobacterium tuberculosis, 
Rhodococcus equi and Corynebacterium diphtheriae, yielding 
insight into the relationships between the host and the 
bacterial parasite [21,22,23,24,25]. 6e secretome of C. 
pseudotuberculosis was  1rst studied  by Braithwaite et al. 
[12],  who extracted proteins from a culture supernatant 
with ammonium sulphate; they found seven proteins with 
molecular weights between 14 and 64 kDa, 1ve of which 
reacted with sera obtained from goats infected with C. 
pseudotuberculosis. A later study described the reaction of a 
pool of sera obtained from goats su+ering from CLA against 
11 C. pseudotuberculosis secreted proteins with molecular 
weights ranging from 24 to 125 kDa [19]; these proteins 
induced an increase in the serum concentration of IFN-γ in 
goats infected with this bacterium [26]. We made a follow up 
of that study. 6e excreted-secreted antigens of C. 
pseudotuberculosis were obtained by culturing the 1002 
strain in CDM [18], with subsequent extraction of secreted 
proteins by TPP [19], and a 2D-PAGE-Western blot. Twenty
-three immunoreactive spots were detected using sera 
obtained from animals with CLA; due to time and budget 
constraints, only six of these proteins were identi1ed by 
MALDI-TOF-MS/MS (Figure 1 and Table 1). 
Immunoproteomic methods, such as SERPA [15], have been 
used to identify biomarkers and target antigens for 
developing diagnostic kits based on antibody/antigen 
detection, as well as to develop vaccines and treatments for 
various infectious diseases. Due to the unfeasibility of 
targeting many proteins simultaneously, our objective was to 
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Figure 1. Serological proteome analysis of secreted proteins of Corynebacterium pseudotuberculosis using serum from infected goats. A) 2D-
PAGE with 150μg of sample for analysis of C. pseudotuberculosis secreted proteins. Spots were detected in the gels stained with Coomassie G-
250. B) 2D-PAGE-Western blot analysis of C. pseudotuberculosis secreted proteins with 150μg sample. 6e black arrows indicate 23 
immunoreactive spots detected by anti-goat IgG peroxidase antibody produced in rabbits. Numbers correspond to the proteins identi1ed in 
Table 1.  
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identify polypeptide chains that display immunoreactivity, 
thus narrowing the number of targets for further 
experiments. Six of the spots that displayed 
immunoreactivity by SERPA (Figure 1) and were identi1ed 
by MALDI-TOF-MS/MS (Table 1) were consistent with 1ve 
proteins identi1ed by data-independent MS acquisition (LC-
MSE) and six proteins predicted in silico by SurfG plus 
studies performed by our team to characterize the total C. 
pseudotuberculosis exoproteome, independent of the 2D-
PAGE Western blot analysis [27]. Four immunoreactive 
secreted proteins that we identi1ed, namely, resuscitation-
promoting factor B (RpfB), Nlp/P60 protein, putative efux 
system protein and surface layer protein A (SlpA), have 
previously been reported from other bacterial species. Rpf 
homologues are widespread throughout the Actinobacteria 
[28] and have the ability to stimulate the growth of dormant 
mycobacteria, especially Mycobacterium tuberculosis [29]. 
NlpC/P60 belongs to the peptidase family and plays a role in 
turnover of the bacterial cell wall [30]. Previously 
characterized NlpC/P60 proteins include Listeria 
monocytogenes secreted autolysin P60 [31], Bacillus subtilis 
autolysins [32] and Escherichia coli membrane-associated 
lipoprotein [33]. 6e bacterial efux system is composed of 
proteins that act as a continuous channel for the extrusion of 
substrates within the cell envelope into the external 
environment. 6is mechanism may be involved in various 

transport functions, including efux of toxins, metabolites 
and drugs [34,35]. Surface layer protein A (Spl A) has been 
described from several bacterial species, in which it has 
various roles, including nutrient uptake, colonization, 
antiphagocytosis and exclusion of noxious substances [36]. 
Putative secreted protein (spot 2) was found to be similar to 
protein sequences of other Actinobacteria, based on protein 
BLAST/NCBI (National Center for Biotechnology 
Information), but it has not been described. Another 
secreted protein, metalloendopeptidase-like protein belongs 
to the family of metalloproteases [37], which are common in 
pathogenic bacteria, including Pseudomonas aeruginosa 
(degradation of host connective tissues) [38], Clostridium 
spp. (neurotoxin activity) [39], Bacillus anthracis (lethal 
toxin) [40] and Listeria monocytogenes (enzyme maturation) 
[41]. Secreted proteins of similar molecular weight have been 
found in other studies [12,19], through extraction of 
proteins by other methods and resolution by unidimensional 
electrophoresis [12,14], but they were not identi1ed as being  
the CP40 protease [7]. Our preliminary results indicate that 
SERPA coupled with mass spectrometry analysis is a useful 
strategy for the identi1cation of these six antigens. Studies 
are underway to develop a protocol for the detection of the 
other spots that remained unidenti1ed. 6ese 1ndings may 
help identify proteins that can induce protective immunity 
or elicit immune responses with diagnostic value for CLA. 

Table 1. Antigenic proteins of Corynebacterium pseudotuberculosis identi1ed by MALDI-TOF MS/MS. a Accession numbers 
in Entrez Protein (NCBI Genome CP001809.1). b 6eoretical molecular weights (Mr). c 6eoretical isoelectric points (pI) 
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Our investigation focused on the study of the proteome, morpholo-
gy, and cytotoxicity of T. vaginalis during interactions with prostatic 
DU-145 cells. The results suggest that approximately 37 different 
proteins are expressed in the presence of Zn2+, which also down-
regulates the protein and transcriptional levels of TvCP65. The re-
sult is a negative effect on trichomonal cytotoxicity. The differential-
ly expressed proteins were identified by mass spectrometry analysis. 

Keywords: Trichomonas vaginalis; DU-145 prostatic cells; morphol-
ogy; Zn2+ proteome; cytotoxicity; TvCP65. 

1. Introduction 

Trichomonas vaginalis is the causative agent of trichomoni-
asis, a common worldwide infection associated with im-
portant public health problems [1] and implicated as a 
cofactor in the transmission of the human immunodeficiency 
virus [2]. This infection causes infertility [3], low birth weight 
infants and preterm delivery [4], and a predisposition to cer-
vical neoplasia [5]. Infections in women cause vaginitis, cer-
vicitis, urethritis, a malodorous seropurulent vaginal 
discharge and infertility [3, 6]. The cytopathogenicity of T. 
vaginalis begins with cytoadherence to target cells, which is 
mediated by ligand-receptor type interactions [7-8]. After 
adherence to vaginal epithelial cells (VECs), T. vaginalis suf-
fers a dramatic change from ellipsoid to amoeboid [9]. Five 
adhesins (AP65, AP51, AP33, AP23, and AP120) [10-12] and 
two cysteine proteinases (CPs) (TvCP30 and TvCP62) [1, 13-
15] participate in trichomonal adherence. Following adher-
ence, a cytotoxic effect on the VECs cells, due to two CPs 

(TvCP65, 65 kDa, [16-17] and TvCP39, 39 kDa, [18-19]), is 
observed before the target cells are phagocytized by the para-
site [20]. In addition, other processes are involved in host 
colonization and target cell damage, such as hemolysis [21], 
immune evasion [22-23], signal transduction [9], and apopto-
sis induction [24]. 

Studies about female trichomoniasis indicate that iron 
(Fe2+), which is a component of the vaginal microenviron-
ment, is also an essential element up- regulating numerous 
trichomonad genes. The Fe2+ concentration in the female 
microenvironment changes during the menstrual cycle, 
which modulates the expression of crucial metabolic enzymes 
and several pathogenic properties, and also leads to the mul-
tiplication and cytoadherence of T. vaginalis [25]. Not only is 
adhesin synthesis positively regulated by Fe2+ [26], but some 
proteinases involved in C3b complement component degra-
dation [22] and immune evasion through the regulation of 
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P270 phosphorylation [27] are also regulated by this cation. 
Furthermore, Fe2+ down-regulates proteinases involved in 
trichomonal cytotoxicity, TvCP65 and TvCP39, which also 
participate in the interaction between the parasite and host, 
e.g., HeLa cells and VECs [1, 18]. In particular, TvCP65 de-
grades collagen IV and fibronectin in a broad pH range [16]. 
In contrast, TvCP39 degrades collagens (I, III, IV, and V), 
fibronectin and hemoglobin, and human IgA and IgG [18]. 
Interestingly, the proteolytic activities of TvCP39 [19] and 
TvCP65 [28] are negatively regulated by Fe2+, the transcript 
and protein expression levels of TvCP65 agree with this de-
creased proteolytic activity [28]. 

Although trichomoniasis affects men, most are asympto-
matic [29]. However, mild cases of urethritis, chronic prosta-
titis, and epididymitis have been associated with this infection 
[30]. T. vaginalis has several consequences in men´s health, 
such as reduced sperm cell motility due to cell surface inter-
actions between the parasite and the head or tail of the sperm 
as well as due to the flagella of parasites [31], which leads to 
male infertility [32]. During male infections, T. vaginalis ac-
cesses the microenvironment of the prostate, which is the 
gland that surrounds the posterior urethra of a man and, 
along with the seminal vesicles, produces prostatic and semi-
nal fluids. In this environment, Zn2+ is an important compo-
nent of prostatic fluids, is present at high concentration (4.5 
to 7 mM), and has been found to be critical in spermatogene-
sis [33]. Prostatic secretions are primary components of the 
antimicrobial defenses of the male genitourinary tract [32]. 
Zn2+, in particular, is principal to prostate defense due to its 
ability to prevent pathogen establishment in the male repro-
ductive tract [33] and has, indeed, been found to have an 
antimicrobial spectrum towards bacteria, viruses, chlamydiae, 
and fungi [34]. This antimicrobial effect also affects T. 
vaginalis, which is sensitive to relatively low concentrations of 
Zn2+ chloride and sulfate, giving a minimal trichomonicidal 
concentrations (MTC) of 1.6 mM for both [33]. Nevertheless, 
a Zn2+ concentration of about 0.8 mM, obtained in patients 
with chronic bacterial prostatitis, is not trichomonicidal [35]. 
In these cases, T. vaginalis may persist for longer periods of 
time in the male genitourinary tract, and possibly progress to 
the prostate. T. vaginalis has been observed to infect the pros-
tatic epithelium, cause chronic prostatitis, and elicit an in-
flammatory immune response [36]. Thus, T. vaginalis has 
been observed in prostate tissue near inflamed areas and epi-
thelial hyperplasia, which suggests that T. vaginalis might be 
involved in prostate carcinogenesis [37].  

Furthermore, Zn2+ plays an important role in the metabo-
lism of parasites. It interferes in the function of the hy-
drogenosome, an organelle involved in the metabolism of 
pyruvate. The hydrogenosome is the main site of the initial 
Zn2+ effect in the pathogenic protozoan Tritrichomonas foetus 
[38].  

The purpose of the present study was to investigate the 
morphology of T. vaginalis and the proteinases involved in its 
interaction with DU-145 prostatic cells and to examine the 
Zn2+-dependent changes on the cytotoxicity and protein pro-

file of T. vaginalis. The Zn2+ effect on the protein and tran-
script levels of TvCP65 and the identification of differentially 
expressed proteins were of particular interest.  

2. Material and methods 

2.1 T. vaginalis and cells culture. 

Trophozoites of T. vaginalis isolate CNCD 147 were axen-
ically cultivated for 24 h in trypticase-yeast extract-maltose 
(TYM) medium pH 6.2 with 10% heat-inactivated horse se-
rum (Gibco) and supplemented with or without 0.25 mM, 1.0 
mM, and 1.6 mM ZnCl2 (Sigma). Samples were taken at sev-
eral time points up to 24 h for parasite counting using a 
Neubauer-counting chamber, and viability was measured by 
the trypan blue exclusion method [28]. Cytotoxicity assays 
and proteomic profiles were performed with parasites culti-
vated under the same conditions. 

Immortalized HeLa ATCC cells were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Life Technologies) sup-
plemented with 10% horse serum and 10% penicillin-
streptomycin (Gibco) at 37 °C in a 5% CO2 atmosphere for 
24 h until confluent cell monolayers were obtained. DU-145 
ATCC cells were grown in low glucose DMEM (pH 7.2) sup-
plemented with 10% fetal bovine serum and 10% penicillin-
streptomycin (Gibco) at 37 ºC in a 5% CO2 atmosphere for 
24 h until confluent cell monolayers were obtained. 

2.2 2D gel electrophoresis. 

For proteomic maps, we used a previously reported proto-
col [39] with modifications. T. vaginalis (1.2 × 108) grown in 
the presence or absence of 0.25 mM, 1.0 mM, and 1.6 mM 
Zn2+ were collected by centrifugation at 900 g for 5 min at 4 
°C and washed three times with PBS pH 7.0. For the first 
dimension, parasites were lysed in a final volume of 200 µl 
rehydration solution (7 M urea, 4% CHAPS, 70 mM DTT, 2% 
IPG buffer pH 4–7, trace bromophenol blue; Bio-Rad). The 
supernatant was centrifuged at 13000 g for 10 min at 4 °C to 
remove insoluble material, and samples of 120 µl (corre-
sponding to 7.2 × 107 parasites) were applied to an IPG strip 
(7 cm, pH 4–7 linear; Bio-Rad) for passive rehydration for 12 
h. All isoelectric focusing took place on a Protean IEF system 
(Bio-Rad) as follows: step 1—gradient from 1 to 225 V over 35 
min; step 2 — gradient from 250 to 2479 V over 185 min; step 
3—gradient from 2466 to 15,434 V over 210 min. Before the 
second dimension, proteins were reduced (10 mg/ml DTT) 
and alkylated (25 mg/ml iodoacetamide) step-wise, 15 min 
for each step, in equilibration buffer (6 M urea, 2% SDS, 300 
mM Tris-Cl pH 8.8, 20% glycerol, and 0.002% bromophenol 
blue) at room temperature. Equilibrated IPG strips were sep-
arated on 12% SDS-PAGE gels (7 cm × 8 cm × 1.0 mm) using 
the MiniProtean II Cell vertical system (Bio-Rad) and stand-
ard Tris/glycine/SDS buffer. Gels were run at 35 mA/gel at 
room temperature until the tracking dye left the gel and 
stained with Coomassie Brilliant Blue G-250 following pro-
cedures described by the manufacturer. Finally, gels were 
documented using Gel Doc EQ (Bio-Rad). Image analysis was 
performed using the pDQuest software (Bio-Rad). Three 
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independent protein preparations, each obtained from an 
independent parasite culture, were performed for compari-
sons of 2-DE maps. Differentially expressed proteins were 
determined by a tridimensional analysis using Melanie 7 
Software and identified by tandem mass spectrometry analy-
sis (MS/MS).  

2.3 LC-ESI-MS/MS. 

The MS/MS analysis of each fraction obtained from the of-
fline separation steps was carried out on a 3200 Q TRAP hy-
brid tandem mass spectrometer (Applied Biosystems/MDS 
Sciex, Concord, ON, Canada) equipped with a nanoelec-
trospray ion source (NanoSpray II). The instrument was cou-
pled online to a nanoAcquity Ultra Performance LC system 
(Waters Corporations, Milford, MA). Samples were desalted 
by injection onto a Symmetry C18 UPLC trapping capillary 
column (180 μm × 20 mm, Waters Corporations) and washed 
with 0.1% formic acid in 100% MilliQ water at a flow rate of 
15 µl/min. After 3 min, the trap column was switched in line 
with a capillary analytical column. Peptides were separated 
on an ethylene-bridged hybrid, C18 UPL column (75 μm × 
100 mm, Waters Corporations) using a linear gradient of 2-
70% acetonitrile, 0.1% formic acid over a 60 min period at a 
flow rate of 0.25 µl/min. Spectra were acquired in automated 
mode using Information Dependent Acquisition (IDA). Pre-
cursor ions were selected in Q1 using the enhanced MS mode 
with a scan range of m/z 400-1500 and 4000 amu/s. Selected 
ions were subjected to an enhanced resolution scan at a low 
speed of 250 amu/s over a narrow (30 amu) mass range and, 
then, to an enhanced product ion scan (MS/MS). Precursor 
ions were fragmented by collision activated dissociation 
(CAD) in a Q2 collision cell using rolling collision energy. 
The generated fragment ions were captured and mass ana-
lyzed in a Q3 linear ion trap.  

2.4 Database search. 

For protein identifications, the molecular mass of each 
tryptic fragment was used as query at the National Center for 
Biotechnology nonredundant database using the MASCOT 
search algorithm (Matrix Science, London, UK, available at 
http://www.matrixscience.com). Monoisotopic mass values, 
mass tolerance (peptide ± 1.2 Da and fragment ± 0.6 Da), 
possible methionine residue oxidation, and deamidation and 
carbamidomethylation at cysteine residues were considered 
as variable modifications. A maximum of one missed tryptic 
cleavage per protein was allowed, and no taxonomic re-
strictions were considered in the database search. For positive 
identifications, MASCOT individual ion scores >56 indicated 
identity or extensive homology (p <0.05). 

2.5 Cell-binding assay. 

The cell-binding assay to detect proteinases with affinity to 
the host cell surface was performed as previously described 
[15]. Briefly, a clarified detergent extract from 2 × 107 para-
sites, which was grown in the presence or absence of 0.25 
mM, 1.0 mM, or 1.6 mM Zn2+, was incubated for 18 h at 4 °C 
with 1 × 106 fixed HeLa or DU-145 cells. Then trichomonad 

proteinases bound to the surface of fixed cells were eluted in 
Laemmli buffer [40] for 20 min at 37 °C. Released proteinases 
were loaded onto a 10% SDS-PAGE gel copolymerized with 
2% gelatin and run at 35 mA/gel. Gels were washed with 10% 
Triton X-100 for 10 min with gentle agitation. Finally, pro-
teinase activation was performed in 100 mM sodium acetate 
buffer pH 4.5 with 0.1% β-mercaptoethanol for 18 h at 4 °C, 
25 °C, 37 °C, and 43.5 °C. The gels were further stained with 
Coomassie Brilliant Blue for a visualization in which clear 
bands against a dark background indicate proteolytic activity. 
Densitometry analyses of activity bands were performed in 
triplicate using the software Quantity One ver. 4.6.3 (Bio-
Rad). 

2.6 Cytotoxicity assay. 

The cytotoxicity assay was carried out using confluent 
HeLa and DU-145 cells monolayers in 48-well microtiter 
plates with 3.5 × 104  HeLa or 5.5 × 104  DU-145 cells/well, 
respectively. Briefly, parasites (2.75 × 105) grown with or 
without 0.25 mM, 1.0 mM, and 1.6 mM Zn2+ were resuspend-
ed in TYM-DMEM medium without serum, added to conflu-
ent cell monolayers of HeLa or DU-145 cells at a ratio of 5:1 
(parasites:host cell), and incubated for several time points, up 
to 24 h, at 37 °C under a 5% CO2 atmosphere. Monolayer 
destruction was assessed using a colorimetric method and 
quantitated spectrophotometrically at 570 nm [14, 16, 28]. 
Each sample was performed in triplicate, and experiments 
were performed at least twice with similar results. 

2.7 Western blot assay. 

Total protein extract from parasites (2 × 107), which were 
grown in the presence or absence of 1.6 mM Zn2+, were ob-
tained by TCA-precipitation as previously described [16, 28, 
41]. Solubilized proteins were resuspended in Laemmli buffer 
[40], boiled, and loaded onto a 10% polyacrylamide gel with 
an equivalent of 4 × 105 parasites/lane. Protein extracts were 
blotted onto nitrocellulose membranes and blocked with 5% 
skim milk in PBS (pH 7.0) for 18 h at 4 °C. Membranes were 
incubated for 18 h at 4 °C with anti-TvCP65 primary anti-
body as reported [16], and an anti-α-tubulin monoclonal 
antibody (1:1000 dilution, Invitrogen) was used as a loading 
control. Then the blotted membrane was washed five times 
with a PBS pH 7.0-0.1% Tween 20 buffer. The primary anti-
body was detected with a secondary goat anti-mouse-IgG 
(H+L) horseradish peroxidase conjugate (1:3000 dilution, 
Invitrogen). The membrane was washed with PBS pH 7.0-
0.1% Tween 20 and visualized using an enhanced chemilu-
minescence ECL Plus Western Blotting Detection System 
(GE Healthcare) according to the manufacturer's instruc-
tions. 

2.8 RNA extraction and cDNA synthesis. 

A sample containing 2 × 107 parasites grown with or with-
out 0.25 mM, 1.0 mM, and 1.6 mM of Zn2+ was collected by 
centrifugation at 900 g for 5 min at 4 °C (AllegraTM X-22 Cen-
trifuge, Beckman Coulter). The pellet was suspended in 1 ml 
of TRIzol® reagent (Invitrogen, Life Technologies, Carlsbad, 
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CA), and the total RNA was extracted as recommended by 
the manufacturer. RNA concentration was determined spec-
trophotometrically using a NanoDrop 2000 (Thermo Scien-
tific). All 260/280 ratios were between 1.8 and 2.1. Finally, 1 
µg of total RNA was reverse-transcribed using the Superscript 
Reverse Transcriptase Kit (Invitrogen) and the oligo-dT 
(dT18) (10 pmol/µl) primer. 

2.9 Analysis of gene expression by semi-quantitative RT-PCR. 

PCR was performed in 50 µl reactions containing 50 ng of 
cDNA, 10 pmol of each primer pair, and 0.25 U of Taq DNA 
polymerase (Invitrogen). PCR was carried out in a GeneAmp 
PCR System 9700 thermal cycler (Applied Biosystems). We 
used the following primer pairs to amplify: 370 bp of the 
tvcp65 gene (accession number AY463696), forward: 5'-
ACGCGATTACATCTGGAGAACTC-3', and reverse: 5'-
ATAAGAGGAGCGTGATGGCACAT-3'; and 112 bp of the 
β-tubulin gene as reported [42]. The amplified products were 
analyzed on 2% agarose gels and visualized by ethidium bro-
mide staining. Gene expression densitometry analyses were 
performed using the Quantity One Software (Bio-Rad). Data 
from densitometry quantification of the housekeeping gene 
(β-tubulin) were used to normalize the results.  

2.10 Real-time qRT-PCR analysis of specific T. vaginalis tvcp65 

and β-tubulin genes. 

 Quantification of tvcp65 expression was performed by real-
time qRT-PCR. Oligonucleotide primers for real-time qRT-
PCR were designed using Primer3 version 3.0 
(www.primer3.sourceforge.net) and commercially synthe-
sized (Instituto de Biotecnología, UNAM). To specific ampli-
fy 100 bp of the tvcp65 gene, the forward: 5'-
AATGTTGTTGAAGGCGATGAAA-3', and reverse: 5'-
CTACAGCAGCTGGGCCATTT-3' were used, and previous-
ly reported primers were used to amplify 112 bp of the β-
tubulin gene [42]. Each reaction was carried out in a total 
volume of 25 µl with 1 µl of cDNA (50 ng), 12.5 µl Maxima™ 
SYBR Green/ROX qPCR Master Mix (2×) kit (Fermentas), 1 
µl of each primer (10 pmol/µl), and 9.5 µl of molecular biolo-
gy grade water. qRT-PCR was performed using a 7500 Fast 
Real-Time PCR machine (Applied Biosystems). PCR condi-
tions for tvcp65 were as follows: 15 min at 95°C followed by 
up to 40 cycles of 95°C  for 30 s, 57°C for 30 s, and 72°C for 
30 s, and, finally, 95°C for 15 s, 60°C  for 30 s, and 95°C  for 
15 s. The “housekeeping” β-tubulin gene was selected for a 
reference gene study because it did not vary in the presence of 
any of the tested Zn2+ concentrations. Standardization of 
tvcp65 messenger RNA (mRNA) expression was performed 
by dividing the value of each gene at different Zn2+ concentra-
tions by the value of the housekeeping gene found for all 
sample. 

2.11 Indirect immunofluorescence assays. 

Parasites were fixed using 4% paraformaldehyde for 1 h at 
37°C and washed with PBS pH 7.0. Half of the fixed parasites 
were permeabilized using 1 M HCl for 2 h at room tempera-
ture. Parasites were then blocked with 0.2 M glycine for 1 h at 

37°C followed by 0.2% fetal bovine serum for 15 min. Then 
trichomonads were incubated with polyclonal mouse anti-
TvCP65 antibody (1:100 dilution) [16] or preimmune sera 
(PI) for 18 h at 4°C. Next, parasites were incubated with fluo-
rescein isothiocyanate-conjugated anti-mouse immunoglobu-
lins (1:90 dilution, Jackson ImmunoResearch) for 40 min at 
room temperature. Finally, Vectashield-DAPI mounting 
solution (Vector Lab) was added, and laser confocal micros-
copy was performed (Leica, DMLS). 

2.12 Scanning electron microscopy. 

Parasites cultivated in TYM media for 24 h at 37°C were 
incubated for different periods of time with DU-145 cell 
monolayers. Glutaraldehyde-fixed samples were dehydrated 
with increasing concentrations of ethanol, critical-point dried 
using a Samdri 780 apparatus (Tousimis, Rockville Maryland, 
USA), coated with gold using a JEOL JFC-1100 ion-
sputtering device, and examined using a XL-30 ESEM scan-
ning electron microscope (FEI Company, Eindhoven, The 
Netherlands). 

2.13 Statistical analysis. 

All data are the means ± standard error of triplicate sam-
ples. A statistically significant change between means was 
determined by ANOVA (p) using Sigma Plot 11.0 Software. 

3. Results 

3.1 Growth kinetics of T. vaginalis.  

To investigate the effects of Zn2+ on T. vaginalis develop-
ment, we first performed growth kinetics in the presence or 
absence of 0.25 mM, 1.0 mM, and 1.6 mM Zn2+ (Fig. 1). After 

 
Figure 1. Effect of Zn2+ on the growth of T. vaginalis. Parasites were 
counted in a Neubauer-counting chamber at different time points (6, 
12, and 24 h) after incubation at 37 ºC in TYM medium supplement-
ed with (0.25 mM, 1.0 mM, and 1.6 mM) or without Zn2+ (control). 
In addition, parasite viability, as measured by trypan blue exclusion, 
was about 98% under all conditions. Each point indicates the mean 
of three experiments, and error bars indicate standard deviation. 
There were no statistically significant differences for data corre-
sponding to 0.25 mM (p=0.970) and 1.0 mM Zn2+(p=0.960) com-
pared to the control. In contrast a statistically significant difference 
were found for 1.6 mM Zn2+ data (p=0.01) (*) compared to the 
control. 
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24 h, the parasites cultivated without Zn2+ (control) had four 
duplications, while the parasites grown with 0.25 mM, 1.0 
mM, or 1.6 mM Zn2+ had three and a half, three, and one 
duplication, respectively. Furthermore, viability for all sam-
ples was ∼98%. Experiments were performed in triplicate 
with the same results. These findings indicate that Zn2+ had 
no effect on T. vaginalis viability, and trichomonad growth 
was only diminished in 1.6 mM Zn2+.  

3.2 T. vaginalis Zn2+ proteomic map. 

Images of three representative 2-DE gels obtained from 
three independent experiments using parasites grown in the 
presence and absence of 0.25 mM, 1.0 mM, and 1.6 mM Zn2+ 
were analyzed by pDQuest software (data not shown), and it 
was found that most of the protein profile changes were ob-
tained with 1.6 mM Zn2+. Therefore, we selected this specific 
concentration for further analyses. The 2-DE protein spot 
profiles were highly reproducible in terms of both the total 
number of protein spots and their relative positions and in-
tensities. Coomassie Brilliant Blue G-250 stained gels showed 
approximately 150 spots in the presence of 1.6 mM Zn2+ (Fig. 
2B) compared to 177 spots in its absence (Fig. 2A). Proteins 
detected in pI 4–7 had molecular masses between 20 and 250 
kDa. The gels showed remarkable changes in protein profiles 
for parasites grown in the presence of Zn2+. Indeed, we found 
at least 27 proteins that were differentially expressed in the 

presence of Zn2+. The major differences in expression protein 
profiles were obtained from 50 to 100 kDa.  

Interestingly, we found some spots over-expressed in the 
presence of Zn2+ (Figs. 2C and 2D, spots 1, 3, 8) that corre-
spond to fimbrin (gi|123493533), adenosylhomocysteinase 
(gi|123499896), and aminopeptidase P-like metallopeptidase 
(gi|123445672) (Table 1). Otherwise, the expression levels of 
several spots were diminished in the presence of Zn2+ (Fig. 2C 
and 2D). Spots 2, 4, 5, 6, and 7 correspond to fimbrin 
(gi|123397260) (spots 2 and 4, probably due to degradation), 
two adenosylhomocysteinases (gi|123499896 and 
gi|123488577), and asparaginyl endopeptidase-like cysteine 
peptidase (gi|123408789) (Table 1). These findings suggest 
that Zn2+ had both positive and negative effects on the expres-
sion levels of ∼27 proteins and no effect on 111 proteins. In-
terestingly, the asparaginyl endopeptidase-like cysteine 
peptidase (gi|123408789) and the adenosylhomocysteinase 
(gi|123499896) had already been identified in the active 
degradome of T. vaginalis [39]. 

3.3 Proteinases involved in the interaction of T. vaginalis and 
prostatic cells. 

We performed ligand-protease assays using parasites 
grown in the presence or absence of 0.25 mM, 1.0 mM, and 
1.6 mM Zn2+ to detect possible T. vaginalis proteinases inter-
actions with DU-145 cells. We observed differences between 

 

Figure 2. Zn2+ proteomic map of T. vaginalis. The total proteins of T. vaginalis grown in the A) absence or B) presence of 1.6 mM Zn2+ were 
separated in the first dimension by isoelectric focusing over a pH range from 4.0 to 7.0 followed by 12% SDS-polyacrylamide gel electrophore-
sis. Protein spots were Coomassie Brilliant Blue G-250 stained. Enlarged images of the gels shown in A or B and three-dimensional analyses of 
8 differentially expressed proteins in parasites cultivated in the absence C) or presence D) of Zn2+. The left panel shows a representative image 
of a Coomassie Brilliant Blue G-250 gel, whereas the right panel shows a landscape representation of spots. Numbers 1, 3, and 8 indicate spots 
that are over-expressed in the presence of Zn2+, while numbers 2, 4, 5, 6, and 7 indicate spots that are down-regulated in the presence of Zn2+. 
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the proteinases that interact with DU-145 cells in comparison 
with those that interact with HeLa cells. [16]. Fig. 3A shows 
the activities of all proteinases from protein extracts of T. 
vaginalis grown in the absence (Fig. 3A, lane 1) or presence 
(lane 2) of 1.6 mM Zn2+. These extracts interacted with fixed 
DU-145 cells, and the zymograms show the activities of at 
least five trichomonad proteinases (TvCP70, TvCP65, 
TvCP39, TvCP25, and TvCP20) bound to the surfaces of 
fixed DU-145 cells in the absence (Fig. 3B, lane 1) or presence 
(lane 2) of 1.6 mM Zn2+. Interestingly, the proteolytic activity 
profile of proteinases that interact with prostatic cells was 
similar at all temperatures analyzed (data not shown), which 
suggests that these proteinases may be active up to 43.5 °C. 
Nevertheless, the best resolution of proteinase activity bands 
was obtained with activation at 4 °C (Fig. 3B). According to 

the densitometry analyses of the TvCP70, TvCP65, TvCP39, 
TvCP25, and TvCP20 activity bands bound to the DU-145 
cells (Fig. 3C), reductions of ∼12%, 16%, 13%, 25%, and 11%, 
respectively, were observed when the parasites were grown in 
the presence of 1.6 mM Zn2+ in comparison to the activity 
bands of untreated control parasites (taken as 100%). Inter-
estingly, the activities of CPs involved in cytotoxicity 
(TvCP65 and TvCP39) were reduced in the presence of Zn2+, 
however this reduction was minimal. This result may be re-
lated to the reduction in trichomonal cytotoxicity observed in 
the presence of this cation. We also performed Western blot 
and indirect immunofluorescence assays and real-time PCR 
experiments to corroborate if the expression levels of these 
CPs were affected by Zn2+. 

 
Table 1. Zn2+ differentially expressed proteins identified by mass spectrometry from clinical isolate T.vaginalis CNCD 147 were identified by 
searching the National Center for Biotechnology non-redundant database using the MASCOT search algorithm.  

Protein 
Accession 

numbera 

Spot 

numberb 

MASCOT 

scorec 
Ion scored Peptide sequencee 

% 

Coveragef 

Predicted MW Da 

/pI 

Fimbrin gi|123493533 1 120 
49 

32 

39 

K.LSPEQILLR.W 

R.LLKPGETLADLLK.L 

K.TVNLTNHPELFR.L 

5 
67,839 

/5.17 

Fimbrin gi|123397260 2 125 
41 

43 

41 

K.LSPEQILLR.W 

R.LLKPGETLADLLK.L 

K.TVNLTNHPELFR.L 

7 
50,761 

/6.43 

Adenosylhomocys-

teinase 
gi|123499896 

3 574 

37 

37 

58 

48 

57 

22 

52 

49 

23 

55 

39 

56 

26 

25 

43 

R.ALTWPDGK.G 

R.ASDVMIGGK.T 

K.HLDEEVAR.L 

R.HSLIDGINR.A 

K.EMPGLMVLR.E 

K.EMPGLMVLR.E 

K.SPEGAPFEYR.I 

K.TALVMGYGDVGK.G 

R.IADINLHVLGR.K 

R.IADINLHVLGR.K 

R.LHLGSLDVHLTK.L 

K.LLFPAINVNDAVTK.S 

K.GFEFENAGAVPDPQK.G 

K.GDNYEYTCVLAVLK.Q 

K.GPQQIVDDGGDATLLIQK.G 

30 
54,064 

/5.61 

4 402 

31 

44 

32 

69 

66 

31 

65 

27 

39 

K.VYTLPK.H 

K.HLDEEVAR.L 

K.SPEGAPFEYR.I 

K.TALVMGYGDVGK.G 

R.IADINLHVLGR.K 

R.LHLGSLDVHLTK.L 

K.LLFPAINVNDAVTK.S 

K.EGTPEKPAGIPVFAWK.G 

K.GPQQIVDDGGDATLLIQK.G 

22 
54,064 

/5.61 

5 576 

36 

53 

32 

40 

60 

31 

59 

66 

24 

54 

62 

28 

45 

39 

R.ALTWPDGK.G 

K.HLDEEVAR.L 

R.HSLIDGINR.A 

K.FDNIYGCR.H 

K.SPEGAPFEYR.I 

K.TALVMGYGDVGK.G 

R.IADINLHVLGR.K 

R.IADINLHVLGR.K 

R.LHLGSLDVHLTK.L 

R.LHLGSLDVHLTK.L 

K.LLFPAINVNDAVTK.S  

K.QADYINVPVEGPYK.S 

K.EGTPEKPAGIPVFAWK.G 

K.AIVGNIGHFDNEIDTEGLK.N 

33 
54,064 

/5.61 
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3.4 T. vaginalis interaction with DU-145 prostatic cells. 
Using scanning electron microscopy, we evaluated the in-

teraction between T. vaginalis and DU-145 prostatic cells at 
several incubation time points (Fig. 4A). The morphology of 
the parasites in contact with the DU-145 cell monolayer was 
similar to that of the parasites in contact with HeLa cells. 
However, their morphology was different in comparison to 

those in contact with VEC cells [43]. We observed rounded 
parasite morphology but never a complete amoeboid trans-
formation during interactions with DU-145 cells (Fig. 4A). 
After 5 min of incubation, T. vaginalis showed adherence to 
DU-145 cells (Fig. 4A, b). Parasites displayed an oval form 
with a rough surface, four anterior flagella, an undulating 
membrane, and posterior axostyle. At the 15 and 30 min time 

45 R.VIITEVDPICALQAAMEGYQVR.R 

6 850 

35 

26 

45 

39 

43 

24 

47 

30 

59 

53 

69 

35 

34 

73 

22 

53 

30 

32 

42 

37 

67 

K.VYTLPK.H 

K.KVYTLPK.H 

R.ASDVMIGGK.T 

R.ALTWPDGK.G 

K.HLDEEVAR.L 

R.HSLIDGINR.A 

K.FDNIYGCR.H 

K.EMPGLMVLR.E 

K.SPEGAPFEYR.I 

K.TALVMGYGDVGK.G 

R.IADINLHVLGR.K 

K.TALVMGYGDVGK.G 

R.LHLGSLDVHLTK.L 

K.LLFPAINVNDAVTK.S 

K.QADYINVPVEGPYK.S 

K.GFEFENAGAVPDPQK.G 

K.GETLPEYWENTYR.A 

K.EGTPEKPAGIPVFAWK.G 

K.GPQQIVDDGGDATLLIQK.G 

K.AIVGNIGHFDNEIDTEGLK.N 

R.VIITEVDPICALQAAMEGYQVR.R 

48 
54,064 

/5.61 

Adenosylhomocys-

teinase 
gi|123488577 4 295 

44 

37 

22 

34 

60 

29 

37 

36 

K.HLDEEVAR.L 

R.HSLIDGINR.A 

K.EMPGLMVLR.E 

K.SPAGAPFEYR.I 

R.IADINLHVLGR.K  

R.LHLGSLDVHLTK.L 

K.LLFPAINVNDAVTK.S 

R.VIITEVDPICALQAAMEGYQVR.R 

19 
53,873 

/5.53 

Clan CD, family 

C13, asparaginyl 

endopeptidase-like 

cysteine peptidase 

gi|123408789 7 198 

42 

57 

38 

36 

36 

28 

K.VVAGVPK.L 

K.VTATNFYK.V 

R.SLDHLNVYPGR.A 

R.SLDHLNVYPGR. 

K.QSHVMEYGDTSLK.T 

K.IILMCYDDIVNDAENPFK.G 

14 
43,916 

/5.95 

Clan MG, familly 

M24, aminopepti-

dase P-like metallo-

peptidase 

gi|123445672 8 222 

61 

38 

37 

23 

31 

38 

39 

K.LADEVGGIR.I 

K.EVTGVDNVK.F 

R.NVYSILLEK.Q 

K.TPYEIEQIK.K 

K.DVYGALDQIK.M 

K.AAELTSEAIIHVMK.N 

K.AAELTSEAIIHVMK.N 

13 
50,416 

/5.34 

a NCBInr database. 
b Spot number in agreement with Figs. 2A and 2B. 
c/d Ion score is -10*Log(P), where P is the probability that the observed match is a random event. Individual ion scores > 56 indicate identity or extensive 
homology (p<0.05). Protein scores are derived from ion scores as a non-probabilistic basis for ranking protein hits. 

e M = methionine modified by oxidation; N= deamidated; C = cysteine modified by carbamidomethyl. 
f %Coverage indicates the protein sequences or parts of these sequences that were identified by MS/MS. 

Type of search: MS/MS Ion search 
Enzyme:  trypsin 
Mass values: Monoisotopic 
Protein Mass:  Unrestricted 
Peptide Mass Tolerance:  ± 1.2 Da 
Fragment Mass Tolerance:  ± 0.6 Da 
Max Missed Cleavages:  1 
Instrument type: ESI-4SECTOR 
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points, we observed parasites in close proximities to the same 
target cells (Fig. 4A, c-d), which was probably due to a chem-
otaxis effect. After 60 min, we further observed empty areas 
that became progressively larger after 90 min, which corre-
sponded to monolayer disruptions (Fig. 4A, e). After 90 min, 
we observed T. vaginalis pseudopods forming at the contact 
site (Fig. 4A, f). Interestingly, amoeboid trophozoites were 
not observed in contact with DU-145, however amoeboid 
trophozoites have been observed in contact with VECs [43]. 
In addition, the integrity and appearance of DU-145 prostatic 
cells without trichomonads did not change (Fig. 4A, a). We 
then kinetically analyzed the cytotoxicity of T. vaginalis to-
wards DU-145 cells at several different time points (Fig. 4B). 
With scanning electron microscopy, we observed T. vaginalis 
attached to DU-145 cells after 5 min of incubation (Fig. 4B, 
b). After 15 min, the monolayer of DU-145 cells began to 
suffer damage, which might have been due to contact-
dependent mechanisms (Fig. 4B, c). After 30 and 60 min, we 
observed irreversible cell damage due to the trichomonads 
(Fig. 4B, d, e). The no trichomonad control showed no 
changes in the appearance of DU-145 cells (Fig. 4B, a). 

3.5 Cytotoxicity. 

First, we determined the Zn2+ effect on trichomonal cyto-
toxicity towards HeLa or DU-145 cells. After 1 h, the cytotox-
icity exhibited by parasites, which were cultivated with 1.6 
mM Zn2+, towards HeLa cells was 98% of that exhibited by 
parasites cultivated in absence of Zn2+ (Fig. 5A). However, 
trichomonal cytotoxicity towards DU-145 cells was only 20% 
of what was seen with HeLa cells, and the presence or absence 
of Zn2+ had no effect (Fig 5A). These findings suggested that 
Zn2+ had no effect on T. vaginalis cytotoxicity towards HeLa 
cells; however, trichomonal cytotoxicity towards DU-145 
cells at this same time point was 80% less in comparison to 
HeLa cells (Fig. 5A). We then determined the cytotoxicity of 
T. vaginalis towards prostatic DU-145 cells at different time 
points and found 100% cytotoxicity after 8 h (Fig. 5B), which 
suggested trichomonal cytotoxicity was different for HeLa 
compared to DU-145 cells. In addition, we analyzed the ef-
fects of 0.25 mM, 1.0 mM, and 1.6 mM Zn2+ on the cytotoxi-
city of DU-145 cells and found that major cytotoxic 
differences were obtained with 1.6 mM Zn2+ (data not 
shown). The kinetic data show that cytotoxicity was 20% at 1 

A B C 

  

D 

 

Figure 3. Proteinases involved in the interaction of T. vaginalis with prostatic cells. A) Zymograms correspond to trichomonad lysates from 
parasites cultivated in the absence (lane 1) or presence of 1.6 mM Zn2+ (lane 2). B) Lysates from parasites cultivated in the presence or absence 
of Zn2+ were used for ligand-proteinase assays and activated at 4 ºC as described in the Materials and Methods section. Proteinase patterns 
correspond to the trichomonad proteinases with affinity for DU-145 cell surface from parasites cultivated in the absence (lane 1) or presence 
of 1.6 mM Zn2+ (lane 2). Arrows show clear bands of the proteolytic activities of 70, 65, 39, 25 and 20 kDa (TvCP70, TvCP65, TvCP39, 
TvCP25, and TvCP20), respectively. C) Densitometry analyses of each activity band from three different gels activated at 4 ºC. Bars indicate 
the mean intensity of activity bands, and error bars represent the standard deviations p=0.01 (*). D) The Zn2+ effect on the amount of TvCP65 
and α− tubulin. Total protein extracts from T. vaginalis grown in the absence (lane 1) or presence of Zn2+ (lane 2) were blotted onto nitrocel-
lulose membranes for a Western blot assay with anti-TvCP65 and anti-α-tubulin (control) antibodies. Arrow indicates the immunodetected 
protein for each antibody employed. Asterisk indicates a higher sized band also recognized by the anti-TvCP65 antibody that might corre-
spond to immunodetection of the TvCP65 precursor band. 
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h for parasites cultivated with or without 1.6 mM of Zn2+ 
(Fig. 5B). After 8 h, the cytotoxicity of parasites cultivated 
with 1.6 mM of Zn2+ was 72% (Fig. 5B), while in the absence 
of Zn2+ the cytotoxicity was 100%. These findings suggested 
that Zn2+ had some negative effect on trichomonal cytotoxici-
ty towards DU-145 cells. 

3.6 The effect of Zn2+ on the amount of TvCP65. 

By Western blot analysis, an anti-TvCP65 antibody [16] 
immunodetected two bands that correspond to a precursor 
(Fig. 3D, lane 1 asterisk) and active TvCP65 enzyme (Fig. 3D, 
lane 1 arrow) in total protein extracts from parasites grown 
without Zn2+. In contrast, parasites grown in the presence of 
Zn2+ lacked these bands (Fig. 3D, lane 2), while an anti-α-
tubulin antibody detected a single band with the same inten-
sity in the absence (Fig. 3D, lane 1) or the presence of Zn2+ 
(lane 2). As expected, the amount of α-tubulin was not 
changed in the presence of Zn2+, which indicated the Zn2+ 
effect was specific for the TvCP65 protein level. These obser-
vations suggest that the amount of TvCP65 was reduced in 
the presence of Zn2+, which could be related to the reduction 
in the cytotoxicity level.  

To confirm the decrease in TvCP65 protein level in T. 
vaginalis, indirect immunofluorescence assays were per-
formed using permeabilized and non-permeabilized fixed 
parasites. Fig. 6 shows a reduction of fluorescence intensity 

from surface (panels k and l) and cytoplasmic (panels h and i) 
TvCP65 in Zn2+-treated trichomonads compared to the con-
trol trichomonads, which show fluorescence on the surface 
(panels e and f) and in the cytoplasm (panels b and c). No 
fluorescence was observed from trichomonads treated identi-
cally but incubated with PI serum, a negative control (panels 
n and o). These data strongly suggested that the presence of 
Zn2+ affects the amount of TvCP65, which resulted in a reduc-
tion in the TvCP65 proteolytic activity. 

3.7 The effect of Zn2+ on tvcp65 mRNA. 

We then performed semi-quantitative and quantitative RT-
PCR (Fig. 7) using cDNA from parasites grown in the pres-
ence or absence of Zn2+ to determine the effect of Zn2+ on the 
expression of the TvCP65 transcript. We obtained a 370-bp 
amplicon using cDNA from parasites grown in the absence 
(Fig. 7A, lane 1) or presence of 1.6 mM Zn2+ (lane 2). Based 
on densitometry analyses (data not shown), an 80% reduc-
tion, compared to the no Zn2+ control, was observed for 
tvcp65 transcript. The 112-bp β-tubulin RT-PCR product was 
used as an internal control. As expected, the quantity of this 
transcript was not affected by the Zn2+ concentration (Fig. 7B, 
lanes 1-2). No detectable PCR product from DNaseI-treated 
RNA from parasites cultivated in the presence or absence of 
Zn2+ was obtained in the negative controls (RT(-) experi-
ments)(Figs. 7A and 7B, lanes 3-4), which showed that ampli-

A B 

 

 

Figure 4. Interaction of T. vaginalis trophozoites with DU-145 prostatic cell monolayers. Morphological appearance of T. vaginalis in contact 
with DU-145 prostatic cells at different time points, and kinetic studies of the cytotoxicity of T. vaginalis towards DU-145 cells. A) Trophozo-
ites were incubated with DU-145 cells for b) 5 min, c) 15 min, d) 30 min, e) 60 min, and f) 90 min. a) DU-145 prostatic cells before interact-
ing with T. vaginalis. The majority of parasites attached to DU-145 cells retain a pear-like shape with four flagella, an undulating membrane, 
and axostyle. Some showed a few pseudopods (panel d-e). After 5 min of interaction, the lytic activity of the parasites is evident as seen by the 
disruption of the cell monolayer. B) Kinetics of T. vaginalis cytotoxicity towards DU-145 cell monolayers. Parasites were added to confluent 
DU-145 cell monolayers and observed under low magnification by scanning electron microscopy at different time points. Cells show a simi-
lar lytic activity at b) 5 min, c) 15 min, d) 30 min, and e) 60 min, as previously described. a) Control DU-145 cells without parasites. 
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cons from tvcp65 and β-tubulin genes corresponded to the 
quantity of mRNA of each gene. Consistent with these find-
ings, the qRT-PCR results indicated that the tvcp65 transcript 
was reduced 80% in the presence of Zn2+ (Fig. 7C).  

4. Discussion 

Zn2+ is a catalytic component of over 300 enzymes [44]. 
This metal is an essential nutrient and plays a crucial role in 
several biological functions in the male microenvironment. 
Zn2+ is a part of several proteins as both a structural and cata-
lytic component, such as DNA-binding proteins, which con-
tain Zn2+ fingers, and the CCCH-type Zn2+ finger protein, 
which participates in the adenylation and export of metazoan 
nuclear mRNAs [45]. Moreover, Zn2+ has many functions in 

proteins, which include metalloregulation and Zn2+ signaling 
[46]. Human prostatic fluid from healthy men and men with 
chronic bacterial prostatitis or trichomoniasis has different 
Zn2+ concentrations [34]. Indeed, Zn2+ levels found in the 
prostate could be important in resolving trichomoniasis in 
men [29, 34].  

Our results with human DU-145 prostatic cells showed 
morphological and molecular changes of T. vaginalis that 
might contribute to understanding how this parasite causes 
damage to men. We analyzed different Zn2+ concentrations 
and found that the major differences in cytotoxicity, duplica-
tion, and protein profile were obtained at 1.6 mM Zn2+, which 
is the minimum trichomonicidal concentration (MTC) [34] 
for T. vaginalis. In fact, survival of parasites in the presence of 
Zn2+ was proportional to the Zn2+ concentration. Neverthe-
less, parasite viability was not affected by Zn2+. As pointed out 
by Krieger and Rein, normal human prostatic fluid Zn2+ con-
centrations kill T. vaginalis in vitro and may limit or solve 
trichomoniasis in most infected men [34]. Studies indicate 
that T. vaginalis survival in canine prostatic fluid is not signif-
icantly different from survival in Zn2+ with a similar cation 
concentration [34]. This is not the case for Tritrichomonas 
foetus, which is unaffected by bovine seminal fluid. T. foetus 

A 

 

B 

 

Figure 5. Zn2+ effect on T. vaginalis cytotoxicity. Kinetic cytotoxicity 
of parasites cultivated in the presence or absence of 1.6 mM Zn2+. A) 
Cytotoxicity of T. vaginalis cultivated in the presence and absence of 
Zn2+ towards HeLa and DU-145 cells after 1 h, p=0.056 (*). B) Data 
from trichomonal cytotoxicity towards DU-145 cells after 8 h with-
out Zn2+ were normalized to 100% for comparison. Cytotoxicity of 
T. vaginalis cultivated with 1.6 mM Zn2+ was reduced 30%. Bars 
indicate the percent cytotoxicity of three experiments with triplicate 
samples, and error bars represent standard deviations, p=0.050 (*). 
 

 
Figure 6. Expression and localization of TvCP65 in the presence of 
Zn2+. Immunofluorescence analyses of fixed, non-permeabilized 
(NP; d-f, j-l) and permeabilized (P; a-c, g-i) parasites grown in the 
presence (g-l) or absence (a-f, m-o) of 1.6 mM Zn2+, incubated with 
the anti-TvCP65 antibody (a-l) or preimmune sera (PI; m-o) fol-
lowed by a secondary anti-mouse conjugated to a fluorescein 
isothiocyanate (Jackson) antibody (1:90 dilution), and mounted 
with Vectashield-DAPI. Indirect immunofluorescence (b, e, h, k), 
and the corresponding phase contrast microscopy at 60× magnifi-
cation (a, d, g, j) and 1.58 zoom (c, f, i, l). As a negative control, 
permeabilized parasites were incubated with PI (m-o) at a 1:20 
dilution. 
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has an MTC of 200 mM for Zn2+, which is far higher than the 
Zn2+ concentration found in the reproductive tract of a bull 
[29].  

 

Figure 7. Zn2+ effect on the expression level of T. vaginalis tvcp65 
mRNA. Semi-quantitative RT-PCR analyses to detect the A) 370-bp 
tvcp65 or B) 112-bp β tubulin transcript using cDNA from parasites 
cultivated in the absence (lanes 1) or presence 1.6 mM (lanes 2) of 
Zn2+ and RT(-) a negative control from parasites cultivated in the 
absence (lanes 3) or presence of 1.6 mM Zn2+ (lanes 4). Arrows 
indicate the 370-bp and 112-bp RT-PCR products for the tvcp65 
and β-tubulin transcripts, respectively. These experiments were 
performed at least three times with similar results. C) qRT-PCR to 
quantify levels of tvcp65 mRNA in trichomonads using cDNA from 
parasites cultivated in the absence or presence of 1.6 mM Zn2+. 
Data were normalized to the amount of β-tubulin (quantity of 
tvcp65 mRNA/quantity of β−tubulin mRNA). Bars show means of 
relative amounts of RT-PCR products from three separate experi-
ments, and errors bars indicate standard deviation, p=0.01 (*). 

Evidence indicates that T. vaginalis is not the only human 
parasite affected by Zn2+ levels. Entamoeba histolytica replica-
tion and adhesion is decreased in the presence of Zn2+, which 
results in an inhibition of amoebic pathogenicity in vivo [47]. 
The activities of amoebic CPs are specifically inhibited by this 
cation. Interestingly, this Zn2+ inhibitory effect is reversible 
[48]. In men, prostate Zn2+ levels might inhibit the activities 
of T. vaginalis CPs, which may affect its cytotoxicity. This 
could be one of the reasons why male trichomoniasis is less 
severe. 

When T. vaginalis attaches to VECs, it undergoes a rapid 
transformation to an amoeboid morphology [9]. Neverthe-
less, the parasites were not transformed when they came into 
contact with DU-145 prostatic cells. Furthermore, we ob-
served extensive membrane interdigitations between parasite 
membranes and prostatic cells. This behavior has also been 
observed in parasites in contact with VECs [9]. There is a 
possibility that trichomonads that undergo morphological 

transformations to amoeboid forms might have enhanced 
virulence capabilities [9]. Thus, the T. vaginalis amoeboid 
transformation did not occur with DU-145 prostatic cells, 
which resulted in lower cytotoxicity levels in those cells. This 
observation agrees with the diminished cytotoxicity levels of 
parasites grown in a similar prostate microenvironment due 
to the presence of Zn+2. In addition, certain components of 
the vaginal microenvironment, such as Fe2+, also influence 
the morphology of T. vaginalis. Fe2+ depletion induces mor-
phological changes in this parasite from ellipsoid or amoe-
boid trophozoites to rounded ones, which is followed by 
flagella internalization and axostyle invagination [49], a 
pseudocyst morphology. 

In addition, Zn2+ also affects the protein profile of T. 
vaginalis. Some proteins were up- or down-regulated in the 
presence of Zn2+, while others showed no changes. A similar 
behavior was observed in the proteome of T. vaginalis in the 
presence or absence of Fe2+ [49], which is crucial in the fe-
male microenvironment and produces changes in its proteo-
me. Forty-five proteins were found to be differentially 
expressed [49]. Because T. vaginalis is able to infect men, it 
can possibly adapt to the prostate microenvironment, survive, 
and establish an infection. We have demonstrated that T. 
vaginalis differentially expresses 27 proteins in the presence 
of Zn2+, which suggests this parasite has the capability to 
adapt to different environments. These differences in protein 
expression profiles correlated with changes in some of its 
virulence properties, such as cytotoxicity. 

We found that fimbrin (gi|123493533) and the aminopep-
tidase P-like metallopeptidase from Clan MG, family M24 
(gi|123445672) were over-expressed in the presence of Zn2+. 
In contrast, another fimbrin (gi|123397260), the asparaginyl 
endopeptidase-like cysteine peptidase (gi|123408789), and a 
different isoform of adenosylhomocysteinase (gi|123499896) 
were down-expressed with Zn2+.  

Fimbrins belong to a class of actin-bundling proteins that 
are components of the actin cytoskeleton and involved in 
many biological phenomena [50]. As an example, mutant 
Saccharomyces cerevisiae lacking the fimbrin gene display 
temperature sensitivity defects in growth, morphology, endo-
cytosis, and sporulation [51-52]. However, over-expression of 
this protein is lethal [53]. In the male microenvironment, T. 
vaginalis faces a high Zn2+ concentration that induces the 
over-expression of fimbrin. This may be related to the mor-
phological appearance of the parasite in the male microenvi-
ronment. In contrast, another fimbrin is down-regulated in 
the presence of this cation. Further studies are in progress to 
determinate the role of these two fimbrins in the biology of T. 
vaginalis. 

Only two metalloproteinases (142 and 220 kDa) from T. 
vaginalis grown under normal culture conditions have been 
described [54]. This is the first report of a 50 kDa metallopro-
teinase from T. vaginalis expressed in the presence of Zn2+. 
Moreover, T. vaginalis proteases are involved in many biolog-
ical functions, including virulence, as virulence factors [16-
17], participating in hemolysis [21], complement resistance 
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[22], cytotoxicity [18-19], apoptosis induction [24], nutrient 
acquisition [21, 55], and immune evasion [22-23]. It is possi-
ble that in the presence of Zn2+ T. vaginalis expresses this 
metalloproteinase for survival and colonization of the male 
microenvironment. We are in the process of purifying and 
characterizing this enzyme and determining its cellular local-
ization and function. 

Our findings indicate that it takes the parasite more time to 
cause damage to the prostatic DU-145 cell monolayers as 
compared to HeLa cell monolayers. This may be due to dif-
ferent cellular receptors. T. vaginalis presents a specific be-
havior according to its host. For example, although 
trichomonad adherence to HeLa and VEC cells occurs 
through the same adhesins [12], only VECs are capable of 
signaling for amoeboid transformation [9]. In addition, the 
density of particular receptors might also be involved in the 
responses from the parasite to different cell types. 

Trichomonal cytotoxicity towards cervical cells includes 
the activity of different molecules, including proteinases. Its 
expression is induced under iron-depleted conditions [16, 18-
19, 28], which increase trichomonal cytotoxicity levels to-
wards HeLa cell monolayer due to an increase in TvCP65 
proteolytic activity [28]. Zn2+ particularly negatively affects 
the cytotoxicity of T. vaginalis towards DU-145 cells. Our 
results suggest that five T. vaginalis CPs (TvCP70, TvCP65, 
TvCP39, TvCP25, and TvCP20) were involved in contacting 
prostatic cells, and their proteolytic activities were negatively 
affected by Zn2+. Interestingly, the CPs involved in cytotoxi-
city (TvCP65 and TvCP39) [16, 18-19, 28] also interacted 
with DU-145 cells, and their activities were negatively affect-
ed by Zn2+. These findings might explain the reduction in 
cytotoxicity levels towards prostatic cells in the presence of 
Zn2+, i.e., because of its inhibitory effect towards the CPs 
involved in cellular damage. Furthermore, Zn2+ inhibits a 
great number of proteins and functions, including CPs, sig-
naling by phosphorylation, mitochondrial respiration, and 
neurotransmission. All of these are examples of the biological 
importance of Zn2+ inhibition [56].  

One of the CPs involved in the T. vaginalis interaction with 
prostatic cells is TvCP65. It has previously been reported that 
TvCP65, which is located on the plasma membrane and in 
cytoplasm, has an important role in trichomonal cellular 
damage towards HeLa cell monolayers [16]. However, in the 
presence of Zn2+, this molecule was not observed by immuno-
fluorescence assays. The activity, protein level, and transcript 
of TvCP65 were negatively affected by Zn2+, which led to a 
reduction in TvCP65-dependent cytotoxicity. TvCP65 prote-
olytic activity depends on the pH and the substrate. TvCP65 
degrades collagen IV and human fibronectin at pH 3.6-7.5 
and 3.6-6.0, respectively [16]. During T. vaginalis infections, 
the prostate pH changes. At the beginning of a male infec-
tion, the pH is about 7.0-7.5. When the infection is already 
established, the microenvironment pH changes to 8.0-8.5 
[57]. Thus, TvCP65 might be implicated in prostatic cell 
damage at the beginning of the infection due to its activity at 
that pH range [16]. pH variations during male infections 

might affect the activity of proteinases such as TvCP65 in-
volved in the interaction of trichomonads and prostatic cells. 
TvCP65 degrades many substrates and interacts with DU-145 
cells, this proteinase might bind to a specific receptor on the 
prostatic cell surface and be involved in nutrient acquisition 
mechanisms from different sources found in the male micro-
environment.  

According to the qRT-PCR results, the tvcp65 mRNA level 
diminished in the presence of 1.6 mM Zn2+. Although the 
proteolytic activity and amount of TvCP65 and its transcript 
diminished by 80% in the presence of Zn2+, its cytotoxicity 
only decreased by 30%. It is important to mention that trich-
omonal cytotoxicity is a multifactorial process that includes 
the activity of porins for pore formation [58], contact-
dependent disruption of the host cell membrane cytoskeleton 
[59], a cell-detaching factor [60], and the TvCP39 proteolytic 
activity [18-19], which might aid in trichomonal cytotoxicity 
in the presence of Zn2+. We are in the process of determining 
the effect of Zn2+ on the amount of protein and transcript of 
TvCP39 to solve this question. Nevertheless, the possible 
mechanism of Zn2+ regulation is still unknown. However, it is 
known that several motifs found in transcriptional regulatory 
proteins are stabilized by Zn2+, including the Zn2+ finger, Zn2+ 
clusters, RING finger, and LIM domains, and proteins that 
contain these domains are very common [44]. Evidence indi-
cates that Zn2+ sensing in eukaryotes involves occupancy of 
the Zn2+ finger domains and their interactions with DNA 
[44]. The metal response element (MRE)-binding transcrip-
tion factor-1 senses cellular Zn2+ ion concentrations in multi-
cellular eukaryotes and activates the expression of proteins 
involved in the mechanisms of Zn2+ homeostasis. These types 
of sensors have been reported in S. cerevisiae and termed the 
Zn2+ responsive activator protein 1 (ZAP1), which has seven 
Zn2+ finger motifs [46]. Target genes regulated by ZAP1 in-
clude the Zn2+ transporter genes (ZRT1 and ZRT2) and the 
ZAP1 gene itself [46]. Authors have proposed that ZAP1 en-
codes a transcriptional activator that binds to the promoters 
of these genes and activates their transcription when intracel-
lular Zn2+ levels are low [46]. A similar Zn2+ sensing mecha-
nism might be present in T. vaginalis that could result in 
different profile protein expressions in the presence of Zn2+. 
However, there is no experimental evidence that T. vaginalis 
has a Zn2+ transcriptional activator or repressor. Nevertheless, 
a post-transcriptional regulatory mechanism mediated by an 
IRE/IRP-like system for TvCP4, a proteinase from T. vaginal-
is, has recently been described [61]. This post-transcriptional 
mechanism of Fe2+ regulation is based on the interactions of 
cytoplasmic Fe2+ regulatory proteins (IRPs) with Fe2+-
responsive elements (IREs) located in the untranslated re-
gions (UTRs) of mRNAs of Fe2+-regulated proteins [62]. A 
similar mechanism might regulate tvcp65 mRNA in the pres-
ence of Zn2+. Further studies are needed to solve this ques-
tion. 

5. Conclusions 

Our results suggest that Zn2+ negatively affects growth, cy-



   JIOMICS | VOL 1 | ISSUE 2 | DECEMBER 2011 | 198-210 

 

198-210: 210 

totoxicity, and the expression of T. vaginalis proteinases re-
lated to the interaction with prostatic cells, which include 
those involved in trichomonal cytotoxicity, such as TvCP65. 
This is the first report of a 50 kDa metalloproteinase from T. 
vaginalis expressed in the presence of Zn2+. Further studies 
are necessary to elucidate the mechanism of T. vaginalis Zn2+ 
regulation. 

Acknowledgements 

The authors thank the Posgrado en Ciencias Genómicas at 
Universidad Autónoma de la Ciudad de Mexico (UACM) 
and CINVESTAV-I.P.N. We thank UACM for a scholarship 
to LIVC. LIQG was supported by a scholarship from CONA-
CyT, Mexico. BICG was supported by a scholarship from 
ICyTDF, Mexico We thank M.Sc Eduardo Carrillo for tech-
nical assistance and Javier Mora for proofreading this manu-
script. This work was supported by ICyTDF (PIFUTP08-150) 
and CONACyT (83808) to EAS. 

 

References 

1. Arroyo, R. and Alderete, J.F., Infect. Immun., (1989)57: p. 
2991-2997. 

2. Guenthner, P.C., Secor, W.E., and Dezzutti, C.S., Infect. Im-
mun., (2005)73: p. 4155-4160. 

3. El-Shazly, A.M., et al., J Egypt Soc Parasitol. , (2001)31: p. 545-
553. 

4. Cotch, M.F., et al., Sex. Transm. Dis., (1997)24: p. 353-360. 
5. Viikki, M., et al., Acta Oncol., (2000)9: p. 71-75. 
6. Schwebke, J.R. and Burgess, D., Clin. Microbiol. Rev., 

(2004)17: p. 794-803. 
7. Alderete, J.F. and Garza, G.E., Infect. Immun., (1985)50: p. 

701-708. 
8. Alderete, J.F., et al., Infect. Immun., (1988)56: p. 2558-2562. 
9. Arroyo, R., et al., Mol. Microbiol., (1993)7: p. 299-309. 

10. Moreno-Brito, V., et al., Cellular Microbiology, (2005)7: p. 
245-258. 

11. Garcia, A.F., et al., Molecular Microbiology, (2003)47: p. 1207-
1224. 

12. Arroyo, R., Engbring, J., and Alderete, J.F., Mol. Microbiol., 
(1992)6: p. 853-862. 

13. Hernández, H., et al., Parasite Immunol., (2004)26: p. 119-125. 
14. Mendoza-Lopez, M.R., et al., Infect. Immun., (2000)68: p. 

4907-4912. 
15. Arroyo, R. and Alderete, J.F., Arch. Med. Res. , (1995)26: p. 

279-285. 
16. Alvarez-Sanchez, M.E., et al., Microbial Pathogenesis, 

(2000)28: p. 193-202. 
17. Solano-González, E., et al., International J. of Biochem. and 

Cell Biol., (2006)38: p. 2114-2127. 
18. Hernández-Gutiérrez, R., et al., Exp. Parasitol., (2004)107: p. 

125-135. 
19. Hernandez-Gutierrez, R., Ortega-López, J., and Arroyo, R., J. 

Euk. Microbiol., (2003)50: p. 696-698. 
20. Rendon-Maldonado, J.G., et al., Exp. Parasitol., (1998)89: p. 

241-251. 
21. Dailey, D.C., Chang, T.H., and Alderete, J.F., Parasitol., 

(1990)101: p. 171-175. 
22. Alderete, J.F., Provenzano, D., and Lehker, M.W., Microb. 

Pathog., (1995)19: p. 93-103. 
23. Provenzano, D. and Alderete, J.F., Infect. Immun., (1995)63: p. 

3388-3395. 
24. Sommer, U., et al., J. Biol. Chem., (2005)280: p. 23853-23860. 
25. Gorrell, T.E., J. Bacteriol., (1985)161: p. 1228-1230. 
26. Lehker, M.W., Arroyo, R., and Alderete, J.F., J Exp Med, 

(1991)174: p. 311-318. 
27. Alderete, J.F., Infect. Immun., (1999)67: p. 4298-4302. 
28. Alvarez-Sánchez, M.E., et al., Microbes and Infection, (2007)9: 

p. 1597-1605. 
29. Langley, J.G., Goldsmid, J.M., and Davies, N., Genitourin 

Med., (1987)63: p. 264-267. 
30. Krieger, J.N., Invest Urol., (1981)18: p. 411-417. 
31. Benchimol, M., et al., Parasitol. Res., (2008)102: p. 597-604. 
32. Krieger, J.N., Sex. Transm. Dis., (1995)22: p. 83-96. 
33. Krieger, J.N. and Rein, M.F., J. Infect. Dis., (1982)146: p. 341-

345. 
34. Krieger, J.N. and Rein, M.F., Infect. Immun., (1982)37: p. 77-

81. 
35. Fair, W.R., Couch, J., and Wehner, N., Urology, (1976)7: p. 

169-177. 
36. Gardner, W.A.J., Culberson, D.E., and Bennet, B.D., Arch. 

Pathol. Lab. Med., (1986)110: p. 430-432. 
37. Sutcliffe, S., et al., International J. Cancer, (2009)124: p. 2082-

2087. 
38. Benchimol, M., et al., Antimicrob. Agents Chemother., 

(1993)37: p. 2722-2726. 
39. Ramon-Luing, L.A., et al., Proteomics, (2010)10: p. 435-444. 
40. Laemmli, U.K., Nature, (1970)227: p. 680-685. 
41. Carvajal-Gamez, B., et al., Infection, Genetics and Evolution, 

(2010)10: p. 284-291. 
42. Leon-Sicairos, C.R., Leon-Felix, J., and Arroyo, R., Microbiol., 

(2004)150: p. 1131-1138. 
43. Arroyo, R., et al., Molecular Microbiology, (1993)7: p. 299-309. 
44. Eide, D. and Guerinot, M.L., ASM News, (1997)63: p. 199-205. 
45. Hurt, J.A., et al., J. of Cell Biol., (2009)185: p. 265-277. 
46. Zhao, H., et al., J. Biol. Chem., (1998)273: p. 28713-28720. 
47. Vega Robledo, G.B., Carrero, J.C., and Ortiz-Ortiz, L., Parasi-

tol. Res., (1999)85: p. 487-492. 
48. Franco, E., Araujo Soares , M., and Meza, I., Arch. Med. Res., 

(1999)30: p. 82-88. 
49. De Jesus, J.B., et al., Proteomics, (2007)7: p. 1961-1972. 
50. Delanote, V., Vandekerckhove, J., and Gettemans, J., Acta 

Pharmacologica Sinica, (2005)26: p. 769-779. 
51. Kubler, E. and Riezman, H., Embo J, (1993)12: p. 2855-2862. 
52. Adams, A.E.M., Botstein, D., and Drubin, D.G., Nature, 

(1991)354: p. 
53. Sandrock, T.M., et al., Genetics, (1999)151: p. 1287-1297. 
54. Bozner, P. and Demes, P., Parasitology, (1990)102: p. 
55. Lehker, M.W., et al., J. Exp. Med., (1990)171: p. 
56. Wolfgang, M., Yuan, L., Chem. Rev., (2009)109: p. 4682-4707. 
57. Fair, W.R. and Cordonnier, J.J., J. Urology, (1978)120: p. 695-

698. 
58. Fiori, P.L., et al., FEMS Microbiol. Lett., (1993)109: p. 13-18. 
59. Fiori, P.L., et al., Infect. Immun., (1997)65: p. 5142-5148. 
60. Garber, G.E., Lemchuk-Favel, L.T., and Bowie, W.R., J. Clin. 

Microbiol., (1989)27: p. 1548-1555. 
61. Solano-Gonzalez, E., et al., FEBS Letters, (2007)581: p. 2919-

2928. 
62. Torres-Romero, J.C., Arroyo, R., Infection, Genetics and Evo-

lution, (2009)9: p. 1065-1074. 
 

 



Journal of Integrated Omics 

JOURNAL OF INTEGRATED OMICS 

A METHODOLOGICAL JOURNAL 

HTTP://WWW.JIOMICS.COM 

211-215: 211  

JIOMICS | VOL 1 | ISSUE 2 | DECEMBER 2011 | 211- 215  

 Over the past years, direct interfacing of liquid 
chromatographs with tandem mass spectrometers (LC-MS/
MS) has become a very popular tool for qualitative and 
quantitative analysis of complex peptide mixtures, such as 
enzymatic digestion product of complex protein samples. In 
particular, data-dependent acquisition (DDA), or on-the-4y 
precursor ion selection for isolation and subsequent 
activation and tandem mass analysis is widely used [1]. MS 
survey scans are acquired over the full mass range of peptide 
precursor ions and over the entire chromatographic elution 
time. 7e peptide precursor ion signals can then be used for 

label-free relative quanti8cation [2,3]. With this 
quanti8cation method, ion currents from identical peptides 
from di;erent samples are directly compared to each other. 

Although dynamic exclusion [4] prevents redundant 
acquisition of the most abundant peptides, DDA is still 
biased towards abundant species. In addition, the selection 
contains a random component limiting reproducibility of 
identi8ed peptides [5,6]. 7us, a major e;ort is focused on 
developing alternative precursor-ion selection methods. 
With the so-called “Precursor Acquisition Independent from 
Ion Count” (PAcIFIC) or “Data-Independent 
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Abstract 

1. Introduction 

Label free quanti8cation using liquid chromatography and electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) is widely 
used in quantitative proteomics. However, data-dependent bottom-up proteomics su;ers from low reproducibility due to semi-random se-
lection of precursor ions for tandem mass spectrometry. In addition, this acquisition mode is biased towards abundant peptides. To over-
come these problems, alternative precursor-ion selection methods were developed, such as data-independent acquisition and pseudo-
multiple selected reaction monitoring (p-mSRM). With these methods, several tandem mass spectra are acquired over the chromatographic 
elution time of precursor ions. In this report, we investigated if the acquired tandem mass spectra can be used for label-free quanti8cation. 
For this, extracted fragment ion currents were correlated to relative protein concentration. A linear relationship between ion current and 
proteins concentration was observed over 8ve orders of magnitude. 7us, we conclude that relative label-free peptide and protein quanti8ca-
tion can be performed in an ion trap using the data-independent acquisition mode.  

Keywords: pseudo-multiple selected reaction monitoring; quantitative analysis, ion trap, peptides. 

Abbreviations 

B-LG: β-Lactoglobulin; CID: Collision induced dissociation; DDA: Data-dependent acquisition; DIA: Data-independent 
acquisition; LC-ESI-MS/MS: Liquid chromatography electrospray tandem mass spectrometry; mSRM: Multiple selected reac-
tion monitoring; PAcIFIC: Precursor Acquisition Independent From Ion Count; p-mSRM: Pseudo-multiple selected reaction 
monitoring; SD: Standard deviation; SRM: Selected reaction monitoring; Trp II: Trypsin inhibitor type II . 
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Acquisition” (DIA) mehods, continuous, non overlapping 
mass-to-charge ratio (m/z) windows are selected for 
isolation and subsequent activation [6,7]. Alternatively, no 
isolation is performed and all precursor ions are co-
fragmented. 7e precursor-fragment ion lineage is then 
reconstituted post-acquisition using the chromatographic 
elution pro8le of all species [8,9]. A major advantage of these 
data-independent methods is that several tandem mass 
spectra are acquired over the entire chromatographic elution 
pro8le of all ions. 7us, fragment ion currents can be 
extracted for each precursor ion and used for quanti8cation. 
Similarly, precursor-fragment ion transitions can be 
reconstructed post-acquisition, a term referred to as “pseudo
-multiple selected reaction monitoring”  or p-mSRM [10,11]. 
7is mode of operation is described in Figure 1.  

7e term “pseudo” refers to the computer calculated post-
acquisition reconstruction of the transition.  Indeed, the full 
fragment ion spectrum is recorded here, by opposition to 
classical mSRM acquired in triple quadrupole instruments. 
Pseudo-mSRM has been showed to provide excellent 
quantitative measurement over a large dynamic range for 
small molecules [12] and peptides [13,14] in simple matrices 
and for non-complex mixtures. Here, we show that label- 
free MS2-based quanti8cation is possible over at least 8ve 
orders of magnitudes in very complex matrices, e.g. digested 
human plasma.  

2. Materials and methods 

Liquid plasma, β-Lactoglobulin (B-LG), trypsin inhibitor 
type II (Trp II), iodoacetamide (IAA) and acetonitril (AcN) 
were purchased from Sigma (St.louis, MO, USA). Urea, am-
monium bicarbonate (AB), dithioerythritol (DTE) and water 
for chromatography and dilution were from Merck 
(Darmstadt, Germany). Porcine trypsin and formic acid 
(FA) was respectively from Promega (Madison, WI, USA) 
and Biosolve (Valkenswaard, the Netherlands). Stationary 
phases for columns were from Michrom (Auburn, CA). An-
alytical column (OD = 375 µm, ID = 75 µm, L=150 mm) and 
pre-column (OD = 375 µm, ID = 100 µm, L=20 mm) was 
made from fused silica tubing from BGB Analytik AG 
(Boeckten, Switzerland) 

Human plasma and standard proteins were digested as 
previously reported [15]. In short, 500µg of B-LG and Trp II 
were dissolved in 200µl of 6M Urea and 50mM AB. 10µl of 
DTE 38mM was added and the solution was incubated at 37°
C for 60 min (reduction). 7en 20µl of IAA 108mM was 
added for alkylation during 60 min in the dark. Liquid diges-
tion was performed overnight, by adding 25µl of trypsin 
(0.2µg/µl). 7e digested solution was desalted with a C18 mi-
cro-spin column (Harvard Apparatus, Holliston, MA, USA) 
and dried. In order to have aliquots of 10pmol/µl, dried solu-
tions were dissolved in AcN/FA/H2O 5/0.1/94.9%. 7ese di-
gests were spiked at various concentrations in trypsin digest-
ed, non-depleted human plasma. 7e concentrations were 
adjusted so that a total amount of 1, 10, 100 atomoles, 1, 10, 

100 femtomoles and 1 picomole standard proteins were in-
jected in our LC-MS/MS system. 7e injected plasma 
amount was kept constant of 0.126 µg per injection 
(corresponding approximately to one picomole of albumin).  

7e LC-MS/MS system consisted of a NanoAcquity chro-
matograph (Waters, Milford, MA) interfaced with an LTQ-
Orbitrap velos mass spectrometer (7ermo Scienti8c, San 
Jose, CA). Peptides were trapped on a home-made, 20 mm 
long precolumn of 100 µm inner diameter and separated on 
a 150 mm analytical column of 75 µm inner diameter. 7e 
analytical separation was run for 65 min using a gradient of 
H2O/FA 99.9%/0.1% (solvent A) and CH3CN/FA 
99.9%/0.1% (solvent B). 7e gradient was run as follows: 0–1 
min 95% A and 5% B, then to 65% A and 35% B at 55 min, 
and 20% A and 80% B at 65 min at a 4ow rate of 220 nL/min. 

All samples were analyzed from the most diluted to the 
most concentrated, and new chromatographic columns were 
used for each technical replicate. 7e mass spectrometer was 
operated in the following conditions: for DDA, full MS spec-
tra were acquired in the Orbitrap detector from m/z = 400 – 
2000. 7e target ion population was 500,000 ions. Tandem 
mass spectra were acquired in a data-dependent manner in 
the linear ion trap on the 8ve most abundant precursors (if 
present). Dynamic exclusion was set to one minute. Precur-
sor isolation window was set to 2.0 m/z units. Normalized 
collision energy was set to 35%. For p-mSRM acquisitions, 
full MS spectra were acquired in the Orbitrap detector from 
m/z = 400 – 2000. 7e target ion population was 500,000 
ions. Tandem mass spectra were acquired on the three β-
lactoglobulin peptide precursor ions and on the three trypsin 
inhibitor peptide precursor ions listed in table 1, in a data in-
dependent manner. In other words, the precursor-ion m/z 
was isolated and fragmented over the full chromatographic 
analysis, no matter if precursor ions were present or not. 7e 
scan sequence was Full MS1 (orbitrap acquisition), CID of 
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Figure 1. Principle of Selected Reaction Monitoring (SRM) and 
pseudo-multiple Selected Reaction Monitoring (p-mSRM). From a 
complex mixture of peptides, precursor ions are isolated and acti-
vated, typically by CID. All product ions are collected in the ion 
trap and scaned out according to their m/z ratio. 7is operation is 
repeated during the entire chromatographic elution of the peptides. 
Once all the data is collected, the ion currents corresponding to all 
desired transitions are reconstructed in silico.   
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m/z=858.406, CID of m/z=545.929, CID of m/z=623.294, 
CID of m/z=588.316, CID of m/z=600.858, CID of m/
z=928.475. All CID spectra were acquired in the linear ion 
trap. 7e target ion population was set to 10,000 ions. 7e 
precursor isolation window was set to 2.0 m/z units. Nor-
malized collision energy was set to 35%. All analysis were 
run in technical replicates (n=2). 7e 8rst three DDA anal-
yses, spiked with respectively 10 and 100 amol of standard 
proteins were used for database search.  

Protein identi8cation peak lists were generated from raw 
data using the embedded so]ware from the instrument ven-
dor (extract_MSN.exe). 7e monoisotopic masses of the se-
lected precursor ions were corrected using an in-house writ-
ten Perl script [16]. 7e corrected mgf 8les were searched 
against the SwissProt/Uniprot database (release 15.10 of 03-
Nov-2009) using Phenyx (GeneBio, Geneva, Switzerland). 
Homo sapiens taxonomy was speci8ed for database search-
ing (34785 sequences) and the two standard protein se-
quences were added. 7e parent ion tolerance was set to 10 
ppm. Variable amino acid modi8cation was oxidized methi-
onine. Fixed amino acid modi8cation was carbamidomethyl-
ation of cysteins. Trypsin was selected as the enzyme, with 
one potential missed cleavage, and the normal cleavage 
mode was used. Only one search round was used with selec-
tion of “turbo” scoring. 7e peptide p value was 1 E-2 for 
LTQ-OT data. False-positive ratios were estimated using a 
reverse decoy database [17]. All datasets where searched 
once in the forward and once in the reverse database. Sepa-
rate searches were used to keep the database size constant. 
Protein and peptide score were then set up to maintain the 
false positive peptide ratio below 1%. 7is resulted in a slight 
overestimation of the false-positive ratio [17]. For all anal-
yses, only proteins matching two di;erent peptide sequences 

were kept.  
Quantitative data (extracted ion chromatograms and chro-

matographic peak integration) were extracted with Xcalibur 
2.6 (7ermo Scienti8c). Base-to-base peak integration was 
performed manually using the “add peak” function of Xcali-
bur. 7e peak area value calculated by the so]ware was used. 

3. Results and discussion 

In a 8rst experiment, digested human plasma and the two 
digested standard proteins â-lactoglobulin (B-LG) and tryp-
sin inhibitor type II (Trp II) were separately analyzed by 
DDA ESI-LC-MS/MS. 7is resulted with the identi8cation 
of an average of 926 (SD=12) unique peptides from human 
plasma, corresponding to 413 (SD=18) unique proteins iden-
ti8ed with at least two peptides. 7ese numbers demonstrate 
the quality of the plasma digestion and the reproducibility of 
the data-dependent analysis. 7en, for each standard protein 
the three peptides giving raise to the three most abundant 
precursor ion signals were selected for further analysis 
(Table 1). 7ese 3 peptides correspond to sequence coverage 
of 15% for B-LG and 19% of Trp II.  

In the next experiment, the digested proteins were mixed 
with digested plasma so that the injected amount varied 
from one atomole to one picomole. 7e quantity of plasma 
was kept constant, at 0.126 ug per injection (corresponding 
to aproximatively 1 pmol of injected albumin). 7e peptide 
mixture was then analyzed using DDA and pseudo-mSRM. 
For each concentration, the acquired MS1 spectra were in-
spected for the presence of the three peptide precursor of 
each standard protein. 7e isotopic cluster corresponding to 
peptide LFSNPTQLEEQCHI was visible at injected amounts 
of 1 femtomole and above. 7e two other peptides were dis-

Protein Peptide MS1 detection limit p-SRM transition MS2 detection limit retention time (min)

β-Lactoglobulin LFSNPTQLEEQCHI 1 fmol [M+2H]++ → y6
+ 100 amol 43,04

[M+2H]++ → y7
+ 100 amol 43,04

[M+2H]++ → y10
+ 10 amol 43,04

β-Lactoglobulin TPEVDDEALEKFDK 10 fmol [M+3H]+++ → y10
++ 100 amol 33,97

[M+3H]+++ → y11
++ 100 amol 33,97

[M+3H]+++ → y12
++ 10 amol 33,97

β-Lactoglobulin TPEVDDEALEK 10 fmol [M+2H]++ → y7
+ 100 amol 26,56

[M+2H]++ → y8
+ 100 amol 26,56

[M+2H]++ → y10
++ 100 amol 26,56

Trypsin Inhibitor NELDKGIGTIISSPYR 1 fmol [M+3H]+++ → y5
+ 100 amol 39,98

[M+3H]+++ → y6
+ 100 amol 39,98

[M+3H]+++ → y14
++ 1 fmol 39,98

Trypsin Inhibitor NKPLVVQFQK 10 fmol [M+2H]++ → y5
+ 100 amol 28,27

[M+2H]++ → y6
+ 100 amol 28,27

[M+2H]++ → y8
+ 10 amol 28,27

Trypsin Inhibitor AAPTGNERCPLTWQSR 100 fmol [M+2H]++ → y8
+ 1 fmol 28,00

[M+2H]++ → y9
+ 1 fmol 28,00

[M+2H]++ → y10
++ 1 fmol 28,00

Table 1. Observed peptides for MS1 and MS2-based quanti8cation and their detection limit 
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played clear isotopic clusters at 10 femtomoles and above. 
Similarly, one trypsin inhibitor peptide was visible at 1 
femtomole of injected protein, the other two at 10 and 100 
femtomoles. 7us, we concluded that relative quanti8cation 
using an MS1 based label-free approach can be performed 
from amounts of 1 femtomoles and above. If the upper limit 
is arbitrarily set to 1 pmol, relative quanti8cation could be 
done over a concentration range of three orders of magni-
tude (1 femtomole to 1 picomole).   

Individual fragment ion currents were extracted for the 
same standard protein peptides from the pseudo-mSRM da-
ta. For three out of the six peptides, fragment ions were 
clearly visible at injected amounts of 10 atomoles and above 
(Table 1). 7e extracted fragment ion chromatograms for β-
lactoglobulin peptide LFSNPTQLEEQCHI are shown in Fig-
ure 2.  

Next, we investigated if the extracted fragment ion chro-
matograms could be used for label-free MS2-based relative 
quanti8cation. However, this strategy is complicated by the 
fact that multiple fragment-ion chromatograms can be re-
constructed from a single peptide precursor ion. 7us, we 
applied an empirical method similar to the one showed by 
Silva and co-workers. Indeed, this group showed that the av-
erage MS signal response of the three most abundant pep-
tides is constant for each protein [9]. Based on this, the sum 
of the three most abundant fragment ions was calculated for 
all three peptides per standard protein. 7e protein abun-
dance values calculated with this method showed excellent 
linearity with protein concentration (Figure 3).  

Coeacients of correlation are above 0.98 for both meas-
ured proteins and all replicates over the full range of concen-
tration. 7is implies that relative quanti8cation using an 
MS2-based label-free approach can be performed at lowest 
protein concentrations.  With an arbitrary upper limit of one 

picomole, relative quanti8cation could be done over 8ve or-
ders of magnitude (10 atomoles to 1 picomole). It represents 
an increase in dynamic range of two orders of magnitude 
compared to DDA acquisition, traditionally used for label-
free quanti8cation. Indeed, if the DDA mode is used on a 
very complex sample, the dynamic range of the analysis is 
close to the intra-spectrum dynamic range of the analyzer 
(in our case the Orbitrap analyzer). Makarov and co-workers 
have shown that the intra-spectrum dynamic range of an or-
bitrap was around 5,000 for full MS1 survey scans [18]. By 
contrast, the high dynamic range using the pseudo-mSRM 
mode can be explained by the combined dynamic range of 
the mass analyzer (in this case the linear ion-trap) and the 
ion injection time to 8ll the trap. 7e dynamic range of an 
ion trap is around 102 – 103, with a varying injection time be-
tween 0.1-100 ms. Consequently, the resulting dynamic 
range with pseudo-mSRM is the product of this two values. 
7is indicates that a dynamic range of 8ve orders of magni-
tude should be possible, which corresponds to the value 
found in our experiments.   

4. Conclusions 

Our data shows that relative label-free quanti8cation is 
possible in ion trapping devices, using the data-independent 
or p-mSRM mode of operation. Quanti8cation can be per-
formed directly, in complex samples over a large dynamic 
range. Moreover, combination of large-scale data-
independent protein identi8cation and label-free quanti8ca-
tion is also possible. Data-independent acquisition strategies 
such as the recently published PAcIFIC provide good results 
in terms of number of identi8cations and dynamic range. 
7e data format itself corresponds to nothing else than a 
large-scale pseudo-mSRM experiments. 7e obtained data 
can therefore be directly used for MS2-based relative quanti-
8cation.  
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Figure 2. Extracted p-mSRM transitions ion currents from 10 amol 
of β-lactoglobulin peptide LFSNPTQLEEQCHI spiked into 
digested human plasma. 7e peptide elutes at 44.1 minutes. 
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Many researchers adopt proteomics to tackle a biological 
question because it allows for the exploration of the cell 
acting components. As diverse as the proteomic 1eld has 
become, two-dimensional electrophoresis (2-DE) which 
separates the proteins according to 1rst their isoelectric 
point (pI) using isoelectric focusing (IEF) and second their 
molecular weight (MW) [1] remains a technique widely 
used. Reproducibility of 2-DE was dramatically improved 
upon the introduction of immobilised pH gradient (IPG) 
strips during the 1rst dimension [2]. <is technique can 
resolve thousands entities on a single gel, which re=ects only 
a very small proportion of the proteome. Most of the techno-
logical improvements aim at increasing protein coverage, 
accuracy and sensitivity, thus providing the researchers with 
a variety of strategies with enhanced resolution. One of these 
strategies is sample prefractionation. <e two main ap-
proaches are the chromatographic and electrophoretic 
prefractionations. Both exploit the physico-chemical proper-

ties of proteins, such as their charge, hydrophobicity, mass, 
etc., to group them into discrete fractions prior to other 
analytical resolving techniques, thus optimising both resolu-
tion and sensitivity. Electrophoretic prefractionation based 
on electrokinetic migration such as IEF is gaining popularity 
as it is fully compatible with 2-DE, unlike chromatographic 
fractions, and o>ers the advantage of concentrating proteins 
of low abundance according to their pI. Many devices exist 
(reviewed in [3, 4]); one of them is o>-gel electrophoresis 
(OGE).  

OGE uses IEF and was developed by Ros et al. [5] who 
adapted a multicompartment chamber on top of an IPG 
strip providing the desired pH gradient; solubilised proteins 
migrate through the strip until they reach their pI at a given 
compartment and then return into solution. By adjusting the 
pH range along IPG strips, OGE can be tailored to the pro-
tein sample requirement and achieve the high resolution of 
0.1 pH unit [6]. An additional bene1t of OGE is the desalting 
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Abstract 

1. Introduction 

Protein sample prefractionation using o>-gel technology coupled to mass spectrometry-based proteomics has proven very eQcient in identi-
fying novel proteins of low abundance in various biological systems with the exception of plant tissues. In this study, we have prefractionated 
protein samples from wheat leaves and apoplastic =uid using the Agilent 3100 OFFGEL fractionator along 3-10 pH range into 24 fractions. 
Two methods were compared: 1/ the Agilent method based on the use of a proprietary starter kit which comprises all the necessary consuma-
bles, and 2/ an in-house method in which focusing solutions were prepared using electrophoresis grade chemicals, and immobilised pH gra-
dient (IPG) strips and electrode pads were acquired elsewhere. Method comparisons and quality of focusing were assessed using pH distribu-
tions, as well as one- and two-dimensional patterns. Both methods produced comparable well-resolved electrophoretic patterns. <is study 
will allow other laboratories using OFFGEL device to consider in-house solutions. 

Keywords: Triticum aestivum, leaf; apoplast; IPG strip; SDS-PAGE; Agilent 3100 OFFGEL fractionator. 
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of protein sample [7]. OGE has also been successfully used to 
separate antibody charge isoforms prior to capillary IEF [8]. 
Initially devised for fractionation of proteins prior to gel-
based techniques, OGE was soon employed to fractionate 
peptides prior to reverse phase (RP) liquid chromatography 
(LC) coupled to tandem mass spectrometry (MS/MS) [9]. In 
such shotgun proteomics approaches, proteins can be enzy-
matically digested aTer [10] or before [11] OGE prefraction-
ation; alternatively a sample can be fractionated twice, 1rst 
using proteins and second using tryptic peptides [12]. Pro-
tein prefractionation using 1rst OGE, second RP-LC, then 
followed by trypsin digestion and LC-MS/MS analysis was 
found to be a reproducible strategy to study complex sam-
ples [13]. <e OGE device allowing unbiased fractionation of 
both proteins and peptides is now commercialised under the 
trade name of OFFGEL fractionator (Agilent Technologies) 
and was 1rst reported by Hörth et al. [11]. A highly eQcient 
quantitative strategy combines peptide labelling with isobar-
ic tag for relative and absolute quantitation (iTRAQ) and 
OGE prefractionation prior to LC-MS/MS analysis [14-16]; 
it also enhances the identi1cation of low abundant proteins 
[17]. Very recently, OGE was employed to explore phospho-
proteomes [18, 19]. 

More publications, thus far limited to industrial or medi-
cal research, have made full use of this additional resolving 
step, mostly in a shotgun approach capacity, either fraction-
ating proteins [20, 21], peptides [22-24] or both [25, 26]. 
However, to date, OGE has yet to be used on plant tissues. 
Our lab is interested in elucidating wheat responses to fungal 
pathogens; proteomics is one of the strategies adopted 
through the use of both gel-based and gel-free approaches. 
Here we report for the 1rst time the OGE prefractionation of 
plant proteins. Soluble proteins were recovered from wheat 
whole leaves and separated using Agilent 3100 OFFGEL 
fractionator either using the purchased Agilent’s kit or in-
house solutions. <e quality of protein prefractionation was 
assessed by 1-DE and 2-DE which helped comparing both 
the manufacturer’s and our in-house protocols. Our in-
house protocol was applied to apoplastic =uids from wheat 
leaves. Whether using whole leaf or apoplast samples, two-
dimensional patterns were greatly enriched in spots follow-
ing OGE prefractionation. 

2. Materials and Methods 

1. Wheat culture and sampling 

Wheat (Triticum aestivum L. cv. Grandin) was grown 
from seeds. Prior to sowing, seeds were sterilised by incuba-
tion in 0.1% v/v sodium hydroxide/5% v/v ethanol for 10 
min followed by three washes in sterile water. Ten sterilised 
seeds were sown per 2 L pot full of vermiculite grade 3 
(Australian Perlite, Sydney NSW Australia) with 10 pellets of 
slow release Osmocote Exact fertiliser (Scotts Australia, 
Baulkham hills NSW Australia). Pots were placed in a sunlit 
greenhouse kept at 20ºC and fully watered daily. All seeds 

had germinated aTer 4 days and the 1rst leaf emerged from 
the cotyledon aTer 9 days. First true leaf leafs were collected 
aTer 12 days. Leaf samples for whole protein extraction were 
pooled into a tube and instantly frozen by immersion in 
liquid nitrogen and stored at -80ºC until use. Leaf samples 
for apoplast recovery were used fresh, immediately aTer 
sampling. 

2. Apoplast recovery 

Apoplastic =uid was recovered according to Solomon and 
Oliver [27]. Brie=y, leafs were cut into 3cm-long pieces and 
placed into a 35 mL syringe barrel along with 15 mL ddH2O. 
By adapting the tip into a rubber stopper and operating the 
plunger, ddH2O was forced into the leaf pieces through the 
stomata until the leaves turned dark green. Leaf pieces were 
retrieved using tweezers and the residual water on their 
surface was blotted with paper towels. <e dry leaf pieces 
were transferred into a 10 mL syringe barrel without adjust-
ing the plunger. A 1.5 mL Eppendorf tube was adapted at the 
end of the syringe tip and both the syringe and the Eppen-
dorf were inserted into a 50 mL Falcon tube. <e apoplastic 
=uids were recovered by centrifugation using a swing rotor 
for 5 min at 4000 xg at room temperature. Ten leaves pro-
duced approximately 0.5 mL of =uid. Apoplastic samples 
were stored at -80ºC until use. 

3. Protein extraction from whole leaves 

Frozen leaf samples were 1nely ground in liquid nitrogen 
using a chilled mortar and pestle. Soluble proteins were 
extracted using a trichloroacetic acid (TCA)/ 2-
mercaptoethanol (2-ME)/acetone method devised by 
Damerval et al. [28]. Brie=y, the frozen powder was trans-
ferred into chilled 50 mL Nalgene Oak Ridge tubes (<ermo 
Fisher Scienti1c, Scoresby VIC Australia) and 1lled up with 
ice-cold 10% w/v TCA/0.007% v/v 2-ME/acetone solution. 
Following homogenisation, tubes were leT to incubate at -
20ºC overnight. Tubes were centrifuged for 30 min at 12,000 
xg and -10ºC and the supernatant was discarded. Pellets were 
rinsed three times in ice-cold 0.007% v/v 2-ME/acetone 
solution and recovered by centrifugation (30 min, 12,000 xg, 
-10ºC). Pellets were dried at room temperature overnight 
and solubilised in 1 mL resuspension (R) solution (7M urea, 
2M thiourea, 4% w/v 3-[3-(cholamidopropyl)
dimethylammonio]-1-propane-sulfonate, 1% w/v dithio-
threitol, 1% v/v 2-ME, 10mM tris-(2-carboxyethyl)-
phosphine-HCl, 0.5% ampholites 3-10). Protein extracts 
were transferred into 2 mL Eppendorf tubes and stored at -
20ºC until use. 

4. Protein content assay 

<e protein content of both leaf protein extracts and 
apoplastic =uid samples was estimated using 2-D Quant Kit 
(GE Healthcare, Ryldamere NSW Australia) following the 
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manufacturer’s instructions. 

5. OFFGEL fractionation 

Proteins were fractionated into 24 fractions by liquid 
isoelectric focusing (IEF) using the Agilent 3100 OFFGEL 
fractionator (Agilent Technologies, Forest Hill VIC Austral-
ia). Two methods were tested for OFFGEL fractionation of 
whole leaf samples. 1/ In the Agilent’s method, fractionation 
was performed using the Starter kit (Agilent Technologies 
Part No. 5188-6444) which includes all necessary consuma-
bles. 2/ In our in-house method, fractionation was per-
formed by, whenever possible, replacing all the consumables 
provided by Agilent’s starter kit with their lab equivalents 
listed in Table 1. <e 1.25X OFFGEL stock solution (50 mL) 
for high resolution separation along 3-10 pH range was 
prepared following the manufacturer’s instructions, aliquot-
ed into 2 mL Eppendorf tubes and stored at -20ºC until use. 

Parts were assembled, Immobilised pH gradient (IPG) 
strips were rehydrated, and protein samples were diluted 
into the 1.25X OFFGEL stock solution as instructed in the 
Agilent Quick Start Guide. <e same wheat leaf sample was 
separated on two di>erent IPG strips placed in the same tray 
following the Agilent or the in-house method. A total of 0.5 
mg of leaf proteins were loaded onto each IPG strip. <e 
apoplast sample was fractionated during a separated experi-
ment following our in-house method only, by loading 1 mg 
of apoplastic proteins. 

Both OFFGEL fractionation runs for leaf and apoplast 
samples respectively were performed using the preset pro-
gram OG24PR00 (64kVhrs, 8000V, 50µA, 200mW). At the 
end of the runs, fractions were transferred into individual 1.5 
mL Eppendorf tubes. Collected fractions were stored at -
20ºC until further use. 

6. pH measurement of the OFFGEL fractions 

Fraction pH values were estimated by diluting 2µL into 
20µL ddH2O and wetting 0-14 pH indicator strips (Merck, 
Kilsyth VIC Australia). Values are displayed in Table 2 and 
illustrated in Figure 1. <e expected pH values per fraction 
were calculated according to the IPG strip supplier data (24 
cm 3-10 pH) and the OFFGEL well dimensions (24 x 1 cm 
long wells). <e 7 pH units along 3-10 range were divided by 
24 to give a value of approximately 0.3 pH units for the 
range covered by each fraction. 

7. One-dimensional electrophoresis (1-DE) 

Two micrograms of unfractionated protein samples or 10 
µL of each fraction were diluted into up to 20 μL of Laemmli 
Sample Bu>er (Bio-Rad, Gladesville, NSW, Australia). Broad 
Range SDS-PAGE Molecular Weight (MW) Standards (Bio-
Rad) were used for MW reference. Samples were boiled for 5 
min and loaded onto 4% homecast stacking polyacrylamide 
gels on top of 12% homecast resolving polyacrylamide gels 
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(10 wells each, 0.75 x 10 x 8 cm). Runs were performed using 
a Mini-PROTEAN Tetra Cell (Bio-Rad) system at room 
temperature for 10 min at 40V followed by 60 min at 180V.  

8. Two-dimensional electrophoresis (2-DE) 

A total of 100 μg proteins from unfractionated samples 
were diluted into R solution to reach a volume of 470 μL and 
then loaded onto 24 cm 4-7 or 7-10 IPG Strips (Bio-Rad) 
through in-gel rehydration. Fractions were pooled so that 
their pH values was included into the pH ranges o>ered by 
Narrow Range 24 cm ReadyStrip IPG strips (Bio-Rad) as 
indicated in Table 3. Pooled fractions were diluted into R 
solution to reach a volume of 470 μL and were loaded onto 
IPG strips whose pH ranges overlapped theirs through in-gel 
rehydration. IPG-IEF was performed using IPGphor II (GE 
Healthcare) and the following program: 0V for 1h aTer 
which mineral oil was added, 50V for 12h, 200V for 30min, 
500V for 30min, 1000V for 1h, 8000V for 90,000VHrs. IPG 
strips equilibration was performed according to Görg et al. 
[29] by incubation into 1% DTT for 15 min following by 
incubation in 2.5% iodoacetamide for 15 min. Equilibrated 
IPG strips were transferred onto 12% homecast polyacryla-
mide/ bisacrylamide (37.5:1) gels (0.1 x 24 x 20 cm) and 

sealed in 1% (w/v) agarose (Invitrogen, Mulgrave VIC Aus-
tralia) in Laemmli [30] running bu>er with 0.002 % (w/v) 
bromophenol blue (BPB). Second dimension was performed 
using the Ettan DALT six Electrophoresis Unit (GE 
Healthcare) at 10°C at 40V for 30min followed by 450V for 
4h30 (0.4mA, 100W). 

Frac�on Expected pH 

Observed pH 

lamina/Agilent 

method 
lamina/in-house 

method 

1 3.00 3.00 (+0.00) 3.00 (+0.00) 

2 3.30 4.00 (+0.70) 4.00 (+0.70) 

3 3.60 4.25 (+0.65) 4.25 (+0.65) 

4 3.90 4.50 (+0.60) 4.50 (+0.60) 

5 4.20 4.75 (+0.55) 4.75 (+0.55) 

6 4.50 5.00 (+0.50) 5.00 (+0.50) 

7 4.80 5.12 (+0.32) 5.15 (+0.35) 

8 5.10 5.25 (+0.15) 5.30 (+0.20) 

9 5.40 5.37 (-0.03) 5.45 (+0.05) 

10 5.70 5.50 (-0.20) 5.60 (-0.10) 

11 6.00 5.62 (-0.38) 5.75 (-0.25) 

12 6.30 5.75 (-0.55) 6.00 (-0.30) 

13 6.60 5.87 (-0.73) 6.15 (-0.45) 

14 6.90 6.10 (-0.80) 6.30 (-0.60) 

15 7.20 6.25 (-0.95) 6.45 (-0.75) 

16 7.50 6.40 (-1.10) 6.60 (-0.90) 

17 7.80 6.55 (-1.25) 6.75 (-1.05) 

18 8.10 6.70 (-1.40) 7.00 (-1.10) 

19 8.40 6.85 (-1.55) 6.75 (-1.65) 

20 8.70 7.00 (-1.70) 6.75 (-1.95) 

21 9.00 7.30 (-1.70) 6.75 (-2.25) 

22 9.30 7.60 (-1.70) 6.75 (-2.55) 

23 9.60 8.00 (-1.60) 8.00 (-1.60) 

24 9.90 8.50 (-1.40) 8.00 (-1.90) 

Figure 1. pH values of the OFFGEL fractions. A) Distributions of 
observed pH values. <e dotted line represents the expected pH 
distribution. B) Scatterplots of the observed values of the fractions 
relative to the expected values. Dotted lines represent linear trend-
lines with intercept set to 3. Corresponding correlation rates (R2) 
are indicated. 

Table 2. pH values of OFFGEL fractions. Di>erence with expected 
value is indicated in bracket. 
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9. Gel staining 

Both one- and two-dimensional gels were stained follow-
ing the silver nitrate staining method developed by Rabilloud 
and Charmont [31]. Stained gels were scanned using Molec-
ular Imaging PharosFX Plus system (Bio-Rad) at 100 µm 
resolution with the densitometry mode. Images were con-
verted into TIF-format (16-bit greyscale, 254 dots per inch).  

3. Results and Discussion 

A number of recent proteomics projects incorporating 
OGE attests to the ever-increasing interest in the use of this 
novel technology. Despite its growing acceptance, OGE has 
yet to be reported for plant systems. <e 1rst objective of this 
study was to trial OGE prefractionation of a complex plant 
protein sample by comparing the manufacturer’s method 
with an in-house protocol, with the 1nal aim of minimising 
consumable expenses. To this end, using the Agilent 3100 
OFFGEL fractionator high resolution mode (24 fractions per 
24 cm 3-10 IPG strip), two protocols were tested: 1/ the 
Agilent protocol based on the use of the Agilent’s proprie-
tary starter kit, and 2/ our in-house protocol for which all 
required solutions were prepared using electrophoretic grade 
consumables routinely used in our laboratory, IPG strips 
and electrode pads were purchased separately from another 
supplier. <e di>erence in methods is described in Table 1. 
<e second objective of this study was to protein-enrich two-
dimensional patterns from two di>erent plant tissues, whole 
leaf and leaf apoplastic =uids, using an initial protein pre-
fractionation step, compared to two-dimensional patterns 
obtained from unfractionated samples. Both the Agilent 

protocol and our in-house method are assessed and com-
pared using three approaches: pH distribution, one-
dimensional pro1les and two-dimensional patterns.  

1. )e Agilent and in-house methods produce comparable 
electrophoretic patterns. 

Leaf samples were prefractionated into 24 fractions along a 
3-10 pH range using OGE. Table 2 (graphically represented 
in Figure 1A) lists the pH values of each OGE fraction and 
indicates how di>erent they are from the expected values, 
calculated by dividing the seven pH units of 3-10 gradient by 
the number of compartments (24). Considering leaf samples, 
the pH distribution obtained following the Agilent method 
skews less from the expected distribution than that obtained 
with our in-house method, di>ering at the most by 1.7 pH 
unit (fractions 20 to 22). A consistent trend appears across 
methods (Agilent and in-house) with the acidic fractions (up 
to pH 5.60) always displaying a pH value superior to the 
expected one, while the pH of basic fractions is constantly 
below the expected value. Basic fractions present the greatest 
pH di>erence with the expected distribution, as high as 2.55 
pH unit (in-house method, fraction 22). <e pH of the 
fractions distributes linearly as illustrated by the trendlines 
1tting the scatterplots of the expected pH values versus the 
observed ones (Figure 1B). <e Agilent method (R2=0.86) 
produces slightly more linearly distributed fraction pH from 
leaf sample than our in-house method (R2=0.77). A linear 
distribution was also reported in P. falciparum system; pH 
values were mostly above the expected distribution, especial-
ly within very acidic fractions [20]. 

To further assess the methods’ eQciency, each fraction was 

Table 3. Fraction pooling and IPG-IEF conditions 

Sample OFFGEL method Fraction pooling Fraction volume pH range Figure number 

wheat leaf Agilent 1 to 5 0.64 mL each 3-6 3A 

wheat leaf Agilent 6 to 11 0.54 mL each 4-7 3B 

wheat leaf Agilent 2 to 13 0.27 mL each 4-7 3C 

wheat leaf Agilent 12 to 17 0.54 mL each 5-8 3D 

wheat leaf Agilent 17 to 24 0.51 mL each 7-10 3E 

wheat leaf in-house 1 to 5 0.64 mL each 3-6 3F 

wheat leaf in-house 6 to 11 0.54 mL each 4-7 3G 

wheat leaf in-house 2 to 13 0.27 mL each 4-7 3H 

wheat leaf in-house 12 to 17 0.54 mL each 5-8 3I 

wheat leaf in-house 17 to 24 0.51 mL each 7-10 3J 

wheat leaf none none - 4-7 3K 

wheat leaf none none - 7-10 3L 

wheat apoplast in-house 1 to 10 0.32 mL each 3-6 4B 

wheat apoplast in-house 1 to 15 0.20 mL each 4-7 4C 

wheat apoplast in-house 8 to 17 0.32 mL each 5-8 4D 

wheat apoplast in-house 17 to 24 0.45 mL each 7-10 4E 

wheat apoplast none none - 4-7 4F 
wheat apoplast none none   7-10 4G 
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separated using 1-DE, along with the initial unfractionated 
sample used as a reference (Figure 2). Comparing one-
dimensional pro1les of fractions obtained following the 
Agilent method to those obtained using our in-house proto-
col, it was evident that both methods produce excellent 
electrophoretic patterns, displaying well-resolved bands even 
within the most complex fractions. Proteins bands that are 
faint in unfractionated leaf samples (lanes UL) become much 
more prominent in some of the fractions, especially for 
proteins of very high or very low MW. In both methods 
(Figure 2A and B), very acidic fractions (1 to 5) are depleted 
in proteins, whereas acidic to neutral fractions (6 to 16) 
contain most of the proteins. <e greatest di>erence in 
method eQciency arises within basic fractions (17 to 24). 
Using Agilent’s protocol, fractions 17 to 19 resolve only few 
protein bands, and fractions 20, 21 and 24 contain no visible 
proteins; most of the basic proteins are resolved within 
fraction 22 and, to a lesser extent, fraction 23 (Figure 2A). 
Our in-house method proves superior in this alkaline range, 
with all the fractions displaying many protein bands, except 
fractions 19 and 24 which contain no visible proteins (Figure 
2B). 

Protein depletion within fractions of extreme pH was also 
observed along a 3-10 pH gradient [20]. <e most abundant 

proteins, such as RuBisCO (large subunit indicated by an 
arrow in Figure 2), are resolved across several OGE compart-
ments. <is was also reported for highly prominent animal 
proteins such as myosin and actin [19, 21]. <e limit of 
resolving power of OGE when high protein loads are used 
has been evidenced [32]. Based on the literature, we used 
settings recommended by the manufacturer to perform the 
OGE and did not attempt to optimise them. Perhaps plant 
samples necessitate longer focusing periods and/or higher 
voltages. <erefore OGE in itself is not resolving enough; 
however, combined to other analytical techniques such as 2-
DE, it greatly improves protein resolution as illustrated 
below. 

<e high resolution o>ered by 2-DE was our third ap-
proach to assess which of the two methods employed during 
OGE was the most eQcient in fractionating proteins from 
wheat leaf samples. In our study, 2-DE was performed using 
IPG-IEF in the 1rst dimension and SDS-PAGE in the second 
dimension. For the 1rst dimension, four pH gradients were 
employed, 3-6, 4-7, 5-8, and 7-10, along 24 cm IPG strips. 
Following prefractionation and pH measurement, fractions 
were pooled according to the pH ranges covered by the IPG 
strips (Table 3). Regardless of the pH range, both Agilent 
(Figure 3A-E leT panel) and our in-house (Figure 3F-J, 

Figure 2. One-dimensional pro1les of the OFFGEL fractions relative to those of unfractionated samples. A) Leaf sample fractionated accord-
ing to Agilent’s method. B) Leaf sample fractionated according to our in-house method.  MW, molecular weight standards; UL, unfractionat-
ed leaf sample; 1 to 24, OFFGEL fractions 1 to 24. Arrows indicate the large subunit of RuBisCO. 
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middle panel) methods produced excellent two-dimensional 
patterns bearing many well-resolved spots and a low back-
ground noise. A prefractionation using the Agilent method 
followed by IPG-IEF along a 3-6 pH gradient generated two-
dimensional gels displaying incomplete protein focusing as 
attested by horizontal streaks within medium to high MW 
range (Figure 3A). All the spots resulting from the in-house 
method were well-resolved along this acidic gradient (Figure 
3F). When fractions 6 to 11 corresponding to 4-7 pH range 

were pooled and further resolved by 2-DE, the edges of the 
two-dimensional patterns became spot-depleted (Figure 
3B,G), possibly due to inaccurate pH readings. By pooling 
more fractions (2 to 13), we were able to fully exploit the 
whole gel area, even if the background noise (dark areas 
around the spots) increased (Figure 3C,H). Patterns along 5-
8 pH range (Figure 3D,I) present horizontal streaks possibly 
because it corresponds to the focusing range of the most 
abundant protein of our sample, RuBisCO. Consistent with 

Figure 3. Two-dimensional patterns from leaf samples following either Agilent (A-E) or our in-house (F-J) method along 3-6 (A,F), 4-7 (B-
C,G-H,K), 5-8 (D,I) and 7-10 (E,J,L) IPG strips with  (A-J) or without (K-L) OGE prefractionation. 
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1-DE observations, the in-house method seems to improve 
protein focusing within neutral to basic ranges as can be seen 
along pH gradients 5 to 8 (Figure 3I) and 7 to 10 (Figure 3J) 
relative to the patterns produced using the Agilent method 
(Figures 3E and 3J, respectively). 

<e primary aim of this paper was to provide an alterna-
tive to the Agilent kit. To this end, we did not attempt to 
optimise OGE solutions or program settings. However, we 
can anticipate improved protein separation through the 
optimisation of both the composition of the OGE solution 
and the OGE run. <is warrants further investigation. <e 
results presented here are signi1cant as we estimate that our 
in-house protocol is ten-fold cheaper than Agilent proprie-
tary method. Being perfectly adjusted to the OFFGEL frac-
tionator, light plasticware equipment (electrodes, tray, well 
frames, and lids) must be purchased from Agilent Technolo-
gies. Although disposable, plasticware can be re-used several 
times provided pieces are thoroughly cleaned (isopropanol 
for the electrode, 10% SDS for the rest). Acquiring plastic-
ware consumables through the manufacturer and re-using 
them will satisfy most laboratory’s needs. Focusing solutions 
are very quick, easy and cheap to prepare; a lab familiar with 
proteomic procedures will already possess all the necessary 
chemicals, which must be of electrophoresis grade. Mineral 
oil or alternatively paraQn oil can be obtained through 
several suppliers. Although we have used electrode pads 
supplied by Bio-Rad (too wide we had to re-cut them), pads 
can be self-made using 1lter paper. We have not tested IPG 
strips supplied by manufacturers other than GE Healthcare; 
however because IPG strip format is standard, we anticipate 
that any manufacturer will provide compatible material. 
<us far, the Agilent kit is amenable to OGE fractionation 
along 4 to 7 and 3 to 10 linear pH ranges only. For the pur-
pose of this study, we have only tested OGE prefractionation 
along a linear 3-10 pH range which suited our subsequent 2-
DE steps. Whether home-made or manufactured, linear or 
not, several pH ranges are available. <ey can be used during 
OGE to improve the focusing of proteins with extreme or 
overlapping pI. Only through the use of an in-house proto-
col can the end-user bene1t from such an array of pH rang-
es.  

2. An OGE prefractionation steps improves 2-DE focusing and 
sensitivity and allows recovery of proteins of low abundance in 
dilute samples  

Initial unfractionated leaf samples were also subject to 2-
DE along 4-7 and 7-10 pH ranges and used as a reference 
(Figure 3K-L). Compared to two-dimensional gels obtained 
from prefractionated samples using OGE, the enrichment in 
spots and gain in resolution are considerable, particularly 
within basic ranges (Figure 3). OGE technology relies on 
soluble- or liquid-phase IEF. To the best of our knowledge, 
OGE was performed prior to 2-DE only once on human 
plasma [12]. Introducing a prefractionation step through a 
liquid-phase IEF device prior to 2-DE has proven a very 

successful strategy to increase protein coverage and sensitivi-
ty in few biological systems such as rodent livers [33, 34], 
human parasite [35], human cancer [34, 36-38], none deal-
ing with plants. Two-dimensional electrophoresis coupled to 
mass spectrometry (MS) still constitutes the almost unique 
platform utilized in plant proteome analysis [39], in particu-
lar abiotic stress response [40] which concerns most of plant 
research. With the gain in MS sensitivity, there is an urgent 
need in maximising spot resolution on two-dimensional gels 
in order to achieve the ideal focusing level of one protein per 
spot, as well as to augment the proportion of proteins of low 
abundance or highly hydrophobic. To date electrophoretic 
prefractionation appears to be one of the best strategies but 
has yet to be embraced by the plant proteomic community. 

Because OGE proved successful on leaf samples, we ap-
plied the technology to apoplast =uid recovered from wheat 
leaves. Apoplast =uid has a low protein content (ten times 
less than leaf samples), and, being a subcellular fraction of 
leaves, are less complex than whole leaf samples. It is also 
rich in non protein components, such as sugars and organic 
acids [41]. Apoplastic =uid warrants further studies as it is a 
dynamic compartment involved in key processes such as 
defense, signalling, and solute reallocation [42]. Taking into 
account dilution issues, we have opted for a minimal manip-
ulation of apoplastic =uid through a simple lyophilisation in 
order to minimise protein loss. Lyophilised apoplast samples 
were then resuspended in the focusing solution. Although 
unfractionated apoplast samples produce clean complex one
-dimensional pro1le (lane UA in Figure 4A), the fractions 
obtained following OGE separation are smeared especially 
when rich in proteins (fractions 4 to 22). We hypothesise 
that lyophilised apoplastic =uids comprise too many inter-
fering compounds, and might need further cleaning steps, 
such as dialysis. Nonetheless, a prefractionation step greatly 
helps enriching in proteins of low MW and abundance. <is 
enrichment phenomenon was also reported on dilute fungal 
secretome samples [43]. Two-dimensional gels from prefrac-
tionated apoplast samples were produced by pooling more 
fractions than merely dictated by measured pH values along 
pH ranges 3-6, 4-7, 5-8, and 7-10 (Table 3 and Figure 4B-E). 
When compared to unfractionated samples (Figure 4F-G), 
the enrichment in proteins is obvious despite the high back-
ground noise, especially within neutral to basic ranges. 
Protein content is low in apoplastic =uids, and direct 2-DE 
without OGE prefractionation is only able to resolve the 
most prominent apoplastic proteins, which are mainly acidic 
(Figure 4F) since only few spots are visible along basic gradi-
ent (Figure 4G). Patterns spanning acidic to slightly basic 
gradients displayed many proteins (Figure 4B-D); however, 
very basic apoplastic proteins remained unfocused (Figure 
4E). Because protein enrichment driven by OGE is per-
formed indiscriminately, regardless of abundance, promi-
nent proteins reach amounts that fall outside the detection 
range of silver nitrate staining and become saturated (very 
dark areas on Figure 4C in particular). <is issue could be 
resolved by depleting the samples of the most abundant 
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proteins. Depletion steps combined to OGE were successful-
ly applied to samples characterised by an enormous concen-
tration range [13, 22, 44]. 

4. Conclusion 

For the 1rst time, proteins from plant tissues were prefrac-
tionated using the 3100 OFFGEL fractionator. Two methods 
were compared by prefractionating proteins from wheat 
leaves and apoplastic =uids along a 3-10 pH range into 24 
fractions. <e Agilent method relied on the complete use of 
the proprietary starter kit which comprised all necessary 
chemicals and consumables. Our in-house method only 
di>ered from the manufacturer’s method by the preparation 
of the focusing solution using our laboratory electrophoresis 
grade chemicals and the acquisition of IPG strips and elec-
trode pads from other suppliers. <e methods were com-
pared and assessed using pH distribution, one- and two-
dimensional patterns. Although OGE fractions obtained 
with the Agilent method better 1tted the expected pH distri-
bution than fractions produced using our in-house protocol, 
it did not a>ect protein focusing. Indeed both methods 
yielded excellent electrophoretic pro1les of similar quality; 
spot resolution and number visibly slightly increased with 
our in-house method. When applied to very dilute samples 

such as apoplastic =uids, OGE allowed to recover proteins of 
low abundance. OGE prefractionation should help us dis-
covering novel proteins involved in wheat defense response. 
We are currently investigating peptide prefractionation on 
those tissues. Such strategy can be indiscriminately applied 
to any proteomic project, plant scientists should de1nitely 
consider it. 
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Retina neovascularization is the hallmark of proliferative 
retinopathies, such as diabetic retinopathy (DR), retinopathy 
of prematurity (ROP), central and branch retina vein occlu-
sion (CRVO and BRVO), all of which constitute primary 
causes of blindness. Inappropriate proliferation of vessels 
derived from preexisting retinal vessels results from hypoxic 

conditions including non-perfusion of the retina or a de-
crease in oxygen tension, which may lead to more serious 
complications, such as vitreous hemorrhage, tractional reti-
nal detachment, and pre-retinal membrane formation [1, 2]. 

Because of the di7culty of obtaining human retina sam-
ples, an animal model of retina neovascularization is of criti-
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Abstract 

Abbreviations 

Analysis of the retina proteome during hypoxia-induced retinal neovascularization (RN) process may be helpful to elucidate pathogenesis of 
related diseases, such as diabetic retinopathy (DR) and retinopathy of prematurity (ROP). Retinal neovasculariation was induced in 7-day 
old, C57BL/6 mice by exposure to 80% oxygen for 5 days followed by 5 days in room air. Retinas from mice at postnatal day 17 from control 
and oxygen-induced retinopathy (OIR) groups were used for proteomic analysis. We have employed a quantitative proteomic approach, 
iTRAQ (isobaric Tagging for Relative and Absolute protein QuantiUcation) coupled with 2D nanoLC-nanoESI-MS/MS to quantitatively 
compare the relative changes in the retina proteome from control and OIR mice. In total, 264 protein groups were identiUed at a 95% conU-
dence level. Among them, OIR induced signiUcant changes in 28 proteins (14 up-regulated and 14 down-regulated). Obvious changes in-
clude the up-regulation of a few plasma proteins (i.e. serum albumin, hemoglobin), indicating the breakdown of the blood-retina barrier. 
Vimentin, ribosomal proteins, some proteases, neural cell adhesion molecule (NCAM) 180, retinoschisin were found to be up-regulated and 
several crystallins such as isoform 1 of α crystallin A chain, isoform 2 of α crystallin A chain, α crystallin B chain, γ crystallin D and β-A3/A1 
crystallin were down-regulated. 9e iTRAQ result of α crystallin B chain was also veriUed by Western blot analysis. 9e proteomic results 
from this study provide new avenues for understanding the pathogenesis of OIR induced retinal neovascularization and related retina 
diseases. 

Keywords: Retina neovascularization; Oxygen-induced retinopathy; Retina proteome; iTRAQ; 2D nano LC-nanoESI-MS/MS. 

1. Introduction 

iTRAQ: isobaric tagging for Relative and Absolute protein QuantiUcation; OIR: oxygen-induced retinopathy; ROP: reti-
nopathy of prematurity; VEGF: vascular endothelial growth factor; SCX: strong cation exchange column; PBS: phosphate 
buZered saline; MS/MS: tandem mass spectrometry; GO: gene ontology; FITC: [uorescein isothiocyanate; ESI: electroSpray 
Ionization; 2D nano LC: two-dimensional nano-liquid chromatography; RN: retinal neovascularization. 
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cal importance. 9e mouse model of oxygen-induced reti-
nopathy (OIR) is widely used to induce retinal neovasculari-
zation and serves as a model of the childhood disease of reti-
nopathy of prematurity [3,4]. Neonatal C57BL/6 mice are 
exposed to a constant high (75%) oxygen level from postna-
tal day 7 to 12. By postnatal day 17, a\er Uve days of recov-
ery in room air, revascularization of a central avascular area 
is seen with associated marked retinal neovascularization at 
the border between the central avascular and peripheral vas-
cular retina [5]. Similar to proliferative diabetic retinopathy 
(PDR) and ROP, OIR is characterized by hypoxia-induced 
retinal neovascularization. 

Retinal neovascularization is suggested to develop as result 
of a imbalance between angiogenic stimulators and inhibi-
tors, which involves numerous growth factors, inhibiting 
factors, extracellular matrix proteins, vascular endothelial 
cells and pericytes [6, 7]. Vascular endothelial growth factor 
(VEGF), insulin-like growth factor (IGF), Ubroblast growth 
factor (FGF), placental growth factor (PIGF), integrins, 
transforming growth factor (TGF), tissue factor (TF), and 
VE-cadherin all promote angiogenesis. On the other hand, 
pigment epithelium derived factor (PEDF), arrestin, en-
dostatin, TIMPs, angiostatin may function as anti-
angiogenic factors [6, 8-12]. Studies using this well-known 
model of angiogenesis with analysis or the retinal proteome 
may lead to the identiUcation of novel drug targets for the 
inhibition of retina neovascularization. Blocking VEGF 
functions by the use of intra-vitreal injections of VEGF neu-
tralizing antibodies, VEGF receptor antibodies, or VEGF 
receptor chimeric proteins have achieved clinical success 
[13]. Other anti-angiogenic approaches include anti-
integrin, anti-IGF-1 and anti-proteinase antibodies [14] have 
also been considered. However, complete prevention of reti-
nal neovascularization does not always occur. 9ere still are 
many unknown features about the protein changes and the 
interactions of these factors in the process of RN. 

In recent years, proteomics has been used to analyze the 
protein during the development of the mouse retina, mouse 
photoreceptor sensory cilium complex and a mouse model 
of retinal photoreceptor degeneration [15-17]. Additional 
studies have begun to examine the proteomic analysis of 
various retina diseases, such as age-related degeneration, 
diabetic retinopathy and retinal degeneration using rat or 
human samples [18-21]. However, there is no report on the 
diZerential proteomic analysis of mouse OIR. 

In this paper, we describe the quantitative proteomic anal-
ysis of the mouse retina a\er varying oxygen tension to in-
duce retinal neovascularization to retinas from normal mice 
using 2D nanoLC-nanoESI-MS/MS combined with iTRAQ 
(isobaric Tagging for Relative and Absolute protein Quanti-
Ucation). We have uncovered novel proteins, which may 
have mechanistic signiUcance for understanding retinal neo-
vascularization. 

2. Materials and methods 

Rodent Model of ROP 

All experimental procedures and use of animals followed 
the protocol approved by the Tianjin Medical University 
Animal Research Committee and were in accordance with 
the ARVO (9e Association for Research in Vision and 
Ophthalmology) Statement for the Use of Animals in Oph-
thalmic and Vision Research. 

Forty female C57BL/6 mice were provided by the Experi-
mental Animal Center of the Chinese Science Academe. 
Mothers and pups received standard laboratory diet and 
water ad libitum. Light was cycled on a 12-hour-on, 12-hour
-oZ, and the room was maintained at approximately 21°C. 
Oxygen-induced retinopathy was developed in mice pups 
according to a protocol previously established for the mouse 
model of ROP [5]. In brief, at postnatal day 7, mice pups and 
their nursing mothers were exposed to hyperoxic conditions 
(80% oxygen) for 5 days in an infant incubator. On postnatal 
day 12, the pups were returned to room-air (normoxic con-
ditions) for 5 days until postnatal day 17. Control groups 
were age-matched animals maintained in room air for the 
duration of the experiment. 

Neo-vascularization onset and severity were measured in 
retinas using [uorescein-labeled dextran (2×106 average 
MW; Sigma, USA) staining. At the conclusion of the experi-
ments, animals were anesthetized and the right atrium used 
as the route to perfuse the right ventricle with 1 ml phos-
phate-buZered saline containing 50 mg/mL [uorescein-
labeled dextran. A\er Uxing for 1 hour in 10% phosphate-
buZered formalin, the entire retina was carefully dissected 
from the posterior eye cup, radially cut from the edge of the 
retina to the equator in all four quadrants. Histology was 
carried out to determine the presence of neovascularlization, 
brie[y, 20 hematoxylin and eosin–stained serial sections (ten 
on each side of the optic nerve) per eye, at an interval of 20 
µm, were examined in masked fashion for the presence of 
neovascular buds projecting into the vitreous from the reti-
na. In total 34 eyes from both control group (17 eyes) and 
OIR group (17 eyes) were assessed using a retinal scoring 
system [22]. In that scoring system, blood vessel growth, 
blood vessel tu\s, extra retinal neovascularization, central 
vasoconstriction, retinal hemorrhage, and tortuosity of the 
blood vessels were scored (0 to 4) according to certain crite-
ria [22]. 9e neovascular score was deUned as the mean 
number of neovascular tu\s per section. 9e mean scores 
and standard deviations (SDs) for the control and OIR 
groups were calculated and statistical analysis (student t-test) 
was performed to determine the group diZerences. 

Extraction of retinal protein  

At postnatal day 17, 40 mice including 20 OIR treated 
mice and 20 age-matched control mice were sacriUced by 
cervical dislocation. Retinas were separated from retinal pig-
ment epithelium (RPE), a\er which 1.5 times the volume of 
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lysis buZer was added (20% Sucrose, Tris acetate 20mM, 
MgCl2 2mM, Glucose 10mM, 2% CHAPS, pH7.2). Samples 
were homogenized at 4°C for 30 min and centrifuged for 10 
min at 6,000 g and the supernatant was kept. Total protein 
concentration was measured on a Model 550 Microplate 
Reader using a Micro BCATM Protein Assay Kit (Pierce, 
USA). 

iTRAQ labeling of retina proteins 

For quantitative proteomic analysis, 20 OIR retinal sam-
ples were pooled to form OIR group and 20 control retinal 
samples were pooled to form the control group. 

Brie[y, 50µg total protein from both control and OIR 
groups were digested in parallel with trypsin and then la-
beled with one of the four-iTRAQ reagents following the 
manufacturer’s instructions (Applied Biosystems, Foster 
City, CA), in the following manner: 114 and 115 reagent for 
age-matched control (duplicated), 116 and 117 for OIR 
(duplicated). A\er labeling with iTRAQ, these four samples 
were combined (a total of 200µg protein) and subjected to 
2D nanoLC-nanoESI-MS/MS (Dionex, Sunnyvale, CA and 
Applied Biosystems, Foster City, CA) analysis. 

Proteomic analysis by 2D nanoLC-nano-ESI-MS/MS 

Two-dimensional nanoLC-nanoESI-MS/MS was used for 
the analysis. 9e Urst dimension was a SCX column (300 
mm i.d. x 10 cm porosity 10S SCX, Dionex) with 10 steps of 
salt plug (20µl injection) elutions (10mM, 20 mM, 30 mM, 
40 mM, 50 mM, 75 mM, 100mM, 250mM, 500mM and 
1000mM ammonium acetate) all at a [ow rate of 30µl/min 
and using a loading solvent of 0.1% formic acid/ACN (95:5, 
v:v). 9e second dimension was RP separation. 9e 10 cm × 
75 µm i.d. microcapillary LC column was self-packed using 
PicoFrit (New Objectives, Woburn, MA). 9is column had 
an integrated spray tip which was directly coupled with the 
nano-spray interface (Protana, Odense, Denmark) into Ap-
plied Biosystems’ QSTAR mass spectrometer. 9e packing 
material was Luna C18, 3µm, 100 Å (Phenomenex Torrance, 
CA). Samples were loaded onto a trapping cartridge (C18, 
0.3 x 5 mm, from Dionex) from Famos autosampler 
(Dionex) at 30 µL/min. A\er a 5 min wash with acetonitrile/
water (2/98, v/v with 0.1% formic acid), the system was 
switched (Switchos, Dionex) into line with the C18 analytical 
capillary column. Using an Ultimate solvent delivery system 
(Dionex), a linear gradient of acetonitrile (0.1% formic acid) 
from 20% to 95% over 85 min at [ow rate of 300 nL/min was 
used to analyze Parameters for the nanospray and other in-
strumentation were set as follows: ionspray voltage (IS) = 
2200 V, curtain gas (CUR) = 20, declustering potential (DP) 
= 60 V, focusing potential (FP) = 265 V, collision gas setting 
(CAD) = 5 for nitrogen gas, DP2=15. All data was acquired 
using information-dependent acquisition (IDA) mode with 
Analyst QS so\ware (Applied Biosystems). TOF-MS survey 
scan parameters were set as follows: 1 sec TOF MS survery 

scan in the mass range of 300~1200 Da followed by two 
product ion scans of 3 sec each in the mass range of 
100~1500 Da. 9e “enhance all” function was used in the 
IDA experiments. Switching criteria were set to ions greater 
than m/z = 350 and smaller than m/z = 1200 with charge 
state of 2 to 4 and an abundance threshold of > 20 counts/s. 
Former target ions were excluded for 60s. IDA collision en-
ergy (CE) parameter script was used for automatically con-
trolling the CE. 

Database searching 

9e data output from the MS/MS was processed and 
searched against the International Protein Index (IPI, Ver-
sion 3.01) protein database, under mouse taxonomy, using 
ProteinPilotTM so\ware (Applied Biosystems, Foster City, 
CA). All protein identiUcation was based on the criteria of 
Unused ProtScore > 1.3 (95% conUdence). 9e Unused 
ProtScore is a measurement of all the peptide evidence for a 
protein that is not better explained by a higher-ranking pro-
tein. It is the true indicator of protein conUdence. Protein 
quantitation was also carried out using ProteinPilot so\ware 
(Applied Biosystems). Protein quantitation was achieved by 
averaging iTRAQ ratios of all peptides identiUed; normaliza-
tion, using a Gaussian distribution with median of 1 when all 
peptides were considered between control and experimental 
groups, was performed a\er iTRAQ ratios were calculated. 

Western Blot 

Protein concentration was determined using BCA method 
with bovine serum albumin as standard. Protein samples (20 
µg of total protein for each sample) were subjected to sodi-
um dodecyl sulfate – polyacrylamide gel electrophoresis 
(SDS-PAGE) using 15% SDS – polyacrylamide gels, followed 
by electrophoretic blotting (overnight at 0.02A) onto nitro-
cellulose membranes. 9e blots were blocked with 5% skim 
milk in Tris-buZered saline – 0.2% Tween 20 for 1 hr. 9e 
blots were probed with primary polyclonal antibodies 
against α crystallin B chain (using dilution of 1:500), for 3 
mouse control retina samples and 3 mouse OIR retina 
samples for 3 hrs. It was followed by incubation with the 
corresponding horseradish peroxidase-conjugated secondary 
antibodies (using dilution of 1:10000). Actin protein 
expression was detected on the same membranes as a 
loading control. SpeciUc protein bands were detected with 
Immobilon Western Chemiluminescent HRP Substrate 
(Millipore) using the enhanced chemiluminescence western 
blot analysis system (Bio-Rad, USA). 9e membrane was 
exposed to x-ray Ulms and developed (FujiUlm). 

3. Results 

Retina Histopathology 

Representative retinal [uorescein-labeled dextran stained 
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[atmounts are illustrated in Figure 1A. At postnatal day 17, 
the OIR group exhibited the characteristics central hy-
poperfusion area with neovascular tu\s extending into the 
vitreous which were not seen when compared with age-
matched controls (Fig. 1B). In para7n cross-sections of OIR 
treated mouse retinas, large clusters of blood vessels were 
adherent to the internal limiting membrane (ILM), and 
many blood vessels were observed in the inner retina. In 
some cases, retinal hemorrhage in the peripheral retina was 
also noticeable (Fig. 1C and 1D). 9e neovascular scores for 
control group and OIR group at postnatal day 17 were 0.23 ± 
0.18 and 28.24 ± 2.51 (p<0.001). 

Mouse retina proteome 

In total 2912 distinct peptides (peptide conUdence level: 
95%) were identiUed which matched 1041 proteins before 
grouping. A\er grouping, 264 protein groups in mouse reti-

na were identiUed from the iTRAQ experiments (Table 1 – 
Supplementary File). 9e threshold we used for identiUca-
tion of proteins was 95% conUdence (or unused ProtScore > 
1.3) in ProteinPilot so\ware. Sequence coverage (%) and 
number of unique peptides for each protein group are also 
listed in the Table 1. Of the 261 proteins with quantitative 
information, 218 proteins have more than one peptide con-
tributing to the quantitative results. In many cases, same 
peptide fragment could be acquired repeatedly by mass spec-
trometer and contributed to the average protein ratio. 

Gene ontology (GO) annotations were analyzed using on-
line tools, CateGOrizer [23]. Based on the GO classiUcation, 
among these 264 proteins, there are 209 proteins which have 
at least one identiUer under “biological process” (Figure 2). 
Genes representing other functional groups of identiUed 
proteins belonged to cell metabolism (35.6%, n=94), cellular 
process (30.0%, n=80), development (11.4%, n=30) and neu-
ronal/visual (8.0%, n=21) respectively. Some proteins had 

D C 

A B 

Figure 1.  Fluorescein-dextran perfused retinas of mice exposed to room air or hyperoxia.  (A) the retina from P17 room air-raised mouse 
showing the normal pattern of retina vessels.  (B) retina from P17 mouse exposed to 80% oxygen from P7 to P12.  (C) and (D) 10 µm para7n 
cross-sections of C57BL/6 mice retinas stained with PAS and hematoxylin.  Arrows indicate neovascular tu\s extending into the vitreous.  
Retinal hemorrhage in the peripheral retina. V vitreous; ILM internal limiting membrane; GCL, ganglion cell layer; IPL inner plexiform layer. 
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more than one GO identiUer. 

Protein pro+le changes in OIR mice retina 

Relative quantiUcation of the identiUed peptides was based 
on the individual ratios from signature ion (m/z = 114, 115, 
116, or 117) peak areas of the iTRAQ reagent tags of the 
identiUed peptides from OIR samples compared with those 
of the age-matched control group. 9e iTRAQ ratios of all 
peptides for each protein were grouped, averaged and were 
expressed as ratios at the protein level. In this study, control 
and OIR groups were duplicated, i.e. iTRAQ reagents 114 
and 115 were used to label two duplicated control samples 
and iTRAQ reagents 116 and 117were used to label two du-
plicated OIR samples. If we used a 20% increase or decrease 
for iTRAQ ratios as the cutoZ, the levels of 14 proteins were 
found to be increased in OIR group and the levels of 14 pro-
teins decreased in OIR group. 9e list of proteins found to be 
increased or decreased by 20% between the OIR and control 
groups is seen in Table 2. Figure 3 shows two representative 
MS/MS spectra of peptide fragments originating from vi-
mentin (IPI00227299.5) and α crystallin B (IPI00138274.1), 
and relative quantitation in the mass range for the reporter 
ions (m/z = 114, 115, 116, or 117). 

Veri+cation by Western Blot Analysis 

One of the proteins, α crystallin B chain, showed 
signiUcant down-regulated in OIR group as indicated by 
iTRAQ was subsequently veriUed using Western blot 
analysis. Figure 4 shows Western blot results of 3 control 
and 3 OIR retina samples. Compared with control retina 
samples, the levels of α crystallin B chain were signiUcantly 
decreased in OIR treated retina samples. 

4. Discussion 

9e aim of this study was to obtain a mouse retinal proteo-
me that responded to changes in oxygen tension causing 
pathological neo-vascularization. Previous studies [24] and 
our study shows that neovascularization was most promi-
nent at P17. 9us, we used P17 tissues from both normal and 
OIR mice for the quantitative proteomic analysis. Pooled 
sample were used in this study for several reasons, including 
reducing biological variation, saving analysis time and cost, 
better suitability for small tissue size and sample volume. 
However, the information for individual biological variation 
is missing. 

We have identiUed 264 protein groups (Unused ProtScore 
>1.3, 95% conUdence) in P17 normal and OIR mice retina 
using 2D nanoLC-nanoESI-MS/MS. Gene ontology (GO) 
classiUcation showed that the three largest functional catego-
ries are related to metabolism, cellular process and develop-
ment. Twenty-one proteins are associated with neuronal/ 
visual (8%). Among these 264 identiUed proteins, the levels 
of 14 proteins were found to be at least 20% higher in the 
OIR group when compared to the control group, whereas, 
the levels of 14 other proteins were at least 20% lower in the 
OIR group compared to the control group. 

Proteins increased in OIR 

As expected, some plasma proteins including hemoglobin 
and serum albumin are signiUcantly increased in the OIR 
retina which may be due to breakdown of the blood-retinal 
barrier or an increase in leaky retinal capillaries. Retinal 
hemorrhage was observed in the peripheral retina of OIR 
mice (Fig.1c), which can directly increase the content of 
blood constituent proteins. Other proteomic studies showed 

Figure 2. Gene Ontology (GO) annotation under “biological process”. X-axis represents the number of proteins under each subcategory. 
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N Accession # Name Ra�o 1 Ra�o 2 Avg. Ra�o Molecular func�on Biological Process Cell component 

1 IPI:IPI00469114.4 Hemoglobin subunit alpha 2.215 2.126 2.170 

erythrocyte development / 

in utero embryonic devel-

opment/ oxygen transport 

heme binding/ iron ion 

binding/ oxygen binding/ 

oxygen transporter ac%vity 

hemoglobin com-

plex 

2 IPI:IPI00465823.3 
similar to 60S ribosomal 

protein L18 
1.982 1.996 1.989 

Structural cons%tuent of 

ribosome 
transla%on 

Intracellular/ ribo-

some 

3 IPI:IPI00122971.1 

Isoform N-CAM 180 of Neural 

cell adhesion molecule 1, 180 

kDa isoform precursor 

1.407 1.432 1.420 
Protein binding/ heparin 

binding 

Cell adhesion/cell surface 

receptor linked signal trans-

duc%on/ posi%ve regula%on 

of calcium-mediated signal-

ing/ homotypic cell-cell 

adhesion 

anchored to mem-

brane/ integral to 

membrane/ external 

side of plasma 

membrane/ axon 

4 IPI:IPI00775948.1 60S ribosomal protein L7 1.509 1.285 1.392 

RNA binding/ structural 

cons%tuent of ribosome/ 

transcip%on regulator 

ac%vity 

transla%on 

Ribosome/ cytosolic 

large ribosomal 

subunit 

5 IPI:IPI00131695.3 Serum albumin precursor 1.413 1.332 1.372 

DNA binding /drug binding / 

protein binding / pyridoxal 

phosphate binding /toxin 

binding 

cellular response to starva-

%on / hemolysis by symbi-

ont of host red blood cells /

maintenance of mitochon-

drion localiza%on/ nega%ve 

regula%on of apoptosis 

cytoplasm/protein 

complex/ 

6 IPI:IPI00227299.5 Vimen%n 1.378 1.361 1.370 
protein binding / structural 

molecule ac%vity 

intermediate filament-based 

process 

cytoplasm / type III 

intermediate fila-

ment 

7 IPI:IPI00785308.1 Prss3 protein (Fragment) 1.272 1.360 1.315 
serine-type endopep%dase 

ac%vity 
proteolysis   

8 IPI:IPI00676858.1 
similar to 40S ribosomal 

protein SA 
1.276 1.342 1.309       

9 IPI:IPI00404551.1 

B6-derived CD11 +ve den-

dri%c cells cDNA, RIKEN full-

length enriched library, 

clone:F730002E02 product: 

cathepsin D, full insert se-

quence 

1.348 1.239 1.293 cathepsin D ac%vity proteolysis 
lysosome /

mitochondrion 

10 IPI:IPI00130252.1 Re%noschisin precursor 1.222 1.363 1.290 Protein binding Cell adhesion Extracellular region 

11 IPI:IPI00169463.1 Tubulin beta-2C chain 1.245 1.329 1.286 

GTP binding/ GTPase ac%vi-

ty/ structural molecule 

ac%vity 

Microtubule-based process/ 

protein polymeriza%on 

tubulin complex/

pro%en complex/ 

microtubule 

12 IPI:IPI00459374.3 
similar to Carbonyl reductase 

[NADPH] 1 
1.230 1.210 1.220       

13 IPI:IPI00471441.1 Ptms protein 1.215 1.204 1.210 
transla%on ini%a%on factor 

ac%vity 
transla%onal ini%a%on   

14 IPI:IPI00230394.4 Lamin-B1 1.209 1.201 1.205 structural molecule ac%vity   lamin filament 

15 IPI:IPI00756474.1 
similar to Splicing factor, 

arginine/serine-rich 3 
0.781 0.800 0.790       

16 IPI:IPI00626755.4  9 kDa protein 0.757 0.799 0.778 nucleus/ DNA binding   
chroma%n/ cyto-

plasm 

17 IPI:IPI00123313.1 
Ubiqui%n-ac%va%ng enzyme 

E1 X 
0.761 0.790 0.776 

ATP binding/ ligase ac%vity/ 

small protein ac%va%ng 

enzyme ac%vity 

protein modifica%on pro-

cess/ ubiqui%n-dependent 

protein catabolic process 

  

18 IPI:IPI00403058.1 
Isoform 1 of Neutral alpha-

glucosidase AB precursor 
0.779 0.7288 0.754 

glucan 1,3-alpha-

glucosidase ac%vity/ pro-

tein binding 

N-glycan processing 

Golgi apparatus/ 

alpha-glucosidase II 

complex/ melano-

some 

19 IPI:IPI00415403.1 
Isoform 2 of Syntaxin-binding 

protein 1 
0.749 0.744 0.746 protein binding 

Protein transport/synap%c 

vesicle matura%on/vesicle 

docking during exocytosis 

mitochondrion 

20 IPI:IPI00776358.1 
acetyl-Coenzyme A acetyl-

transferase 3 
0.741 0.737 0.739 transferase ac%vity metabolic process   

Table 2. DiZerential expression of retina proteins in oxygen-induced retinopathy (OIR) compared to age-matched control group. 
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that the vitreous body in proliferative diabetic retinopathy 
had higher levels of albumin, hemopexin, and IgG, IgA, 
complement C3, C4 and other blood constituent proteins 
due to the breakdown of the blood-retina barrier [25-27]. In 
our study, the surrounding tissues were carefully rinsed with 
cold saline solution to avoid the possibility of blood contam-
ination. 

Retina diseases or injury including choroidal neovasculari-
zation, diabetic retinopathy, retinal detachment (RD), and 
retinal trauma can trigger reactive gliosis. In such situations, 
the increased production of intermediate Ulament proteins, 
vimentin, and glial Ubrillary acidic protein (GFAP) are o\en 
observed [28]. In this study, the increased expression of vi-
mentin was observed (Table 2 and Figure 3). 

Our results showed the levels of three ribosomal proteins 
(60S ribosomal protein L18, 60S ribosomal protein L7 and 
40S ribosomal protein SA) increased in the OIR treated 
mouse retina. Ribosomal proteins are major constituents of 
ribosomes that catalyze protein synthesis in the cytoplasm 
[29]. 9e eukaryotic ribosome is composed of a large (60S) 
and a small (40S) subunit, which consists of three RNAs and 
46 proteins (60S) and one RNA and 33 proteins (40S) [30]. 
Under normal conditions, ribosomal proteins are synthe-
sized precisely with rRNA to produce equimolar amounts of 
RNA and protein. Under altered conditions, including 
events surrounding cellular growth and proliferation, the 
expression levels of ribosomal proteins are altered. 9e large 
ribosomal subunit proteins L7 and the small ribosomal sub-
unit proteins 40S exhibit decreased expression during neu-
ronal diZerentiation of human embryonic carcinoma cells 
[31]. Independent alterations in ribosomal protein synthesis 
suggest that individual ribosomal proteins may have func-
tions beyond the simple structural makeup of the ribosome 
or protein synthesis. For example, L7 can function as a co-
regulator of nuclear receptors and has also been implicated 
in apoptotic pathways in cataract formation [32]. 9e 40S 
ribosomal protein and laminin receptor precursor protein 
are encoded by the same gene (37LRP/p40) [33], suggesting 

it has dual functions as both a cell surface receptor and a 
ribosomal protein. It is overexpressed on cancer cells [34]. 

Proteases have been increasingly recognized as important 
factors in the pathophysiology of proliferative retinopathy 
and tumors. 9ese are involved in the proteolytic degrada-
tion of the extracellular matrix, as well as the release and 
activation of growth and angiogenic factors. Prss3 protein is 
a kind of serine proteinase (mesotrypsin), belong to S1 pep-
tidase family, encoded by the PRSS3 gene. Some studies sug-
gest that it evokes a transient and pronounced Ca2+ mobili-
zation in both primary rat astrocytes and retinal ganglion 
RGC-5 cells, suggesting a physiological role in the brain [35]. 
Cathepsin D (CatD) acts as a lysosomal cysteine and aspartic 
proteinase, which are found in most mammalian cells. CatD 
is one of the most important lysosomal enzymes in RPE cells 
and can be changed by several posttranslational modiUca-
tions to produce the biologically active form. It has been 
proposed that the high presence of inactive forms of CatD in 
RPE cells can accelerate RPE debris accumulation, RPE atro-
phy, proliferation and the accumulation of basal lamina and 
linear deposits associated with retina degeneration. It may 
play an important role in the development and progression 
of malignant tumors and overexpression of cathepsin D in 
aggressive cancers is associated with a poor prognosis [36]. 
Some studies indicate it has other eZects which are inde-
pendent of its proteolytic activity in cancer cell proliferation 
and tumor angiogenesis [37]. 

Neural cell adhesion molecule (NCAM) is a transmem-
brane protein which mediates cell adhesion and migration. 
NCAM 180 is one of three isoforms. 9e level of NCAM 180 
isoform was reported to be elevated in astrocytes of glauco-
matous optic nerve head [38]. Retinoschisin is a photorecep-
tor-secreted protein which mediates interactions/adhesion 
between photoreceptor, bipolar, and Müller cells and con-
tributes to the maintenance of the integrity of the cytoarchi-
tectural of the retina [39]. 9e mutation of retinoschisin 
causes a retina disease called X-linked juvenile retinoschisis, 
which is characterized by morphological and electrophysio-

21 IPI:IPI00113536.2 Anp32b protein 0.765 0.706 0.735 protein binding   nucleus 

22 IPI:IPI00606097.1 
transmembrane protease, 

serine 13 
0.578 0.493 0.534 

scavenger receptor ac%vity/ 

serine-type endopep%dase 

ac%vity 

proteolysis 
integral to mem-

brane 

23 IPI:IPI00113845.1 
Proteasome subunit beta 

type 1 precursor 
0.340 0.697 0.486 

threonine-type endopep%-

dase ac%vity 

ubiqui%n-dependent pro-

tein catabolic process 

cytosol/ nucleus/ 

proteasome core 

complex 

24 IPI:IPI00134845.1 Beta-A3/A1 crystallin protein 0.294 0.325 0.309       

25 IPI:IPI00420923.2 Gamma crystallin D 0.286 0.262 0.274   eye development   

26 IPI:IPI00138274.1 Alpha crystallin B chain 0.231 0.2451 0.238 
structural cons%tuent of 

eye lens 

camera-type eye develop-

ment /muscle develop-

ment /transmembrane 

receptor protein tyrosine 

kinase signaling pathway 

insoluble /

frac%onplasma 

membrane /soluble 

frac%on /Z disc 

27 IPI:IPI00108737.1 
Isoform 1 of Alpha crystallin A 

chain 
0.203 0.217 0.210       

28 IPI:IPI00109729.1 
Isoform 2 of Alpha crystallin A 

chain 
0.136 0.105 0.120   

camera-type eye develop-

ment/M phase specific 

microtubule process 

Cellular component: 

cytoplasm  / 
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logical defects of the retina. 

Proteins decreased in OIR 

In this study, the crystallins were found to show the most 
striking changes in the retina proteome occurring between 
OIR treated animals and controls. We found the levels of Uve 
crystallins were down-regulated in OIR, including isoform 1 
of α crystallin A chain, isoform 2 of α crystallin A chain, α 
crystallin B chain, γ crystallin D and β-A3/A1 crystallin. One 
of them, α crystallin B chain was also veriUed by Western 
blot analysis. Crystallins were originally considered to be 
static, abundant proteins providing transparency to the lens, 
and in vertebrates, three major classes of crystallins, α, β, and 
γ accumulate in the lens in a spatially and temporally 
regulated manner. Now however it is generally accepted that 
they also have non-lens roles and are retained in multiple 
tissues of the same organism [40]. Jinghua Xi [41] used 

microarray analysis followed by quantitative RT-PCR and 
found that mouse retinal cells express transcripts for 20 
diZerent members of the crystallin gene family. αA, αB, β-, 
and γ-crystallins are detected in the outer and inner nuclear 
layers, αB and β-crystallins are detected in the photoreceptor 
inner segments by immunoblot analysis and 

Figure 3.  (A) MS/MS spectrum of one doubly charged peptide ion (EYQDLLNVK at m/z = 705.40) originated from vimentin and (B) rela-
tive quantiUcation for vimentin between OIR samples and control samples.  (C) MS/MS spectrum of one doubly charged peptide ion 
(FSVNLDVK at m/z = 605.36) originated from alpha-crystallin B chain.  (D) relative quantiUcation for alpha-crystallin B chain between OIR 
samples and control samples . 

Figure 4. Western blot results of alpha-crystallin B chain in 3 
mouse control retina samples and 3 mouse OIR retina samples. 
9e bottom panel is the expression of actin used as a loading 
control. 
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immuno[uorescence [42]. Several reports have identiUed the 
expression of one or more of these crystallins in the retina 
and showed altered crystallin transcript levels resulting from 
chronic elevation of intraocular pressure, diabetes, light 
injury, mechanical injury, and age-related macular 
degeneration [18, 43-46]. It has been established that α-
crystallins are small heat shock proteins that act as molecular 
chaperones, and are distinguished from other chaperone 
families by their ability to prevent the non-speciUc 
aggregation of denatured proteins and their lack of ATP 
consumption. However, less is known about the celular 
functions of β/γ-crystallins. Some studies suggest that αA 
and αB-crystallins may be involved in fundamental processes 
such as genomic stability. Farjo used gene microarrays and 
identiUed many genes of the crystallin family which were 
signiUcantly down-regulated in the retinas of mice with 
diabetic retinopathy [47] which supports an implication of 
our Undings. 

5. Conclusion 

In summary, we have used 2D nanoLC-nanoESI-MS/MS 
combined with iTRAQ to simultaneously determine relative 
changes in the proteome of retina tissues obtained from OIR 
mice (at postnatal day 17) compared to age-matched con-
trols. In total, 264 protein groups were identiUed with high 
conUdence (ProtScore>1.3, >95% conUdence). Our data sug-
gests a series of functional changes in proteins associated 
with retinal angiogenesis. 9e results from this study may 
provide a basis for new insights in RN research and closer 
examination of these factors may ultimately generate novel 
therapeutic strategies of retinal diseases associated with neo-
vascularization. 

6. Supplementary material 

Supplementary material regarding this manuscript is 
online available in the web page of JIOMICS. 

http://www.jiomics.com/index.php/jio/rt/suppFiles/36/ 
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Recombinant and synthetic vaccines are thought to be less 
dangerous than life attenuated vaccines [1]. In case of im-
munization with the most conserved immunogenic determi-
nant (determinants) protective immunity will be formed 
against the most of the strains from the whole population of 
the pathogenic microorganism (against those strains among 

which the immunogenic determinant is conserved). So, de-
termination of the less variable and the less mutable immu-
nogenic determinant (B-cell epitope or T-cell epitope) is one 
of the most important steps in recombinant or synthetic 
vaccine design [2]. 

It is possible to determine those parts of a coding region 
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Here is a need for the method which helps to choose the less mutable immunogenic determinant for the design of recombinant or synthetic 
vaccines and ELISA test-systems. Our method based on the directional mutational pressure theory includes two steps: estimation of symmet-
ric and asymmetric mutational pressure directions in a gene coding for a protein of interest; and selection of regions coding for its immuno-
genic determinants which are less prone to missense mutation occurrence and so, to immune escaping. Hree original computer algorithms 
(“VVK Sliding Window”, “VVK VarInvar” and “VVK Protective BuLer” available via www.barkovsky.hotmail.ru) have been created to per-
form all the necessary calculations and tests. “VVK Sliding Window” calculates nucleotide usage in fourfold and twofold degenerated sites, as 
well as usage of missense, nonsense and synonymous sites for each kind of nucleotide mutation along the length of a coding region, while 
“VVK Protective BuLer” calculates those indexes in a set of sequences. “VVK VarInvar” calculates percentage of variable sites in a set of 
aligned sequences, as well as nucleotide usage in invariable sites. Our method has been tested on HIV1 gp120 protein and on diphtheria tox-
in. He less mutable epitopes have been found for both proteins. Finally, it has been shown that antibodies recognizing the less mutable 
epitope of gp120 can be found in 80.22% of HIV1-infected persons. 

Keywords: Mutational pressure; Sequence analysis; B-cell epitopes; HIV1 vaccine; gp120; Diphtheria toxin. 

Abstract 

Abbreviations 

G4f; C4f; A4f; T4f – usage of guanine, cytosine, adenine and thymine, respectively, in fourfold degenerated sites; G2f3p; C2f3p; A2f3p; 
T2f3p – usage of guanine, cytosine, adenine and thymine, respectively, in twofold degenerated sites from third codon positions. 

1. Introduction 
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which are less prone to missense mutation occurrence then 
other ones with the help of our method based on the muta-
tional pressure theory [3].  

If the number of variable sites between sequences of the 
protein of interest is low, the boarders of conserved and vari-
able regions cannot be determined, while levels of mutability 
can still be estimated [2]. He information on mutability of 
regions coding for immunogenic determinants is important 
even in case if the volume of data on amino acid substitu-
tions in the protein of interest is suUcient. Immunization 
against the most conserved and the less mutable epitope 
(epitopes) of the pathogenic microorganism should be more 
eUcient than immunization against the conserved and, at 
the same time, mutable epitope (epitopes) [2]. 

Envelope glycoprotein gp120 from Human immunodeV-
ciency virus type 1 (HIV1) has been chosen to represent ben-
eVts of our method for the protein with suUcient amount of 
data on its variability.  Diphtheria toxin has been chosen to 
represent beneVts of our method for the protein with low 
number of available sequences. 

3D B-cell epitopes have already been mapped on the sur-
face of HIV1 gp120 in our previous work [2], while levels of 
their mutability have been determined by the less accurate 
method than that described in the present work. He less 
mutable and the most conserved predicted 3D B-cell epitope 
of HIV1 gp120 [2] was shown to be immunogenic in the 
present work. Antibodies to that predicted conformational B
-cell epitope of gp120 can be found in 80.22% of HIV-
infected persons using ELISA test-system with synthetic pep-
tide (NQ21) corresponding to its consensus sequence. He 
fact that IgG from the serum of HIV1-positive person is able 
to cross-react with the NQ21 peptide has been conVrmed by 
aUnity puriVcation. 

Diphtheria toxin is the product of a gene (tox) which can 
be found in genomes of lysogenic corynephages infecting 
Corynebacterium diphtheriae and Corynebacterium ulcerans 
[4]. He toxin is lethal for susceptible persons in doses of 100 
ng/kg [5]. In 1929, Ramon demonstrated that diphtheria 
toxin can be turned to its nontoxic, but antigenic equivalent 
(toxoid) by formaldehyde. He main disadvantage of diph-
theria toxoid usage is the complicated procedure of its pro-
duction [6]. 

Although diphtheria toxin is thought to be quite conserved 
protein [7], there are 54 variable amino acid sites in seven-
teen sequences studied. Hese data are not enough to sepa-
rate conserved regions from variable ones for a sequence of 
560 amino acids in length. 

Our method requires the usage of three original computer 
algorithms available via our web page 
(www.barkovsky.hotmail.ru). Hese relatively simple algo-
rithms included in MS Excel spreadsheets are described in 
our SciTopics Page [8]. 

He Vrst step of the method is in the estimation of muta-
tional pressure direction. He second step is in the compari-
son of nucleotide usage indexes in regions coding for immu-
nogenic determinants with the aim to choose the less muta-

ble one. 
Symmetric mutational GC-pressure exists when the rates 

of AT to GC nucleotide mutations occurrence are higher 
then the rates of GC to AT nucleotide mutations occurrence 
[3]. Symmetric mutational AT-pressure exists when the rates 
of GC to AT mutations occurrence are higher then the rates 
of AT to GC mutations occurrence [3]. Hose types of muta-
tions which occur more frequently are Vxed by random ge-
netic driX in synonymous sites more frequently then those 
types of mutations which occur rarely [3]. As long as muta-
tional GC-pressure leads to the almost complete saturation 
of synonymous sites with G and C, while mutational AT-
pressure leads to the almost complete saturation of synony-
mous sites with A and T, it Vnally leaves no substrate for 
synonymous nucleotide mutations [9]. 

Directional mutational GC-pressure increases levels of 
usage of those amino acid residues which are encoded by GC
-rich codons [9, 10]. Acrophilic (prone to be located on a 
surface of a protein [11]) proline and glycine are among 
those four amino acid residues [10]. Such strongly hydro-
phobic amino acid residues as isoleucine, phenylalanine, 
tyrosine and methionine [12] are encoded by GC-poor co-
dons. Indeed, according to our computer simulations with 
BepiPred 1.0 algorithm [13], mutational GC-pressure fre-
quently leads to formation of new linear B-cell epitopes and 
elongation of previously existing ones [9], while mutational 
AT-pressure frequently leads to disappearance of epitopes or 
their parts from the surface of proteins [14]. Percent of high-
ly immunogenic amino acid residues forming linear and 
discontinuous B-cell epitopes is usually higher for homolo-
gous proteins encoded by GC-rich genes [15]. 

Here may be signiVcant symmetric mutational bias in 
twofold degenerated and fourfold degenerated sites even in 
coding genomes with 3GC levels close to 50% [9]. Asymmet-
ric mutational pressure exists due to the diLerences in rates 
of occurrence of diLerent types of mutations in leading and 
lagging strands of DNA, as well as due to the diLerences in 
rates of occurrence of diLerent types of mutations in tran-
scribed and nontranscribed strands of DNA [16, 17]. Even in 
genomes of prokaryotic organisms and viruses direction of 
symmetric mutational pressure may be diLerent for diLerent 
genes [9]. 

“VVK Sliding Window” and “VVK VarInvar” algorithms 
were designed for estimation of both symmetric and asym-
metric components of mutational pressure, as well as for 
separation of biases in rates of transitions from biases in 
rates of transversions [8]. 

“VVK Protective BuLer” algorithm was designed for fast 
calculation of those indexes characterizing the usage of nu-
cleotides prone to frequent mutations [8] which are used 
during selection of the region coding for the less mutable 
epitope. 

2. Material and Methods 

2.1 Description of nucleotide sequences used 
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Hirty four sets of env gene sequences coding for HIV1 
gp120 protein have been used as a material. He total num-
ber of sequences is equal to 689. Each set of sequences has 
been obtained from a single HIV1-infected person. Codes of 
infected persons and GenBank accession numbers of env 
gene sequences are listed below. H1 – H5: EU743973 – 
EU744175 [18]; S33 and S35: EU604549 – EU604642 [19]; 
DM1 – DM9: EF575363 – EF575486; C61, C62, C93, C94, 
C96, C98, C109, ES2, ES4, ES7 – ES9: DQ410040 – 

DQ410649 [20]; 9F, 605F, 605M, 32M, 183M and 120F: 
EU852934 – EU853141 [21]. 

For a second example of the application of our method 
nine nucleotide sequences coding for Corynebacterium diph-
theria toxin have been used. Hree sequences were from inte-
grated corynebacteriophages: one of them was from the ref-
erence genome of Corynebacterium diphtheriae 
(NP_938615.1), two of them were from other strains of 
Corynebacterium diphtheriae (AJ576101.1; AY820132.1). 
Six sequences were from diLerent corynebacteriophages: 
four were from Corynebacteriophage beta (K01722.1; 
EU069362.1; K01723.1; D78299), one was from Corynebac-
teriophage omega (V01536.1) and the last one was from un-
classiVed Corynebacteriophage (X00703.1). Eight sequences 
of tox gene from integrated Corynebacterium ulcerans phag-
es (AB304279.1; FJ858272.1; AB498872.1; AB304280.1; 
AB304278.1; AY141014.1; AY703827.1; AY141013.1) have 
also been used in the study. 

2.2 Algorithms for 3D and linear B-cell epitopes prediction 

DiscoTope 1.2 algorithm [22] has been used to map 3D 
epitopes on the structure of diphtheria toxin deposited in 
PDB database (its accession number is “1SGK”). Hen these 
results have been conVrmed with the help of Epitopia [23] 
and Epces [24] algorithms. Sequences of the four most im-
munogenic regions of the diphtheria toxin are represented in 
Figure 1. For example, in Figure 1A amino acid sequence of 
the toxin from reference strain is written in the Vrst line, 
amino acid residues included in 3D epitopes by DiscoTope 
1.2 are written in the second line, residues which are exposed 
to solvent according to Epitopia prediction are written in the 
third line, residues with very high antigenicity score 
(according to Epces results) are written in the fourth line. 

It has to be noted that there are always corresponding line-
ar B-cell epitopes predicted by BepiPred 1.0 algorithm [13] 
for every 3D epitope from diphtheria toxin (see VXh lines in 
Figures 1A – 1D). 

Seventeen sequences coding for Corynebacterium diphthe-
ria and Corynebacterium ulcerans toxin have been aligned 
with sequences of its four most immunogenic regions (3D 
epitopes 1, 2, 3 and 4, respectively). Hen four separate align-
ments of sequences (each of them is coding for one of the 
four epitopes) have been made to perform calculations in 
them. 

Five most immunogenic regions of HIV1 gp120 protein 
have been predicted by us in the previous work [2] with the 

help of DiscoTope 1.2 [22], Epitopia [23] and Epces [24] 
algorithms. 

2.3 Original computer algorithms 

 “VVK Siding Window” algorithm (which is a new version 
of “VVK in length” algorithm [25]) calculates nucleotide 
usage in fourfold and twofold degenerated sites along the 
length of a coding region in sliding windows, as well as prob-
abilities to be synonymous, missense and nonsense for every 
type of nucleotide mutation [8]. Hese kinds of analyses help 
to determine main directions of mutational pressure and to 
perform screening test to Vnd the less mutable regions. He 
algorithm requires a single nucleotide sequence as an input. 

“VVK VarInvar” algorithm (which is a new version of 
“VVK Consensus” algorithm [25]) calculates the percentage 
of variable sites in a set of aligned sequences [8]. His algo-
rithm requires alignment with at least 109 variable sites to 
give a reproducible percentage (see section 5.3). Relative 
frequencies of diLerent types of nucleotide mutations can be 
estimated dealing with the percentage of variable sites. Aver-
age levels of nucleotide usage in third codon positions 
should be compared with nucleotide usage in invariable sites 
from third codon positions to conVrm directions of those 
mutations [8]. He average usage of the “stable” nucleotide 
should be increased in invariable sites from third codon po-
sitions. He usage of “mutable” nucleotide should be de-
creased in invariable sites from third codon positions. 

 “VVK Protective buLer” algorithm (which is a new ver-
sion of “VVK in group” algorithm [25]) calculates usage of 
synonymous, nonsense and missense sites for each kind of 

Figure 1. Amino acid sequences of four diphtheria toxin regions 
with predicted B-cell epitopes. Amino acid residues included in 
3D B-cell epitopes by DiscoTope 1.2 algorithm, exposed amino 
acid residues (according to Epitopia prediction), highly antigenic 
amino acid residues (according to Epces algorithm prediction) 
and linear B-cell epitopes (according to BepiPred 1.0 prediction) 
are designated. 
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nucleotide mutation in the set of sequences (up to 50 se-
quences can be used as an input) [8]. 

2.4 Peptide synthesis 

Peptides of 21 amino acid residues in length have been 
synthesized for us by “Peptide 2.0 Inc.” company. He 
“Symphony” solid-phase peptide synthesizer (“Protein Tech-
nologies, Inc.”) has been used. He purity of both peptides 
was higher than 95% (according to the results of HPLC anal-
yses). One of those peptides has been conjugated with biotin 
(via its N-terminal). Amino acid sequences of both peptides 
are the same as the consensus sequence for 3D epitope 1 
from gp120 protein [2].  

2.5 Modi#cation of ELISA test-system 

Commercial “ELISA-Recombinant-HIV 1,2” test-system 
produced by “PharmLand LLC” company (http://
www.pharmland.by/en/products/elisa-recombinant-hiv-1) 
has been modiVed by us. His test-system includes a 96-well 
plaque with adsorbed recombinant gp160 and gp140 pro-
teins, solution of recombinant gp160 (from HIV1) and 
gp140 (from HIV2) proteins conjugated with biotin and 
standard components, such as solutions of streptavidin con-
jugated with horseradish peroxidase, TMB, hydrogen diox-
ide and sulfuric acid, as well as wash solution. Solution of 
recombinant gp160 and gp140 conjugated with biotin from 
this test-system was replaced with the solution of the peptide 
NQ21 conjugated with biotin (0.04 mg/ml in 0.1M PBS with 
pH 7.4). He protocol of the analysis was as follows: 0.05 ml 
of the peptide biotin-NQ21 solution and 0.1 ml of serum 
have been simultaneously added to each well (0.002 mg of 
the peptide per well) and incubated for 30 minutes (37°C). 
During this period of time asymmetric sandwiches (epitope 
1 of gp160 – antibody – biotin-NQ21) have been formed in 
certain wells. He rest of the protocol was standard 
(according to manufacturer’s protocol): 7 washes; incubation 
with streptavidin conjugated with horseradish peroxidase for 
30 minutes (37°C); 7 washes; incubation with TMB and hy-
drogen dioxide during 15 minutes (37°C); addition of sulfu-
ric acid and measurement of optical density by the automatic 
96-well plaque spectrophotometer (at the wavelength of 450 
nm). 

Serums from 91 persons with recently revealed HIV1-
infection have been tested. Heir diagnosis has been con-
Vrmed by two diLerent ELISA test-systems and by im-
munobloting in the Laboratory of HIV/AIDS Diagnostic of 
the Republican Center of Hygiene, Epidemiology and Public 
Health (Minsk, Belarus). All of those persons did not receive 
antiretroviral therapy. Serums from 234 HIV-negative per-
sons have also been tested. 

To separate positive and negative results in the modiVed 
ELISA test-system the following calculations were per-
formed. Average level of optical density (OD) for all the 
wells with serums from HIV-negative persons has been cal-

culated for each of the four 96-well plaques, as well as the 
standard deviation. All the levels of OD higher than three 
standard deviations were considered to be positive (in a giv-
en plaque). In case of parallel analysis of a single serum (in 
two wells) an average OD for those two wells was calculated. 
For each of the four plaques an average level of OD for se-
rums from HIV1-positive persons was signiVcantly higher 
than that for serums from HIV-negative persons (according 
to the results of t-test). 

2.6 A(nity puri#cation protocol 

He column from AminoLink Plus Immobilization Trial 
Kit (“Hermo scientiVc Inc.”) was used to immobilize the 
peptide NQ21 via its NH2 groups. Here are two amine 
groups in the peptide NQ21: one is N-terminal and another 
one is from the side chain of lysine. ModiVed agarose con-
tains aldehyde groups that react speciVcally with primary 
amines. AXer the spontaneous formation of semi-stable 
SchiL base bonds, reduction with sodium cyanoborohydride 
results in stable secondary amine bonds. Immobilization 
protocol (which can be found at http://www.piercenet.com/
instructions/2160491.pdf) includes incubation with the pep-
tide dissolved in pH 10 buLer during 4 hours; incubation 
with sodium cyanoborohydride dissolved in pH 7.4 PBS dur-
ing 4 hours; incubation with quenching buLer (1M tris·HCl) 
during 30 minutes; incubation with sodium cyanoborohy-
dride dissolved in pH 7.4 PBS during 30 minutes and wash-
ing the column with wash buLer (1M NaCl). About 2.3 mg 
of NQ21 have been Vnally immobilized. 

1.5 ml of the serum from HIV1-infected person dissolved 
in 0.5 ml of PBS pH 7.4 has been added to the column with 
immobilized peptide NQ21 and incubated during 60 
minutes. Hen the column has been washed 11 times with 
PBS pH 7.4 (2 ml of PBS for each wash). Acetic acid (1M) 
has been used as the eluent. His procedure has been repeat-
ed for 1.5 ml of serum from HIV-negative person dissolved 
in 0.5 ml of PBS pH 7.4. Concentration of proteins in eluates 
has been estimated with the help of Hitachi 650-60 spectro-
]uorometer (excitation wavelength was equal to 296 nm, 
emission wavelength was equal to 345 nm). 

2.7 SDS-PAGE analysis 

Eluates 1, 3 and 7 obtained during aUnity puriVcation of 
the serum from HIV1-infected person were analyzed in SDS-
PAGE. Composition of the sample buLer was as follows: 1M 
Tris·HCl, pH 6.8; 4% SDS; 2% 2-mercaptoethanol; 20% glyc-
erol; 0.02% bromophenol blue. Samples were heated for 2 
minutes at 95°C in a water bath. Hree dilutions of each elu-
ate have been prepared (1:1; 1:2 and 1:4). PageRuler™ Un-
stained Protein Ladder molecular mass markers from 
“Fermentas Life Sciences” were used. 

3. Results 

3.1 Nucleotide usage biases in fourfold and twofold degenerat-
ed sites from third codon positions along the length of a coding 
region 
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He usage of thymine in twofold degenerated sites from 
third codon positions (T2f3p) is always higher than the us-
age of cytosine in them (C2f3p) along the length of the re-
gion of HIV1 env gene coding for gp120 (see Figure 2A). He 
usage of adenine in twofold degenerated sites from third 
codon positions (A2f3p) is higher than the usage of guanine 
(G2f3p) in the most of “sliding windows” from the above-
mentioned coding region. 

He diLerence between adenine usage in fourfold degener-
ated sites (A4f) and cytosine usage in them (C4f) is very high 
(see Figure 2C), especially in comparison with the diLerence 
between thymine usage (T4f) and guanine usage (G4f) in 
those sites of the region of env gene coding for gp120 (see 
Figure 2D). 

He level of C2f3p is signiVcantly lower than the level of 
T2f3f along the most of the length of tox gene (see Figure 
3A). He level of G2f3p is signiVcantly lower than the level of 
A2f3p along the most of the length of tox gene (see Figure 
3B). 

He level of A4f is much higher than that of C4f in the 
most of “sliding windows” along the length of tox gene (see 
Figure 3C). He level of T4f is much higher than that of G4f 
(see Figure 3D). Moreover, T4f usage is signiVcantly higher 
than A4f usage (average paired diLerence in t-test is equal to 
0.158±0.006, P<0.001). His should be the evidence that bias 

between G to T and T to G transversions have been stronger 
than the bias between C to A and A to C transversions in tox 
gene, unlike those in the region of HIV1 env gene coding for 
gp120. 

Taking together, data represented in Figures 2 – 3 approve 
that mutational AT-pressure in both env and tox genes is 
caused by both GC to AT transitions and GC to AT trans-
versions. However, the rates of C to A transversions in HIV1 
env gene should be higher than the rates of G to T transver-
sions. In the gene coding for diphtheria toxin the rates of C 
to A transversions should be lower than the rates of G to T 
transversions. 

According to the results of codon-based Z-test for positive 
selection, nonsynonymous distance (calculated by Kumar 
method) [26] is signiVcantly higher than synonymous dis-
tance (dN>dS) between two sequences of tox gene from 
Corynebacterium ulcerans phages (for those with the follow-
ing GenBank identiVers: AY703827.1 and FJ858272.1). In-
deed, there are three amino acid replacements between 
them, while the number of synonymous nucleotide muta-
tions is equal to zero. Two of amino acid substitutions are 
speciVc to AY703827.1 sequence. One of them (T262I) took 
place in Epitope 2. His substitution caused by a single C to 
T transition resulted in the replacement of relatively acro-
philic and hydrophilic threonine [11] with strongly hydro-

Figure 2. Hymine and cytosine (A) and adenine and guanine (B) usage in twofold degenerated sites from third codon positions along the 
length of the region of env gene coding for gp120. Adenine and cytosine (C) and thymine and guanine (D) usage in fourfold degenerated 
sites along the length of the tox gene. He length of sliding window is equal to 70 codons. 
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phobic isoleucine [12]. His substitution might lead to the 
loss of aUnity of previously synthesized antibodies to this 
epitope, since scores of thirteen amino acid residues sur-
rounding T262I to be included in linear B-cell epitope ac-
cording to BepiPred 1.0 prediction, became lower than those 
in chain B of the reference strain, while they are still above 
the threshold. 

Interestingly, the region of 73 codons in length surround-
ing the codon number 262 has the lowest level of C2f3p (see 
Figure 3A). His fact can be interpreted as yet another reason 
to estimate probabilities of synonymous mutation occur-
rence in regions coding for B-cell epitopes. Moreover, this 
fact is one more evidence that low probability of synony-
mous mutation occurrence (due to the strong mutational 
pressure) may sometimes lead to the situation when dN be-
comes signiVcantly higher than dS. 

3.2 Distribution of synonymous, missense and nonsense sites 
for di,erent types of mutations along the length of a gene 

Nonsynonymous sites can be divided into two groups: 
missense sites and nonsense sites. Nucleotide mutation in 
missense site (for a given type of nucleotide mutation) leads 
to the amino acid replacement. Nucleotide mutation in non-
sense site leads to the formation of stop-codon. 

Here are three stop-codons in the universal genetic code 

(TAA, TAG and TGA). All of them are relatively GC-poor. 
Hat is why mutations of GC to AT direction have much 
higher probability to be nonsense than mutations of AT to 
GC direction [27]. Nonsense mutation leads to the transla-
tion of truncated protein. A protein may lose its C-terminal 
(if nonsense mutation occurred near the end of open reading 
frame), or N-terminal (in case if nonsense mutation oc-
curred near the beginning of open reading frame, translation 
may start from the alternative initiation codon). Truncated 
protein may still perform its function. In this case nonsense 
mutations may lead to the immune escaping even more like-
ly and more eUciently than missense mutations. In case if 
nonsense mutation leads to the complete loss of function for 
the given protein, one may not be afraid of immune escaping 
due to this type of mutation. 

Distribution of synonymous, missense and nonsense sites 
along the length of the region of env gene coding for gp120 
from the reference HIV1 strain is quite variable (see Figure 
4). He lowest level of missense sites for C to T transitions is 
characteristic to the region coding for 3D epitope 1 of gp120 
(see Figure 4A). He highest level of the “protective buLer” 
against G to A transitions (it includes both synonymous and 
nonsense sites) is also characteristic to that region (see Fig-
ure 4B). He lowest level of missense sites for G to A transi-
tions is characteristic to the region coding for 3D epitope 3 
of gp120, while highest levels are characteristic to regions 

Figure 3. Hymine and cytosine (A) and adenine and guanine (B) usage in twofold degenerated sites from third codon positions along the 
length of the tox gene. Adenine and cytosine (C) and thymine and guanine (D) usage in fourfold degenerated sites along the length of the tox 
gene. He length of sliding window is equal to 70 codons. He region with the minimum of C2f3p usage is designated. 
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coding for 3D epitopes 5 and 2 (see Figure 4B). He region 
coding for 3D epitope 1 seems to be well protected from C to 
A transversions because of the low level of cytosine usage 
(see Figure 4C). Interestingly, the level of nonsense sites for 
G to T transversions is much higher than the level of non-
sense sites for C to A transversions in both env (see Figures 
4C and 4D) and tox genes (see Figures 5C and 5D), as well as 
in the most of bacterial coding regions [17]. 

Taking into account that the most frequent types of nucle-
otide mutations in HIV1 env gene are G to A transitions, as 
well as C to T transitions and C to A transversions, the Vrst 
3D epitope (from C1 region) was considered to be the less 
mutable 3D epitope of gp120 [2]. His statement has been 
made aXer the calculation of cytosine and guanine content in 
Vrst, second and third codon positions of regions coding for 
gp120 3D epitopes. He level of “protective buLer” in that 
study was measured as the nucleotide usage in third codon 
positions. In the present work that level was calculated as 
accurate as it possible (for each type of GC to AT nucleotide 
mutation). 

He region coding for 3D epitope 1 from the diphtheria 
toxin is well protected from missense C to T transitions (see 
Figure 5A), while levels of “protective buLer” against G to A 
(see Figure 5B), C to A (see Figure 5C) and G to T (see Fig-
ure 5D) mutations are too low for that region. Here are no 

synonymous sites for G to T transversions in the region cod-
ing for 3D epitope 2 of the diphtheria toxin (see Figure D). 
Regions coding for 3D epitopes 3 and 4 seem to be less mu-
table than those coding for 3D epitopes 1 and 2 of the diph-
theria toxin. 

3.3 Percentage of di,erent types of variable sites in sets of 
aligned sequences 

He information on the percentage of diLerent types of 
variable sites in the alignment of homologous sequences 
helps to estimate relative frequencies of diLerent types of 
mutations. 

In Figure 6A average percentage of diLerent variable sites 
for 34 sets of regions coding for gp120 is shown. He most 
frequent type of variable site among HIV1 env gene sequenc-
es contains adenine and guanine. He type of variable site 
containing thymine and cytosine is approximately two times 
less frequent among the sequences studied. He third place 
belongs to the type of variable site containing cytosine and 
adenine. He percent of sites containing cytosine and ade-
nine is approximately two times higher than the percent of 
sites containing guanine and thymine. 

In general, information given in Figure 6A is consistent 
with data from Figure 2. Indeed, C to A transversions should 

Figure 4. Usage of synonymous, nonsense and missense sites for C to T transitions (A), G to A transitions (B), C to A transversions (C) and 
G to T transversions (D) along the length of the region of env gene coding for gp120. He length of sliding window is equal to 70 codons. 
Regions coding for 3D B-cell epitopes are designated by numbered boxes. 
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occur more frequently than G to T transversions. However, 
it is impossible to suggest that G to A transitions occur more 
frequently than C to T transitions during analysis of nucleo-
tide usage biases in twofold degenerated sites (see Figures 2A 
and 2B). 

He percentage given in Figure 6A can be reproduced from 
the most of the small groups of sequences. In all the 34 
groups of sequences the percent of G↔A sites is higher than 
the percent of C↔T sites. In 33 from 34 groups of sequences 
the percent of C↔A sites is higher than the percent of 
G↔T sites. In the group of HIV1 env gene sequences from 
the patient designated as “ES2” (see Supplementary Material, 
Table 1) the percent of G↔T sites is higher than the percent 
of C↔A sites. His deviation is the consequence of the low 
number of variable sites (64) among sequences from that 
group. He number of transversions in that set is just 11. 

He main requirement for appropriate work of “VVK 
VarInvar” algorithm is not the suUcient number of sequenc-
es but the suUcient number of variable sites between them. 

Here are 6 from 34 groups of sequences in which the per-
cent of variable C↔A sites is higher than the percent of vari-
able C↔T sites. His kind of deviation should not be the 
consequence of the low number of variable sites (see Supple-
mentary Material, Table 1). 

About 75% of variable sites (see Figure 6B) from the align-

ment of seventeen sequences coding for diphtheria toxin 
contain transitions (the total number of variable sites is 
equal to 141 in this alignment). He number of sites with 
A↔G transitions is approximately equal to the number of 
sites with T↔C transitions. Only 25% of variable sites con-
tain transversions. Numbers of sites containing diLerent 
types of trasversions are close to each other. His infor-
mation may be interpreted as an evidence that transitions 
occur approximately three times more frequently in tox gene 
than transversions. More attention should be paid to the 
mutability of regions coding for diphtheria toxin epitopes 
under the pressure of GC to AT transitions than to their 
mutability under the pressure of GC to AT transversions. 

3.4 Nucleotide usage in invariable sites from sets of aligned 
sequences 

According to the mutational pressure theory [3], adenine 
and thymine should be more stable nucleotides in both env 
and tox genes than guanine and cytosine. Mutations of gua-
nine and cytosine should happen more frequently than mu-
tations of adenine and thymine. 

Indeed, the usage of guanine in invariable sites from third 
codon positions is signiVcantly lower than its average usage 
in those positions (see Figure 7). He same situation is char-

Figure 5. Usage of synonymous, nonsense and missense sites for C to T transitions (A), G to A transitions (B), C to A transversions (C) and 
G to T transversions (D) along the length of the tox gene. He length of sliding window is equal to 70 codons. Regions coding for 3D B-cell 
epitopes are designated by numbered boxes. 



JIOMICS | VOL 1 | ISSUE 2 | DECEMBER 2011 | 236-252 

236-252: 244 

acteristic for cytosine usage (see Figure 7). Levels of adenine 
and thymine in invariable sites from third codon positions 
are signiVcantly higher than their average levels of usage in 
third codon positions. Hese facts approve that adenine and 
thymine are much more stable than guanine and cytosine in 
both env and tox genes. Average levels of nucleotide usage 
for 34 groups of sequences are given in Figure 7A. DiLer-
ences between average nucleotide usage in third codon posi-
tions and nucleotide usage in invariable sites are signiVcant, 
although there are a few exceptions from common tenden-
cies in certain groups (see Supplementary Material, Table 2). 

Levels of thymine and adenine are high in third codon 
positions. However, the number of invariable sites contain-
ing adenine and thymine is higher than the number of invar-
iable sites containing guanine and cytosine. His situation is 
possible only in case of mutational AT-pressure existence. 
He change of the symmetric mutational pressure direction 
will lead to the opposite situation (adenine and thymine will 
become quite instable and the number of invariable sites 
containing them will decrease). As it has been shown previ-
ously [9], nucleotide usage indexes will remain the same for 
some time aXer the change of mutational pressure direction. 
So, the calculation of nucleotide content in invariable sites 
from third codon position is the most sensitive indicator of 
the recent change in mutational pressure direction. 

3.5 Probabilities to be missense, synonymous and nonsense for 
mutations of GC to AT direction, as well as amount of sub-
strate for them, in regions coding for 3D B-cell epitopes of 
HIV1 gp120 and diphtheria toxin 

Mutability levels of regions coding for Vve most immuno-
genic regions of HIV1 gp120, as well as for four most immu-
nogenic regions of diphtheria toxin, have been compared in 
this section. Here are three criterions to compare (for each 
type of GC to AT mutation): i) amount of the substrate for 
nonsynonymous (or missense) mutation; ii) amount of the 
substrate for synonymous mutation and iii) probability to be 
synonymous (or synonymous or nonsense). He region with 
the lowest amount of the substrate for nonsynonymous (or 
missense) mutation, with the highest amount of the sub-
strate for synonymous (or synonymous or nonsense) muta-
tion and with the highest probability of synonymous (or 
synonymous or nonsense) mutation has the lowest level of 
mutability under the pressure of certain mutations. 

Amount of the substrate for synonymous (or synonymous 
or nonsense) mutation is a kind of “protective buLer” 
against amino acid replacements caused by certain type of 
nucleotide mutations. 

In case if protein loses its function completely due to non-
sense mutation, amount of the substrate for nonsense muta-
tions should also form “protective buLer” together with 
amount of the substrate for synonymous mutations. 

Average (for 689 sequences) usage of missense sites for C 
to T transitions in the region coding for 3D epitope 1 of 
HIV1 gp120 is very low (see Figure 8A). He highest proba-

Figure 6. Average percentage of diLerent types of variable sites 
for 34 alignments of sequences coding for gp120 (A); percentage 
of diLerent types of variable sites between seventeen sequences 
coding for diphtheria toxin (B). 

Figure 7. Average levels of nucleotide usage in third codon posi-
tions and nucleotide usage in invariable sites from third codon 
positions of sequences coding for gp120 (A) and diphtheria toxin 
(B). 
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bility to be synonymous or nonsense for G to A transition is 
also characteristic for that region (see Figure 8B). Results of 
the comparisons between Vve epitopes are combined in the 
Table 1. He Vrst criterion for comparison is the probability 
to be synonymous or nonsense for the given type of muta-
tion; the second criterion is the usage of missense sites for 
the given type of mutation; and the third criterion is the us-
age of sites for synonymous and nonsense sites for the given 
type of mutation. 

Regions coding for epitopes 1 and 3 seem to be less muta-
ble than regions coding for epitopes 2, 4 and 5. However, the 
region coding for epitope 1 is better protected from missense 
transitions than from transversions, while the region coding 
for epitope 3 is better protected from missense transversions 
than from transitions (see Table 1). 

He amount of guanine which is prone to missense muta-
tion is much higher in a region coding for diphtheria toxin 
epitope 1 than in other three regions (see Figure 9B). He 
amount of guanine in synonymous and nonsense sites for G 
to A transitions is much lower in the region coding for 
Epitope 1 than in three other regions. Obviously, the lowest 
probability to be synonymous for G to A transition is char-
acteristic for the region coding for Epitope 1. 

As to the mutability under the pressure of C to T muta-

tions, the region coding for epitope 1 is looking some better 
than three other regions (see Figure 9A and Table 2). He 
mutability of the region coding for epitope 2 is higher than 
that for the region coding for epitope 1: all three criterions 
show preference for the last one. However, regions coding 
for epitope 3 and epitope 4 have higher amount of 
“protective buLer” than the region coding for epitope 1. 

He lowest amount of “protective buLer” against missense 
C to A transversions is characteristic to the region coding for 
epitope 1 (see Figure 9C). He highest probability to be syn-
onymous or nonsense for C to A mutation is characteristic 
to the region coding for epitope 4, as well as the highest 
amount of the substrate for missense C to A mutations. 

Here is no substrate leX for synonymous G to T transver-
sions in the region coding for epitope 2 (see Figure 9D), and 
so its “protective buLer” is represented only by nonsense 
sites for G to T mutations. It is clear that the region coding 
for epitope 4 is the less mutable one under the pressure of G 
to T mutations (see Table 2), while regions coding for 
epitope 2 and epitope 3 are the most mutable ones. 

He Vnal conclusion is as follows: the region coding for 
epitope 4 is the less mutable one, since i) it is protected from 
missense G to T transversions better than other three ones, 
ii) it is protected from missense G to A transitions better 

Figure 8. Average usage of synonymous, nonsense and missense sites for C to T transitions (A), G to A transitions (B), C to A transversions 
(C) and G to T transversions (D) in regions coding for Vve 3D B-cell epitopes of gp120. Probabilities to be synonymous or nonsense are writ-
ten above the columns. 
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than regions coding for epitope 1 and epitope 2, iii) it has the 
highest amount of “protective buLer” against nonsynony-
mous C to A transversions. 

It has to be noted that there are no proline residues in con-
sensus sequences of the epitope 1 of HIV1 gp120 and the 

epitope 4 of diphtheria toxin, while there are a few of them 
in other epitopes. Mutations of proline residues (especially 
those caused by C to T transitions) usually have a drastic 
eLect on length of linear B-cell epitopes [14]. It means that 
epitope 1 of HIV1 gp120 and epitope 4 of diphtheria toxin 

Table 1. Results of the application of our method to Vve regions of env gene coding for the most immunogenic 3D B-cell epitopes of gp120. 
For each type of mutation the region with the highest (according to the results of t-test) probability of synonymous or nonsense mutation is 
marked by the Vrst “+”, the region with the lowest level of missense sites is marked by the second “+”, the region with the highest level of 
“protective buLer” (synonymous sites and nonsense sites) is marked by the third “+”. 

Figure 9. Average usage of synonymous, nonsense and missense sites for C to T transitions (A), G to A transitions (B), C to A transversions 
(C) and G to T transversions (D) in regions coding for four 3D B-cell epitopes of diphtheria toxin. Probabilities to be synonymous or non-
sense are written above the columns. 

Regions coding for 3D epitopes G to A C to T G to T C to A 

epitope 1 +  + + + +     +  

epitope 2             

epitope 3  +     + +  +  + 

epitope 4             

epitope 5         +    
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are protected from those drastic eLects simply because of the 
absence of proline. 

3.6 Variability of four 3D B-cell epitopes from HIV1 gp120 

689 amino acid sequences of HIV1 gp120 have been 
aligned with the help of PAM-matrix included in MEGA4 
program [26]. 3D epitope 1 is quite conserved (see Table 3). 
Here are nineteen amino acid residues (from twenty one) 
which can be found in a given site in more than 95% of se-
quences. Six of them are invariable. Either asparagine (81%) 
or aspartic acid (17%) can be found in the position 6; either 
glutamic acid (79%) or aspartic acid (18%) can be found in 
the position 9. Hese amino acid substitutions should have 
quite neutral consequences for the structure of the 3D 
epitope 1. Relatively radical amino acid substitution can be 
found only in the position 16. However, lysine instead of 
isoleucine has been found in this position only in one from 
34 groups of sequences. 

Analogous tables with percentage of amino acid substitu-
tions have been created for four other 3D epitopes. Because 
of the high levels of variability those tables were included in 
Supplementary Material. Here are VXeen amino acid resi-
dues (from thirty eight sites, including gaps) which can be 
found in a given site in more than 95% of 3D epitope 2 se-
quences (see Supplementary Material, Table 3). Actually, 3D 
epitope 2 is V3-loop, which is well-characterized immuno-
genic determinant of gp120 [2]. Relatively conserved part of 
V3-loop can be found in its N-terminal (CTRPNNNTR). 

Here are nine relatively conserved amino acid residues 
(from thirty six sites, including gaps) in 3D epitope 3. He 
most conserved motif from 3D epitope 3 (SSGGD) is situat-
ed in its C-terminal (see Supplementary Material, Table 4). 
His motif is actually a part of CD4 binding receptor of 
gp120 [28]. 

Interestingly, sequences corresponding to the epitope 4 
cannot be aligned at all. Here are no conserved amino acid 
residues in them. Gap can be found in each of the forty two 

Regions coding for 3D epitopes G to A C to T G to T C to A 

epitope 1    + +        

epitope 2           +  

epitope 3  +        +   

epitope 4 +  +   + + + + +  + 

Table 2. Results of the application of our method to four regions of tox gene coding for the most immunogenic 3D B-cell epitopes of diph-
theria toxin. For each type of mutation the region with the highest (according to the results of t-test) probability of synonymous or nonsense 
mutation is marked by the Vrst “+”, the region with the lowest level of missense sites is marked by the second “+”, the region with the highest 
level of “protective buLer” (synonymous sites and nonsense sites) is marked by the third “+”. 

Table 3. Consensus sequence of the predicted 3D epitope 1 from gp120 of HIV1. Coordinates are given relatively to the length of gp160 and 
gp120. 

94 / 66 95 / 67 96 / 68 97 / 69 98 / 70 99 / 71 100 / 72 

N99,71% M97,54% W100% K96,96% N100% N81,01% M99,71% 

K0,14%; A2,17%;  E1,59%;  D16,52%; V0,29%; 

D0,14%; V0,29%;  R1,16%;  G2,17%;  

   T0,29%;  H0,29%;  

101 / 73 102 / 74 103 / 75 104 / 76 105 / 77 106 / 78 107 / 79 

V99,57% E79,13% Q100% M99,86% H97,54% E97,54% D100% 

I0,29%; D17,54%;  I0,14%; Q2,46%; G1,3%;  

A0,14%; Q2,46%;    T1,16%;  

 N0,58%;      

 K0,14%;      

 G0,14%;      

108 / 80 109 / 81 110 / 82 111 / 83 112 / 84 113 / 85 114 / 86 

I96,52% I93,91% S98,12% L100% W100% D98,84% Q97,25% 

V3,48%; K5,8%; N1,74%;   E0,87%; E2,75%; 

 V0,29%; G0,14%;   N0,14%;  

     G0,14%;  
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sites of the alignment at least in one sequence (see Supple-
mentary Material, Table 5). 

Here are thirteen conserved amino acid residues (from 
twenty nine sites, including gaps) in the alignment of 689 
sequences corresponding to the 3D epitope 5 of gp120 (see 
Supplementary Material, Table 6). He most conserved (and 
relatively long) motif can be found in the C-terminal of that 
epitope (FRPGGGDMRDNWR). 

In general, the less mutable epitope of HIV1 gp120 (3D 
epitope 1) is the less variable one. However, relatively con-
served motif from the 3D epitope 5 seems to be highly muta-
ble. His situation can be caused by the strong negative selec-
tion preventing Vxation of amino acid substitutions in the C-
terminal of the 3D epitope 5. Nonfunctional gp120 proteins 
containing amino acid mutations in the abovementioned 
part of the 3D epitope 5 should occur frequently. It means 
that mutability of the region coding for the 3D epitope 5 
may still take part in the “deception” of the immune system. 

3.7 Modi#ed ELISA test-system with the peptide NQ21 corre-
sponding to the consensus sequence of 3D epitope 1 of gp120 

To conVrm that the less mutable and the less variable 3D 
epitope of gp120 predicted by DiscoTope 1.2 is really immu-
nogenic the peptide (NQ21) corresponding to its consensus 
sequence has been synthesized. Commercial ELISA test-
system has been modiVed to check the presence of antibod-
ies cross-reacting with the peptide NQ21 in serums of HIV1-
infected persons. Peptide NQ21 conjugated with biotin via 
its N-terminal has been added to that ELISA test-system 
instead of biotinylated recombinant gp160 and gp140 pro-
teins. Levels of optical density (OD) for wells with serums 
from 234 HIV-negative persons were not higher than 3 
standard deviations from their average level for each from 
four plaques. Levels of OD higher than 3 standard deviations 
(relatively to the average level of OD for serums from HIV1-
negative persons) have been found only in serums from 
HIV1-positive persons. He presence of antibodies recogniz-
ing 3D epitope 1 of the recombinant gp160 protein 
(adsorbed in plaques from the commercial ELISA test-
system) which are able to cross-react with the peptide NQ21 
have been conVrmed in serums of 80,22% (in 73 from 91) 
HIV1-infected persons. 

His data approves that predicted epitope 1 of gp120 is a 
real B-cell epitope. Moreover, this epitope is conserved 
enough to be included in polyvalent vaccines against HIV1. 

3.8 A(nity puri#cation of antibodies cross-reacting with the 
peptide NQ21 

2.3 mg of the peptide NQ21 has been immobilized on the 
column from AminoLink Plus Immobilization Trial Kit 
(“Hermo scientiVc Inc.”). Serum from HIV-negative person 
showed no cross-reactivity with immobilized peptide corre-
sponding to the 3D epitope 1 of gp120 (see Figure 10A). 
Here was a clear peak of ]uorescence measured by Hitachi 

650-60 spectro]uorometer in the third eluate for the serum 
from HIV1-positive person (see Figure 10B). According to 
the results of SDS-PAGE with 2-mercaptoethanol (see Figure 
10C), there were four types of immunoglobulins in the third 
eluate. According to our results, IgG, IgM, IgA and IgE mol-
ecules can be synthesized against the epitope 1 of gp120. 

4. Discussion 

4.1 Mutability and variability 

Our method has been created for estimation of mutability 
under the in]uence of mutational pressure. Some regions of 
a gene are usually more prone to missense mutations caused 
by mutational pressure than others. In our terminology this 
regions are “mutable” [2]. It means that missense nucleotide 
mutations will happen in them at a higher probability than 
in less mutable regions. However, mutable regions may theo-
retically be highly conserved [2]. In this case missense muta-
tions will occur in them frequently, while all the amino acid 
replacements caused by them will be eliminated by natural 
selection. 

In our previous study on HIV1 gp120 3D epitopes it has 
been found that its less mutable 3D epitope is the most con-
served one [2]. Method which is able to predict level of mu-
tability was used in that study [2], while in the present study 
improved and much more accurate method was introduced. 
It is impossible to check whether predicted 3D epitopes of 
diphtheria toxin are conserved or variable simply because of 
the small number of sequences and variable sites between 
them. Hat is why data obtained with the help of our method 
should be especially beneVcial for studies on diphtheria toxin 
vaccine design. 

4.2 Experimental data on gp120 immunogenicity 

He statement that conserved regions of HIV1 gp120 are 
poorly immunogenic, while highly immunogenic regions of 
this protein are extremely variable can be found in many 
sources [29]. Several regions of gp120 that were shown to be 
recognized by monoclonal antibodies can be found in the 
HIV molecular immunology database (http://

www.hiv.lanl.gov/content/immunology/tables/ab_summary.htm). 
Some of those regions include N-terminal, C-terminal or 
central part of the epitope 1 predicted by us, but never the 
whole immunogenic determinant. Some of those antibodies 
(recognizing the epitope which includes N-terminal of the 
NQ21) were even shown to be neutralizing [30]. However, 
antibodies to the C1 region of gp120 are thought to bind 
monomeric and not oligomeric protein [29]. From this point 
of view, epitopes from C1 region of gp120 were considered 
to be bad targets for protective immunity development [29]. 

Attention should be paid to the fact that the main part of 
3D epitope 1 is presented by long alpha-helix (see Figure 11). 
His alpha-helix is amphiphilic: one half of it is hydrophobic, 
while another half is hydrophilic. Synthesis of smaller pep-



Khrustalev Vladislav Victorovich et al., 2011 | Journal of Integrated Omics 

236-252: 249 

tides might lead to the partial destruction of that alpha-helix 
and to the loss of their cross-reactivity with many types of 
antibodies recognizing the corresponding part of native mol-
ecule. 

Neutralizing antibodies to gp120 (preventing interactions 
between gp120 and CD4 molecules) were shown to stimulate 
infection of macrophages [28]. Since macrophages are 
thought to be a good reservoir for HIV-infection, the idea of 
the creation of vaccine stimulating synthesis of neutralizing 
antibodies may seem to be compromised. 

In the present study it has been shown that antibodies to 
the most immunogenic part of C1 region can be found in 
more than 80% of HIV1-infected persons. He fact that those 
antibodies were not found in serums of approximately 20% 
of HIV1-infected persons can be explained by at least three 
hypotheses. It is important to highlight that serums from 
persons with recently revealed HIV1-infection were tested in 
the present work. Probably, antibodies against gp120 3D 
epitope 1 in some of those persons have not been synthe-
sized yet. In other words, those antibodies may not be syn-
thesized in the yearly period of HIV1-infection in certain 
persons. On the other hand, antibodies against gp120 3D 
epitope 1 may not cross-react with the NQ21 peptide due to 
mutations in that region of viral protein. Even though 3D 
epitope 1 is the most conserved one, mutations disturbing 
cross-reactivity with NQ21 may still happen inside it. Once 

again it has to be noted that mutations should happen in 3D 
epitope 1 much less frequently than in other epitopes. Final-
ly, antibodies to certain epitopes of gp160 may somehow 
disturb or totally prevent binding of antibodies against 3D 
epitope 1 to adsorbed molecules in our modiVed ELISA test-
system. 

In case if antibodies cross-reacting with NQ21 are synthe-
sized mostly against monomeric (and not oligomeric) viral 
glycoprotein, they should be able to bind gp120 molecules 
situated on the membrane of infected cells. In one of the 
experimental works C1 region of gp120 was shown to be the 
best target for antibodies with antibody-dependent cellular 
cytotoxic activity (ADCC) among other regions of this pro-
tein [31, 32]. Indeed, NK-cells recognize antibodies bound to 
viral antigens situated on the cellular membrane and kill 
infected cells. In our opinion, immunization against the pep-
tide NQ21 should cause production of antibodies with anti-
body-dependent cellular cytotoxic activity. High titer of anti-
bodies with ADCC is one of the predictors of slow progres-
sion of HIV-infection [33, 34]. 

4.3 Experimental data on diphtheria toxin immunogenicity 

Diphtheria toxin consists of two chains connected by a 
single disulVde bound [35]. Precursor of diphtheria toxin 
encoded by tox gene is cleaved by proteases into Chain A (N

Figure 10. Intensity of ]uorescence in washes and eluates collected during aUnity puriVcation of the serum from HIV1-negative person (A) 
and HIV1-positive person (B); results of SDS-PAGE analysis of eluates 1, 3 and 7 collected during aUnity puriVcation of the serum from 
HIV1-positive person (C). 
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-terminal) and Chain B (C-terminal). Here is also a short 
signal peptide encoded by the Vrst 25 codons of tox open 
reading frame [36]. 

Chain A forms catalytic domain of the toxin. Catalytic 
domain blocks protein synthesis by causing an ADP-
ribosylation of elongation factor 2, thus provoking cell death 
[35]. Epitope 1 is situated on the surface of chain A. 

Here are two distinct domains in chain B of the toxin (see 
Figure 12). One of them (N-terminal part of chain B) is pre-
dominantly alpha-helical one. His domain is called 
“translocation domain” or “transmembrane domain”. In-
deed, long alpha-helixes from this domain are involved in 
translocation of the catalytic domain from endosome to cy-
toplasm. Actually, acidic pH existing in endosome causes 
conformational changes in the structure of translocation 
domain leading to the penetration of endosome membrane 
by two long alpha-helixes [35]. Epitope 2 is situated on the 
surface of translocation domain. 

C-terminal part of B Chain is predominantly beta-
structural (see Figure 12). His domain is able to bind its 
speciVc receptor on the surface of cells [35]. Both epitope 3 
and epitope 4 are situated on a surface of receptor-binding 
domain. Epitope 4 really consists of two immunogenic re-
gions situated close to each other in the primary structure, 
but relatively far from each other in the tertiary structure of 
the toxin (see Figure 12). 

Many researchers tried to use recombinant proteins repre-
senting certain parts of diphtheria toxin in vaccine design 
studies [1, 6, 37, 38]. It has been shown [6, 38] that recombi-
nant Chain B of the toxin is able to induce toxin-neutralizing 
antibodies in laboratory animals (rabbits and guinea pigs). 
Moreover, recombinant receptor-binding domain of Chain 
B is also able to induce formation of toxin-neutralizing anti-
bodies [1]. 

4.4 Solutions for antigen design for future recombinant diph-

theria toxin vaccines 

According to our results, the target for neutralizing anti-
bodies (receptor-binding domain) possesses the less mutable 
3D epitope. It means that the usage of recombinant receptor-
binding domain in new vaccine against the diphtheria toxin 
is well justiVed. Abovementioned recombinant receptor-
binding domain may also be a good antigen for production 
of ELISA diagnostic tests to control the level of neutralizing 
antibodies. 

N-terminal part of the epitope 4 is situated on a surface of 
the receptor-binding domain, while C-terminal part of it 
forms a protruding structure (see Figure 12). His structure 
is formed by two beta strands connected together (in a beta 
structure) and a loop between them (see Figure 12). His 
loop containing a 3/10 helix is recognized as linear B-cell 
epitope by BepiPred 1.0 [13], and as 3D epitope by Disco-
Tope 1.2 [22] (see Figure 1). His loop is accessible to a sol-
vent according to Epitopia [23] prediction (see Figure 12). In 
our opinion, antibodies against synthetic peptide with the 
amino acid sequence of this beta-hairpin 
(SIGVLGYQKTVDHTKVNSKLSLF) may be able to cross-
react with the subsequent region of diphtheria toxin and vice 
versa. 

Here are a few amino acid substitutions between C. diph-
theria and C. ulcerans toxins in epitope 1 and epitope 2 (see 
Figure 13). Epitope 3 is quite invariable at least in seventeen 
sequences studied. Here are six amino acid substitutions 
between sequences of C. diphtheria and C. ulcerans toxins in 
epitope 4 [4]. All of them are concentrated in the center of 
this region, which is not recognized as highly antigenic by all 
the methods used (see Figure 1). However, there is a possi-
bility that at least certain antibodies against this epitope of C. 
diphtheria toxin are not able to bind C. ulcerans toxin. So, 
antibodies to this region of the diphtheria toxin may be used 

Figure 11. Epitopia output for the X-ray structure (PDB ID: 
3JWO) of gp120. Buried amino acid residues are shown as balls. 

Figure 12. Epitopia output for the X-ray structure (PDB ID: 
1SGK) of diphtheria toxin. Buried amino acid residues are shown 
as balls. 
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in ELISA assays to discriminate between C. diphtheria and C. 
ulcerans toxins. He beta-hairpin described above (at least its 
highly antigenic loop) seems to be conserved between C. 
diphtheria and C. ulcerans toxins. 

5. Concluding Remarks 

A method for estimation of mutability levels for immuno-
genic determinants includes two steps: i) estimation of mu-
tational pressure direction and ii) selection of the less muta-
ble immunogenic determinant (determinants). He second 
step is based on the estimation of the amount of mutable 
nucleotides in missense, synonymous and nonsense sites of 
regions coding for immunogenic determinants for each type 
of the most commonly occurring nucleotide mutations in 
the given gene. He region coding for the less mutable im-
munogenic determinant should satisfy three criterions: i) a 
probability to be synonymous (or synonymous or nonsense) 
for the most common types of nucleotide mutations should 
be the highest one inside it; ii) it should has the lowest 
amount of mutable nucleotides in nonsynonymous (or in 
missense) sites for the most common types of nucleotide 
mutations; ii) it should has the highest amount of mutable 
nucleotides in synonymous (or in synonymous and non-
sense) sites for the most common types of nucleotide muta-
tions. 

Our in silico method showed a good performance on HIV1 
gp120 protein. Predictions have been successfully conVrmed 
in vitro. 

6. Supplementary material 

Supplementary material regarding this manuscript is 
online available in the web page of JIOMICS. 

http://www.jiomics.com/index.php/jio/rt/suppFiles/64/0 

Table 1. Percentage of variable sites among sequences cod-
ing for HIV1 gp120 from each of the 34 monophyletic sets. 

Table 2. Average levels of nucleotide usage in third codon 

positions (3A; 3T(U); 3G and 3C) in comparison with nucle-
otide usage in invariable sites from third codon positions 
(3Ai; 3T(U)i; 3Gi and 3Ci) for each from 34 sets of mono-
phyletic sequences coding for HIV1 gp120. 

Table 3. Consensus sequence of the predicted 3D epitope 2 
from gp120 of HIV1. 

Table 4. Consensus sequence of the predicted 3D epitope 3 
from gp120 of HIV1. 

Table 5. Consensus sequence of the predicted 3D epitope 4 
from gp120 of HIV1. 

Table 6. Consensus sequence of the predicted 3D epitope 5 
from gp120 of HIV1. 
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Short-chain fatty acids (SCFAs) are the principal by-
products of -bre fermentation in the gastrointestinal epithe-
lium. 1e majority of SCFAs comprise of acetate, propio-
nate, and butyrate with contributions of valerate and 
branched chain fatty acids (BCFA). All SCFAs are weak ac-
ids existing predominantly in the anionic, dissociated form 
in the colonic lumen(1). Butyrate has been shown to induce 
apoptosis (2), inhibit proliferation (3, 4), and promote a 
more di9erentiated phenotype (3, 4). 1is is considered to be 
through its ability to regulate gene expression by inhibition 
of the histone deacetylases (HDAC) (5, 6), which also regu-
late many non-histone proteins including transcription fac-
tors such as Sp1 (7), nuclear structural proteins (8),  and p53 
(9). We have recently shown keratin 8 (K8), an intermediate 
-lament (IF) protein of the colonocyte cytoskeleton, is acety-
lated and its acetylation is butyrate-responsive (10). 

Intermediate -laments (IFs) are one component of the 
eukaryotic cytoskeleton. 1ey are formed from heterodimers 
of type 1 and type 2 keratins. Among various keratins pre-

sent in colonocytes, keratin 8 and 18 (K8, K18) is the princi-
pal pair (11). Other keratins include K7, K19, and K20. Di-
merisation of keratins is mediated through pairing along 
their coiled-coil domains and is regulated, at least in part, 
through post-translational modi-cation of the globular do-
mains outside these regions. Keratins provide mechanical 
strength to epithelia in general and enable colonocytes to 
resist various chemical and mechanical stresses. 1ey are 
also involved in various regulatory functions of cell includ-
ing cell cycle, cell di9erentiation and apoptosis (12). Im-
portance of K8 in intestinal epithelium was demonstrated 
through generation of K8 knockout mice. K8 null mice 
reaching to adulthood showed high rates of gastrointestinal 
epithelial in@ammation and colonic hyperplasia (13) and 
also showed impaired electrolyte and @uid transport (14). In 
humans a subset of patients with in@ammatory bowel dis-
ease (ulcerative colitis) has been shown to carry missense 
mutations in the Keratin 8/18 genes. Reconstructions of the-
se mutations in vitro (K8: G62C, I63V, K464N; K18: S230T) 
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1e intermediate -lament cytoskeleton in epithelial tissues is formed of keratin heterodimers. Keratins are highly post-translationally modi-
-ed proteins, with tyrosine phopsphorylation, serine phosphorylation, and glycosylation amongst reported modi-cations. We and others 
have recently reported multiple acetylation sites on keratin 8 and we have previously shown that these sites are responsive to butyrate. In this 
study, we report the application of cellomic approaches to demonstrate di9erential responses of three lysine acetylations (lys 10, lys 471 and 
lys 482) to di9erent short-chain fatty acids. 1e data imply no -xed hierarchy of acetylation on keratin 8, and furthermore imply di9erent 
ranges of histone deacetylase (HDAC) inhibitory speci-cities for short chain fatty acids (SCFA). Furthermore we have used the functionality 
of the High Content Analysis (HCA) platform to show that the acetylation sites are di9erentially modi-ed in cells undergoing mitosis. Taken 
together the data imply distinct roles for keratin acetylations in function.  

Keywords: Keratin; Acetylation; Colorectal cancer; Short chain fatty acids; High content biology. 
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1. Introduction 
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were associated with reduced -lament assembly (15). An 
important characteristic of keratins is their relative stability 
of expression even aKer transformation to pathological state 
including transformation of normal cells into malignant 
cells. 1is property has enabled keratins to be applied as tu-
mour markers (16). Changes in K8 expression during colo-
rectal adenomagenesis and carcinogenesis have been studied 
by Polley et al (17) by comparing protein expressions in nor-
mal and tumour (adenoma, carcinoma) tissue. 1ey found 
the up regulation of various isoforms of K8 in morphologi-
cally normal mucosa from polyp and cancer patients com-
pared with normal mucosa of patients with no pathology. 
Also, four K8 isoforms were over expressed in polyp mucosa 
relative to normal mucosa and seven K8 isoforms were over 
expressed in cancer mucosa relative to healthy mucosa. 1e-
se -ndings indicate that expression or modi-cation of K8 
alters as the adenoma-carcinoma sequence progresses. An-
other study showing di9erential K8 expression in colorectal 
carcinoma has shown reduced expression of K8 in colorectal 
cancer is signi-cantly associated with shorter patient’s sur-
vival (18). 

1e structural and regulatory functions of keratins are in 
turn regulated, at least in part, by various post translational 
modi-cations (PTMs). Indeed K8 is reported as a highly post
-translationally modi-ed protein (Fig 1). 1e majority of 
PTMs occur in the globular N- and C-terminal domains, 
although several occur in the coiled-coil domain (Fig 1). 1e 
PTMs of keratins include: phosphorylation, glycosylation 
and transglutamination which occur on either C or N-
termini. 1ese modi-cations have many suggested implica-
tions on the -lament assembly and solubility (19). K8 phos-
phorylation has been shown to regulate -lament formation, 
cell signalling, and protein-protein binding (20) in response 
to cellular stress, mitosis, and apoptosis (21, 22). We have 
reported K8 and K18 as highly acetylated (10) and associated 
alterations in acetylation with  depolymerisation (23).  Fur-
ther acetylations have been reported for K8 (24) , and K8 
now features 11 empirically determined acetylation sites. We 
have shown that butyrate causes an  K8 acetylation using a 
high-content biology approach (23).  

High-content biology (HCB, also known as High-Content 
Analysis (HCA), sometimes termed cellomics) is a high-
throughput microscopy approach where multiple endpoints 
may be analysed in both a qualitative and quantitative way 
integrating the functionalities of both microscopy and @ow 
cytometry (25). HCB is increasingly used in the pharmacolo-
gy sector for analysis of multiple endpoints in screening cel-
lular responses to compound libraries (26). 

Although cellular responses to butyrate have been widely 
studied, the response to other SCFAs which also occur in the 
colon lumen at pharmacologically relevant levels is less ex-
plored. 1e HCB approach to analysis of keratin acetylation 
previously reported (23) was here applied to the analysis of 
response to other SCFAs.  

2. Material and Methods 

2.1 Cell Culture 

Cells  (HCT-116, HT-29, and Caco2) were cultured in 
DMEM (Dulbecco/Vogt-modi-ed Minimal Essential Medi-
um) containing 1 g/L D-glutamine, 4 mM L-glutamine, 
110mg/L sodium pyruvate and 25 mM HEPES (all supplied 
by Gibco). Added to the DMEM was penicillin/streptomycin 
(Gibco) and 10% FCS (Biosera, Sussex, UK). Cells were incu-
bated at 37 0C, 5% CO2 in humidi-ed air.   

2.2 Cytoskeletal isolation 

Protocol for intermediate -lament cytoskeletal isolation 
was as described by Herman et al (27). For cytoskeletal isola-
tion from cell lines, either treated with butyrate (5 mM, 17 
hours) or otherwise, adherent cells were washed in warm 
PBS (Oxoid, UK) containing 2 mM MgCl2 and 50mM pe-
fabloc (Roche, Welwyn garden City, UK). Low Detergent 
Bu9er (0.5X PBS; 50 mM MOPS pH 7; 10 µM MgCl2; 2µM 
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Figure 1.Di�erent isoforms of K8 are acetylated at di�erent posi-
tions. Panel-A shows the -ve positions identi-ed to be acetylated. 
Two lysine residues were identi-ed to be within the coiled-coil 
domain (lys100, lys392) and three positions (lys10, lys471, lys482) 
occur outwith the coiled-coil domains.  Panel-B shows the im-
munoblotting for immunoprecipitation of fraction 4 of cytoskeletal 
isolation from three cell lines i.e., HCT-116, Caco2, HT-29 [either 
untreated (C), or treated with butyrate (B) 5mM for 17 hours]. 
AKer separation of proteins gels were immunoprobed for K8 and 
three antibodies against lysine residues at potions 10, 471, and 482. 
To identify which fraction contains maximum K8 and acetylated 
lysines HCT-116 cells were treated with 5mM for 17 hours and 
then cytoskeletal isolation was performed for both treated and un-
treated cells. All four fractions were immunoprobed with K8 and 
three antiacetyle antibodies (panel C). 
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pefabloc; 1 mM EGTA; 0.15% v/v Triton x-100) was then 
added. AKer 90 seconds bu9er was removed and cells were 
centrifuged and supernatant was removed which is mem-
brane bound/soluble protein fraction (Fraction 1). Cold ex-
traction was performed with High detergent Bu9er (0.5X 
PBS; 50 mM MOPS pH 7; 10 µm MgCl2; 2 µM Pefabloc; 1% 
v/v Triton X-100, 1 m NaCl) which yielded the cytoskeleton 
(Fraction 2). Remaining sample was centrifuged to yield the 
high salt soluble fraction (Fraction 3) as supernatant and the 
remaining pellet was the cytoskeletal proper (Fraction 4). 
Samples were analysed by immunoblotting. Primary anti-
bodies used were anti K8 (mouse monoclonal Abcam, 9023) 
and in-house antibodies raised against acetylated lysine resi-
dues of K8:  lys10 (rabbit), lys482 (rabbit), and lys471 
(chicken) (for validations of antibodies see supporting infor-
mation in Drake et al (23)). AKer SDS-Page and Western 
transfer [standard method as described previously (28)] the 
cross-reaction was visualized using HRP-conjugated second-
ary antibodies (Dako rabbit for lys10 & lys482, Dako chicken 
for lys471, and Dako mouse for K8) and Western Lightening 
Chemiluminescence reagent plus (PerkinElmer, Boston, 
USA). Imaging was undertaken with Chemigenius Bio-
Imaging system (Syngene). 

2.3 Immunocytochemistry  

HCT-116 cells were seeded in 96-well plate at 3x103 per 
well and then grown for 48 hours. Cells were then treated 
with 0-20 mM of SCFAs (butyric acid, propionic acid, valeric 
acid, or valproic acid; Sigma). Internal triplicates were used 
in each experimental pass. AKer 24 hours of treatment cells 
were -xed at -20 0C with 100% methanol for 5 minutes be-
fore immunocytochemical (ICC) staining. 100 µl of PBS was 
leK in each well at the end of ICC staining. Plates were then 
sealed and sent for HCA. 

 During ICC primary antibodies used were same as in 
Western Blot (see section 2.2). Cells were dual im-
munostained for K8 and one of the three antibodies to nor-
malize the acetylation intensity against the total K8 for each 
-eld while quantifying speci-c acetylation. All antibodies 
were diluted in digitonin according to Cellomics’ HCA pro-
tocol. Secondary antibodies used were anti-mouse Alexa 
@uor 555-red for K8, anti-rabbit Alexa @uor 444-green for 
lys10 and lys482. Nuclei were stained with Hoechst 33342.  

During HCA analysis, images were captured on an Array-
scan II (Cellomics) and analysed using the proprietary Ar-
rayscan compartmental analysis algorithm. Regions of inter-
est (ROIs), which corresponded to cells, were obtained based 
on the Hoechst nuclear staining pro-le. A mask was then 
created so that only cytoplasmic staining was measured, 
thereby excluding any non-speci-c nuclear @uorescent signal 
(23). 1e analysis was corrected for background @uorescence 
by using the program's spot thresholding algorithm. 1e 
data generated measured the total staining intensity of the 
identi-ed spots for K8, acetylated lys10, acetylated lys482, 
and acetylated lys471. A single value for each well was ob-

tained by averaging the total staining intensities across the 
ROI population for the well.  

In a di9erent experiment, to compare acetylation in divid-
ing and non-dividing cells, Caco2 cells were grown for 48 
hours and then treated with various butyrate concentrations 
for 24 hours. Same primary and secondary antibodies were 
used as described above and same ICC protocol was fol-
lowed. All control experiments were analyzed for increase in 
acetylated lysines in mitotic cells by using HCA. 

2.4 Statistical analysis 

GraphPad Prism5 was used to calculate p values by using 
paired T test. Graphs were generated through 
GraphPadPrism5. 

3. Results 

3.1 Keratin 8 is identi!ed to have two isoforms which are 
di�erentially acetylated 

We have previously identi-ed  the -ve lysine residues 
which are acetylated in K8 (10) and further acetylation sites 
have been identi-ed in a subsequent high-throughput study 
(24). Figure 1A shows the positions of these lysine residues 
relative to coiled-coil domains of K8. 1ree acetylation sites 
(lys10, lys471 & lys482) were found to be outside the coiled-
coil domain at the N- and C-termini. Polyclonal antibodies 
have previously been described to these modi-ed sites  (23).  

We -rst sought to establish whether K8 acetylation oc-
curred in multiple colon cell lines. HCT-116, Caco2, and HT
-29 were treated with butyrate (5 mM for 17 hours) and then 
insoluble fractions of treated and untreated cells were im-
munoprobed with antibodies against K8 and acetylated ly-
sines (lys10, lys482, lys471) (Fig 1B). 1e panel indicates that 
lys10 and lys482 showed reactivity in a band corresponding 
to that of K8. Also, it is evident that K8 acetylation at lys482 
was more marked in the higher molecular weight K8 band 
and lys10 acetylation was present in both forms of K8.  

In order to determine in which fraction keratin 8 was most 
highly acetylated, fractions of HCT-116 cells were im-
munoprobed with K8, lys10, lys471, and lys482 (Fig 1C). K8 
is most abundant in the insoluble fraction (fraction 4). 1e 
lower panels further demonstrate that most reactivity with 
anti-acetyl antibodies is seen in fraction 4 which demon-
strates that K8 is acetylated when in the insoluble intermedi-
ate -lament. Another interesting observation was that K8 
appeared to exist as a doublet. 

3.2 SCFAs increase K8 acetylation in vitro 

Our previous work (10) suggested that butyrate can in-
crease acetylation of K8. To demonstrate the e9ect of butyric 
acid and other SCFAs on K8 acetylation, HCT-116 colon 
cancer cells were treated with di9erent SCFAs at -ve di9er-
ent concentrations and then the changes in K8 acetylation 
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were analysed by HCA. HCA was used to analyze the results 
which has already been proved to be an e9ective and quick 
way of quantify total K8 and K8 acetylation (23).  

HCT-116 cells treatment with 1 mM of all SCFAs showed 
a signi-cant decrease (p<0.01 for propionic acid and p<0.001 
for valeric and valproic acid) in acetylation at lys10, except 
for butyric acid (Figure 2A).  Exposure of HCT-116 cells to 5 

mM of each SCFA caused a signi-cant increase (p<0.05) in 
lys10 acetylation with all SCFAs. 1ere was not a marked 
di9erence of response between SCFAs treatment at 5 mM. 
At 10 mM of each SCFA a plateau in the concentration re-
sponse was reached.  Maximum response was observed at 20 
mM treatment for all SCFAs and valproic acid caused the 
largest increase (p<0.001) in acetylation at 20 mM among all 
SCFAs (Figure 2A). 

1e response in lys482 acetylation with SCFAs was not as 
profound as for lys10 acetylation (Figure 3A). At 1 mM con-
centration all SCFAs caused a signi-cant decrease (p<0.05) 
in K482 acetylation except propionic acid. Valproic acid and 
valeric acid did not increase acetylation at any concentration 
when compared with control (0 mM). Propionic acid and 
butyric acid treated cells at 10 mM showed a signi-cant in-
crease in lys482 acetylation (p <0.01 for propionic acid and 
<0.001 for butyric acid). At 20 mM exposure, cells treated 
with propionic acid showed a signi-cant increase (p<0.05) in 
lys482 acetylation when compared to the control but re-
sponse with butyric acid was not signi-cant at 20 mM. 

Similar to response with lys10 & 482, lys471 also showed a 
signi-cant decrease in acetylation with valproic acid 
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Figure 2. Changes in K8-lys10 acetylation in response to SCFAs. 
HCT-116 cells were grown for 48 hours and then treated for 24 
hours with increasing doses of four di9erent SCFAs (butyric acid, 
propionic acid, valeric acid, valproic acid). AKer 24 hours cells were 
-xed with cold methanol. For immunochemistry cells were treated 
with antibody against K8 (Abcam 9023) and antiacetyle antibody 
for acetylated lysine residue at position 10 (lys10). Binding of K8 
antibody was detected with a secondary antibody (Alexa @our 555-
red) and binding of lys10 was detected with another secondary anti-
body (Alexa Flour 444-green). Cell nuclei were stained with 
Hoechst.  High Content Analysis (HCA) was performed on a Cel-
lomics Arrayscan. Nine -elds were scored for each concentration of 
individual SCFA treatment. Total K8 was quanti-ed for each -eld 
along with the intensity of Alexa-444 staining. Lys10 acetylation was 
normalized against total K8 expression for each -led and then data 
was normalized to the control (no treatment). Figure2-A shows the 
fold changes in lys10 acetylation for each dose of SCFA compared 
to control. Data represents the mean ± SEM for three experiments 
with three internal repeats in each experiment. P values were calcu-
lated for lys10 acetylation at each SCFA concentration. *p<0.05, 
**p<0.01, ***p<0.001 relative to control (Paired t-test with 
GraphPad Prism5). Figure 2B shows the cells with or without treat-
ment of butyric acid. Nuclei were localized with Hoechst (blue). 
Cytoplasmic staining of K8 (red) was colocalize with the anti-acetyl 
antibody (green) as shown by the yellowish merge in the last picture 
on the right.  
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Figure 3. Changes in K8-lys482 acetylation in response to SCFAs. 
Figure3-A shows the fold changes in lys482 acetylation for each 
dose of SCFA compared to control. Data represents the mean ± 
SEM for three experiments with three internal repeats in each 
experiment. P values were calculated for lys10 acetylation at each 
SCFA concentration. *p<0.05, **p<o.01, ***p<0.001 relative to 
control (Paired t-test with GraphPad Prism5). Figure 3B shows 
the cells with or without treatment of propionic acid. Nuclei were 
localized with Hoechst (blue). Cytoplasmic staining of K8 (red) 
was colocalize with the anti-acetyl antibody (green) as shown by 
the yellowish merge in the last picture on the right.  
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(p<0.05) and propionic acid (p<0.01) at 1 mM treatment but 
butyric acid and valeric acid increased lys471 acetylation at 1 
mM (not statistically signi-cant) (Figure 4). Propionic acid 
and valproic acid caused a decrease in lys471 acetylation at 
all concentrations except at 20 mM where valproic acid in-
creased acetylation compared to control, although this was 
not statistically signi-cant. Butyric acid caused a signi-cant 
increase (p<0.01) in lys471 acetylation at 20 mM treatment.  

Figure 5 shows changes in acetylation at lys10, lys482, and 
lys470 in response to each SCFA. It can be observed that 
following SCFA treatment. Lys10 acetylation consistently 
preceded the lys482 acetylation in butyric-, valeric- and 
valproic-acid treated cells while lys482 acetylation only pre-
ceded the lys10 acetylation in propionic acid-treated cells. 
1is may suggests that K8 acetylation is generally hierar-
chical at the three but is not inconsistent with di9erent 
HDACs (with di9ering inhibition pro-les by the SCFA) are 
involved in governing di9erent acetylation sites.  

3.3 Keratin 8 lys10 cell acetylation increases during mitosis 

Mitosis is an important step during cell division and also 
various factors could a9ect this process. We investigated 
whether there is a di9erential change in K8 acetylation dur-
ing mitosis and compared the acetylation in both dividing 
and non-dividing cells. Interestingly, microscopy revealed 
that there was an increase in K8 acetylation in mitotic cells 
(Fig 6A). To study this further K8 acetylation was analysed 
by HCA, by gating cells with the greatest intensity of nuclear 
staining (Fig 6B). Mitotic cells were found to have a -vefold 
increase in lys10 acetylation by comparison with non-
mitotic cells, whereas there was a more modest increase at 
lys482 and lys471 (Fig 6C).  

4. Discussion 

K8 has been shown to have many PTMs which could in@u-

ence its structure and function.  We previously showed that 
butyrate can increase K8 acetylation.  In the present study we 
demonstrate the di9erent sites of acetylation of K8 are modi-
-ed di9erentially in response to treatment with di9erent 
SCFAs, and to mitosis. We demonstrated that HCB is a use-
ful tool to study K8 acetylation.   
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Figure 4. Changes in K8-lys471 acetylation in response to SCFAs. 
1e fold changes in lys471 acetylation for each dose of SCFA com-
pared to control. Data represents the mean ± SEM for one experi-
ment with three internal repeats. P values were calculated for 
lys471 acetylation at each SCFA concentration. *p<0.05, **p<o.01, 
***p<0.001 relative to control (Paired t-test with GraphPad 
Prism5). 
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When the insoluble fractions of various colon cancer cell 
lines were immunoblotted we identi-ed two isoforms of K8 
which were di9erentially acetylated. 1is suggests that vari-
ous isoforms are di9erentially modi-ed. As lys10 acetylation 
occurs on the shorter form, and lys482 appears strongly acet-
ylated in the short form and weakly acetylated in the longer 
form there is no reason to invoke loss of either end of the 
protein in production of these isoforms, which may poten-
tially arise as a consequence of alterations in mass of the pro-
tein due to di9erent burdens of post-translational modi-ca-
tion.  

Among various HDAC inhibitors, valproic acid has some 
attractive characteristics which make it suitable for a poten-
tial candidate to treat CRC. It has already been used for long 
time as an anticonvulsant and therefore its pharmacokinetic 
properties have been tested. It is available orally, well tolerat-
ed and has a longer in vivo half life compared with other 
HDAC inhibitors (29, 30). We showed, in this experiment, 
that all four studied SCFAs at 20 mM treatment (butyric 
acid, propionic acid, valeric acid and valproic acid) increase 
K8 acetylation at lys10. 1ese observations again reinforce 
the theory that butyrate and other SCFAs can change the cell 
homeostasis through increase in K8 acetylation. Although 
the consequences of K8 acetylation are beyond the scope of 
this particular study but as mentioned in our previous report 
this acetylation could ultimately a9ect the cell apoptosis or 
could a9ect the polymerisation of cytoskeleton.  

In conclusion, the present work provides evidence that 
acetylation is another PTM for K8 and that there are, at least, 
two isoforms of K8 which are di9erentially acetylated. 
SCFAs increase K8 acetylation and maximum lys10 acetyla-

tion is induced with valproic acid and for lys482 propionic 
acid produced maximal acetylation.  

1e results were achieved using a high content biology 
approach. 1rough application of this methodology, it was 
possible to measure the total intensity of K8 expression and 
also changes in K8 acetylation in order to allow us to -nd the 
relative increase in K8 acetylation. 1e technique was unique 
in allowing us to investigate both quantitatively and qualita-
tively the spatial alterations in keratin acetylation, for exam-
ple in mitotic cells, representing a signi-cant advantage over 
either microscopy or @ow cytometry. 1is technique can 
successfully be applied to study acetylation response with 
various HDAC inhibitors. Future studies should address the 
relationship between K8 acetylation and structure and func-
tion. 
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 Several bacterial strains have been found capable of 
reducing heavy metals and to link this process to energy 
generation in order to grow and survive [1,2].  One of the 
most potent and striking examples of such strains is the 
Gram-negative facultative anaerobe Shewanella oneidensis 
MR-1 [3].  During anaerobic metal respiration, S. oneidensis 
MR-1 applies a sophisticated multi-component cascade, 
o4en referred to as the ‘metal respiratory system’ or the ‘Mtr 
respiratory pathway’.  7is cascade transfers electrons from 
the cytoplasmic electron pool over the cytoplasmic 
membrane and periplasm, ultimately to the outer membrane 
localized terminal metal reductase(s).  Many proteins, most 
of which are multi-haem cytochromes c, have been identi;ed 
and characterized in the past as playing important roles in 
dissimilatory metal reduction [4,5].  Among these proteins is 

the centrally positioned cytoplasmic membrane-attached 
tetrahaem cytochrome c CymA [5-7] that collects excess 
electrons from carbon sources and shuttles them to MtrA, a 
decahaem periplasmic c-type cytochrome [8].  MtrA 
facilitates electron transfer to the outer membrane decahaem 
cytochromes c MtrC and OmcA [9], which are dependent on 
the non-haem integral outer-membrane protein MtrB for 
proper localization in the outer membrane [10].  MtrC and 
OmcA in turn reduce the terminal electron acceptors, which 
range from organic Aavins to iron or manganese oxide, onto 
chelated iron complexes.   

Despite the fact that the Mtr respiratory pathway has 
already been quite well-documented, some prominent 
questions remain.  Curiously, the Shewanella oneidensis MR
-1 genome encodes over 40 c-type cytochromes.  It includes 
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Abstract 

1. Introduction 

Understanding cellular systems requires profound analysis of the protein interaction networks. Protein interaction mapping is performed 
mainly by co-puri;cation strategies or two-hybrid systems. Recently, we expanded the tools for analyzing protein-protein interactions in 
bacteria with a two-hybrid technique based on beta-galactosidase complementation, and demonstrated its potential to explore interactions of 
membrane systems and to study transient interactions between redox partners (Borloo et al. 2007a). We demonstrate here the functionality 
of this assay to reveal the interactions within the complex electron transfer chain of the dissimilatory metal reducing bacterium Shewanella 
oneidensis MR-1.  Speci;cally, we identi;ed the cytoplasmic membrane-bound CymA as a key component, a4er which the electron transport 
chain is found to bifurcate towards several periplasmic proteins. It again congregates at the crucial MtrA, which in turn forms an electron 
transfer complex with the outer membrane localized MtrB and the terminal ferric reductases MtrC and OmcA.  7ese data are complement-
ed by mutant screening and con;rm previous kinetic analyses (Borloo et al., 2007b). 

Keywords: Shewanella oneidensis; bacterial two-hybrid; protein interactions; beta-galactosidase. 

Abbreviations 

NTA nitrilo triacetic acid;  FR fumarate reductase;  IPTG isopropyl-β,d-thiogalactopyranoside;  ONPG o-nitrophenyl-β,d-
galactose;  NIF non-interacting fusion proteins;  IF interacting fusion proteins.  
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a number of paralogues, in particular and most interestingly 
to this study, MtrC (MtrF), MtrA (MtrD) and MtrB (MtrE).  
It has been shown that the MtrC-OmcA pair is largely 
responsible for chelated and insoluble iron reduction [11-
13], but that MtrF is modular with MtrC and even more 
active than OmcA during Aavin reduction in the absence of 
MtrC [14]. Additionally, Coursolle and Grainick [14] proved 
that, upon deletion of MtrA, alternative electron Aow routes 
are recruited and that primarily MtrD, and to a lesser extent 
DmsE (the periplasmic component of the DMSO respiratory 
system), at least in part take over its function. Furthermore, 
involvement of the periplasmic iron-induced 
Aavocytochrome IfcA [15], the small tetrahaem cytochrome 
c (CctA) [16,17], fumarate reductase [18] and the MtrA 
paralogue MtrD have been shown to be implicated in the 
Mtr respiratory pathway, indicating that also periplasmic 
electron shuttling is modular.   Even though the key players 
in anaerobic dissimilatory metal reduction have already been 
identi;ed, the exact organization of the electron transport 
chain, that is, which protein interacts with which protein 
and in what order and stoichiometry, has not yet been 
elucidated. 

In this work we provide crucial insights in the 
organization of the chelated iron respiration cascade by: i) 
assaying several well-selected S. oneidensis MR-1 insertion 
mutants (i.e. which have been shown to be part of the 
electron transport chain) for their Fe(III)-NTA reduction 
capacity, thereby verifying and evaluating their importance 
or redundancy in the involved electron transport chain, and 
comparing them to other mutant studies, and ii) applying a 
recently developed β-galactosidase based bacterial two-
hybrid system [19] in order to assess the interaction behavior 
of all previously identi;ed components of the electron 
transport chain.  Finally, we propose a comprehensive model 
that represents the S. oneidensis MR-1 Mtr respiratory 
pathway used during chelated metal reduction. 

2. Material and Methods 

2.1 Bacterial Strains, Plasmids, Media and Growth Conditions 

S. oneidensis MR-1 was originally isolated from Oneida 
Lake sediments [5] and was obtained from the LMG culture 
collection (LMG 19005; Ghent, Belgium).  7e strain MR-
1R, used in this study, is a spontaneous rifampicin-resistant 
mutant of strain MR-1 that was isolated in-house. 7e S. 
oneidensis MR-1 ccmE, cymA, STC, ifcA, FR, mtrA, mtrB, 
mtrD, mtrE, mtrF, omcA and omcB disruption mutants, as 
well as the omcA/omcB, mtrA/mtrD, mtrB/mtrE, mtrB/mtrF 
and omcB/mtrF double mutants, were obtained during a 
previous study [20].  Escherichia coli strain XL-1 Blue 
(Stratagene, La Jolla, CA, USA) was used in all subcloning 
steps, whereas recombination de;cient strain JM109 (7e 
Coli Genetic Stock Center, New Haven, CT, USA) was ap-
plied in all subsequent cloning experiments.  β-Galactosidase 
activity tests were performed using E. coli strain MC1061 

(7e Coli Genetic Stock Center), which lacks the entire lacZ 
locus. 

7e pCOLADuet-1 vector (KmR) was obtained from No-
vagen (Darmstadt, Germany). 7e pB2HΔα (CmR) and 
pB2HΔω (CbR) plasmids were obtained from a previous 
study [19]. 

Media and growth conditions for MR-1R and all S. onei-
densis mutant cultures were as described previously [11].  E. 
coli cultures were grown aerobically in Luria Bertani broth 
on a rotary shaker (200 rpm) at 37°C [21].  Growth media 
were supplemented with appropriate antibiotics when neces-
sary, including chloramphenicol (Cm) at 25 µg/mL, carbeni-
cillin (Cb) at 100 µg/mL, and kanamycin (Km) at 25 µg/mL.  
When required, IPTG (Duchefa, Haarlem, 7e Netherlands) 
was added to a ;nal concentration of 20 mM. 

2.2 DNA Manipulations 

To allow cytochrome c maturation in E. coli, the ccm 
genes were cloned from the pEC86 vector into the 
pCOLADuet-1 vector by XbaI-SalI restriction digest.  A list 
of the synthetic oligonucleotides used in this study is pre-
sented in Table 1.  Oligonucleotides included the restriction 
sites used to clone the DNA fragments into the vectors.  Re-
striction digests, cloning and DNA electrophoresis were per-
formed using standard techniques.  DNA ligations were per-
formed using T4 DNA Ligase (Promega, Madison, WI, 
USA).  Isolation of plasmid DNA was accomplished using 
the QIAprep Plasmid Midi Kit 100 (Qiagen, Hilden, Germa-
ny).  All DNA constructs were con;rmed by DNA sequenc-
ing (GENOME Express, Meylan, France). 

2.3 Fe(III)-NTA Reduction Assay 

S. oneidensis MR-1R and all mutant strains were assayed 
for Fe(III)-NTA reduction activity according to previous 
reports [11], with the exception that 1.5 mM Fe(III)-NTA 
was used. Figure 1 presents the results of triplicate experi-
ments. 

2.4 β-Galactosidase-based Bacterial Two-Hybrid Assay 

All steps in the application of the two-hybrid system, with 
the exception of protein sample preparation and the enzy-
matic β-galactosidase assay, were carried out as previously 
described [19]. 

Protein sample preparation was carried out as follows.  
Cells were centrifuged for 10 minutes at 10,000 x g. 7e pel-
let was resuspended in 1 mL phosphate bu^ered saline (PBS, 
pH 7.4) with Complete Protease Inhibitor (Roche Diagnos-
tics Corporation, Indianapolis, IN, USA) (1 tablet per 200 
mL sample), followed by sonication for 30 seconds using a 
Branson Digital Soni;er Model 250-D at 10% of its maxi-
mum force. 7e sample was subsequently clari;ed by cen-
trifugating for 30 seconds at 10,000 x g in a tabletop centri-
fuge (Eppendorf, Hamburg, Germany). 7e obtained super-
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natant was used in the assay.   
β-Galactosidase activity was assayed quantitatively at 

room temperature by following ONPG hydrolysis and 2-
nitrophenol formation at 415 nm in a Bio-Rad model 680 
microplate reader (Bio-Rad, Hercules, CA), in a total volume 
of 200 µL using β-Galactosidase Assay Bu^er (Pierce, 
Rockford, IL, USA). Half of the volume was protein sample 
while the other half consisted of the β-galactosidase substrate 
ONPG. Spectrophotometric measurements were started im-
mediately a4er mixing. All values were subsequently nor-
malized toward the total protein content per sample. 7e 
experiment was repeated ;ve times for every fusion protein 
couple. 

During analyses, an internal NIF set was used consisting of 
the fusion protein couple AtpE-Δα and AtpB-Δω [19]. 7e β
-galactosidase activity value of this NIF set was 3.49 ± 2.62 
nmol/(min.mg) and is arbitrarily represented here as 1.00 ± 
0.75. 7e activity levels of the analyzed fusion protein 
couples were subsequently expressed relative toward this 
NIF set (Table 2). 

2.5 Statistical Analysis 

In the application of the two-hybrid system, statistical 
analysis was used to attribute IF and NIF status to di^erent 
sets of fusion protein couples. Since only comparisons be-
tween the mean values of small data sets were made, the stu-
dent t-test was applied. Since we expected the IF sets to have 
at least an equal or larger mean value (β-galactosidase activi-
ty) than the NIF sets, on the one hand, combined with the 
fact that a larger mean value for the NIF sets compared to 
the IF sets can only be attributed to chance, on the other 
hand, it was appropriate to choose a one-tail P-value. For all 
two-hybrid experiments, n = 5 and the alpha level (α-level) 
was set at 0.05. All statistical analyses were carried out using 
GraphPad Prism Version 4.00 and on-line GraphPad statisti-
cal so4ware (GraphPad So4ware, Inc., San Diego, CA, USA). 

2.6 Chemical Cross-linking 

S. oneidensis MR-1R was grown to mid-log phase in mini-

P������ D���������� 

CymA Tetrahaem cytochrome c A1 5’-GCATGCAGGAGGACAGCTATGAACTGGCGTGCACTATTTAAACCC-3’ 

  A2 5’-GGATCCTCCTTTTGGATAGGGGTGAGCGAC-3’ 

IfcA Tetrahaem flavocytochrome c B1 5’-GCATGCAGGAGGACAGCTATGTTGAATACCAAATTATTACCGTTA-3’ 

  B2 5’-GGATCCTTTAATAGAATTAGCTACTTGTTC-3’ 

STC Tetrahaem cytochrome c C1 5’-GCATGCAGGAGGACAGCTATGAGCAAAAAACTATTAAGTGTGCTT-3’ 

  C2 5’-GGATCCCTTCTTCAGAACAGACGCAGAAGT-3’ 

FR Tetrahaem flavocytochrome c D1 5’-GCATGCAGGAGGACAGCTATGTTCACAAGAAAGATTCAAAAAACA-3’ 

  D2 5’-GGATCCATTATCTTTAGCGAATTTAGCGGC-3’ 

MtrA Decahaem cytochrome c E1 5’-GCGGCCGCAGGAGGACAGCTATGAAGAACTGCCTAAAAATGAAAAACCTACT-3’ 

  E2 5’-GGATCCGCGCTGTAATAGCTTGCCAGATGG-3’ 

MtrB 75 kDa, outer membrane F1 5’-GCATGCAGGAGGACAGCTATGAAATTTAAACTCAATTTGATCACT-3’ 

  F2 5’-GGATCCGAGTTTGTAACTCATGCTCAGCAT-3’ 

MtrD Decahaem cytochrome c G1 5’-GCATGCAGGAGGACAGCTATGCTTACATTAATGTTATCGATTCTC-3’ 

 40 kDa, periplasm G2 5’-GGATCCTCTCTGCAGCAACTTGCCGGATGG-3’ 

MtrE 77 kDa, outer membrane H1 5’-GCGGCCGCAGGAGGACAGCTATGCA  AATAGTGAATATATCGACTCCT-3’ 

  H2 5’-GGATCCCATTTGGTAGCTTAAGGTCAAACC-3’ 

MtrF Decahaem cytochrome c I1 5’-GCATGCAGGAGGACAGCTATGAATAAGTTTGCAAGCTTTACCACG-3' 

  I2 5’-GGATCCGTTTATTGGATGGACTTTGAGTAC-3’ 

OmcA Decahaem cytochrome c J1 5’-GCGGCCGCAGGAGGACAGCTATGATGAAACGGTTCAATTTCAATACC-3’ 

 83 kDa, outer membrane J2 5’-AGATCTGTTACCGTGTGCTTCCATCAATTG-3’ 

OmcB Decahaem cytochrome c, K1 5’-GCATGCAGGAGGACAGCTATGATGAACGCACAAAAATCAAAAATCGCAC-3’ 

  K2 5’-GGATCCCATTTTCACTTTAGTGTGATCTGC-3’ 

O�� ��!������"� �#$� #�" ��%!����
a 

Table 1.  S. oneidensis MR-1 proteins applied in this study. 

a Underlined regions indicate the added restriction endonuclease sites to facilitate cloning: BamHI for A2, B2, C2, D2, E2, F2, G2, I2 and K2; 
SphI for A1, B1, C1, D1, F1, G1, I1 and K1; NotI for E1, H1 and J1; BglII for J2 
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mal medium [11] with 20 mM lactate and 50 mM ferric cit-
rate as the electron donor and acceptor, respectively. Cells 
were centrifuged at 16,000 x g for 1 minute and then washed 
with an equal volume of phosphate bu^ered saline (PBS, pH 
7.0) before suspending them in PBS to an optical density of 
0.4 at 550 nm. Cells were cross-linked for 1 hour at room 
temperature with 1% formaldehyde. Following cross-linking, 
the total membrane fraction was prepared for both cross-
linked and non-cross-linked cells, as described previously 
[19]. Equal amounts of the resulting samples were loaded on 
a 12% SDS-PAGE gel for analysis. A4er running the gel, it 
was stained speci;c for haem containing proteins as de-
scribed by 7omas et al. [22]. 7e protein content of the 
resulting bands was subsequently analyzed by MALDI-TOF 
mass spectrometry. 

2.7 SDS-PAGE, Western Blotting  and Haem Staining Anal-
yses 

Protein content was veri;ed by denaturing protein gel 
electrophoresis (SDS-PAGE) in 12% gels according to the 
method of  Laemmli [24]. Western blotting using an anti-
body speci;c for β-galactosidase from E. coli (Invitrogen; 
Carlsbad, CA, USA) was performed by blotting the proteins 
to a Hybond ECL membrane for 4 hours at 40 V followed by 
an overnight non-fat dry milk blocking step at 4°C, extensive 
washing with PBS + 0.1% Tween20, and incubating the 
membrane with the anti-β-galactosidase antibody for 1 hour 
at room temperature. 7e washing steps were repeated and 
the membrane was subsequently incubated with horse rad-
dish peroxidase (HRP) coupled to an antibody raised against 
the anti-β-galactosidase antibody. HRP chemiluminescence 
was then used to detect the fusion proteins containing the β-
galactosidase fragments. Staining speci;c for haem contain-
ing proteins was carried out as described by 7omas et al. 
[22]. For all analyses, equal amounts of total protein (approx. 

20 µg) were consistently loaded on the gels. 

2.8 Miscellaneous Procedures 

Protein concentrations were determined by the Bradford 
assay [23] using the Bio-Rad Protein Assay Solution (Bio-
Rad, Hercules, CA, USA). Image acquisition was carried out 
using so4ware packages Corel® version 9 and Paintshop Pro 
version 5 (Corel, Berkshire, UK). 

3. Results  

3.1 Fe(III)-NTA Reduction Activity of the Insertion Mutants. 

When comparing to S. oneidensis MR-1R, the STC inser-
tion mutant has its Fe(III)-NTA reduction capacity being 
diminished by approximately 40% (Fig. 1). Disrupting the 
omcA, FR, ifcA, mtrD and mtrF genes leads to a slight drop 
in Fe(III)-NTA reduction activity, of approx. 10%. Whereas 
the omcB and cymA mutants still bear some residual reduc-
tion activity (10% of the MR-1R level at most), disrupting 
mtrA and mtrB almost completely abolishes Fe(III)-NTA 
reduction. Figure 1 also shows that when two (o4en modula-
tory) genes are simultaneously interrupted, particularly the 
omcA/omcB, mtrA/mtrD, mtrB/mtrE, mtrB/mtrF and omcB/
mtrF double mutants, no signi;cant levels of reduction ac-
tivities are observed either. Importantly, a ccmE mutant 
(CcmE, SO_0259), which is defective in cytochrome c matu-
ration, also lacks Fe(III)-NTA reduction activity 

3.2 β-Galactosidase-based Bacterial Two-Hybrid Assay 

To assess their protein-protein interaction behaviour, cy-
mA, FR, ifcA, STC, mtrA, mtrB, mtrD, mtrE, mtrF, omcA and 
omcB were all separately cloned both into the pB2HΔα and 
pB2HΔω constructs as described previously [19]. A list of 

 CymA IfcA STC FR MtrA MtrD MtrB MtrE OmcA OmcB MtrF 

CymA +           

IfcA + -          

STC - - -         

FR + + + + + + +        

MtrA + + + + + + + + + +       

MtrD + + + - + + + + + +      

MtrB - - - - + + + -     

MtrE - - - - + - - -    

OmcA - - - - + + + + + + + + -   

OmcB - - - - + + + + + + + + + -  

MtrF - - - - - + + - + - - - 

Table 2. β-Galactosidase based two-hybrid analysis results a 

a  “+” or “+ +” was given when P < 0.05 compared to the NIF set values. “+”, meaning interaction, when NIF ± SEM < value ± SEM < 10 and 
“+ +”, meaning strong interaction, when 10 < value ± SEM 
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these proteins and their as of yet known properties is provid-
ed in Table 1. 

Correct synthesis of the fusion proteins was controlled by 
Western blotting (immunoblot) for those containing MtrB 
and MtrE, and haem staining for those carrying haem-
proteins. Figure 2 shows the expression results for pB2HΔα-
containing fusion proteins. Haem staining reveals successful 
haem attachment for all haem-carrying fusion proteins a4er 
proper translocation to the periplasm (Fig. 2A). 7e immu-
nodetection using anti-β-galactosidase antibodies veri;ed 
that the MtrB- and MtrE-containing chimeras are properly 

synthesized at low, quasi physiological levels when IPTG is 
added to the growth medium (Fig. 2B). 

Our two-hybrid analysis, the results of which are present-
ed schematically in Figure 3, and in a complete though con-
densed form in Table 2, reveals the interaction of the cyto-
plasmic membrane-anchored CymA with itself and with the 
periplasm-located IfcA, FR and MtrA. 7e latter two display 
a strong interaction with CymA, whereas the MtrA-
paralogue MtrD surprisingly yielded no positive signal. 7e 
periplasmic pool, consisting of the multi-haem c-type cyto-
chromes IfcA, STC, FR, MtrA and MtrD, furthermore reveal 
an extensive divergence of interactions, that is, besides IfcA 
interacting with FR, both of these proteins interact strongly 
with MtrA and its paralogue MtrD. In contrast, STC seems 
to be more limited in its interaction behaviour since it only 
interacts with FR and MtrA. Of the periplasmic proteins, FR 
and MtrA both exhibit positive interaction values with all 
other periplasm-directed cytochromes, and with themselves.  
However, given their interaction pro;les with the outer 
membrane localized proteins MtrB, MtrE, OmcA and 
OmcB, apparently only MtrA, and to a lesser extent MtrD, 
are capable of making the link to the membranous protein 
pool. MtrB and its paralogue MtrE were additionally identi-
;ed as to strongly interact with both OmcA and OmcB. Fi-
nally, although not found to form homo-oligomers, a con-
vincingly positive interaction signal was also observed when 
the terminal ferric reductases OmcA and OmcB were co-
expressed. 

3.3 Chemical cross-linking. 

7e membrane fractions of both formaldehyde cross-
linked and non-cross-linked S. oneidensis MR-1R cells were 
applied to SDS-PAGE and visualized by haem-staining. 7e 
gel showed two prominent bands of 80 and 73 kDa (Fig. 4) 
corresponding to OmcA and OmcB, respectively. Addition 
of 1% formaldehyde to undisrupted cells resulted in the ap-
pearance of a new haem band corresponding to a molecular 
weight of approximately 200 kDa, as shown in Figure 4.  
MALDI-TOF mass spectrometric analysis identi;ed the 
cross-linked proteins as OmcA, OmcB and MtrB, which is in 
accordance with the observed molecular weight of the pro-
teins on the haem-stained gel.  

4. Discussion  

7e fundamental importance of cytochromes c in anaero-
bic metal reduction has been recognized for quite some years 
[4, 25, 26] and is here con;rmed through our experiments in 
that a S. oneidensis MR-1 mutant defective in cytochrome c 
maturation (ccmE mutant) does not hold any signi;cant Fe
(III)-NTA reduction activity (Fig. 1). 

7e central position of CymA (Fig. 3), being cytoplasmic 
membrane-anchored and faced to the periplasm, already 
suggests its pivotal role in the electron transfer process. 7is 
is again reAected by the lack of any substantial Fe(III)-NTA 

Figure 1. Fe(III)-NTA reduction assay of the  mutants. Bar represen-
tation of the Fe(III)-NTA reduction activities of the single and dou-
ble insertion mutants applied in this study. Values are presented 
relative to the reduction capacity of S. oneidensis MR-1R, for which 
the level was set at 100%. Error bars indicate the standard error of 
the mean (SEM). 

Figure 2. Controls regarding the proper synthesis of the fusion pro-
teins. A. Western blot using an antibody speci;c for β-
galactosidase, equal amounts of protein were loaded (~20 µg total 
protein). 7e molecular weight marker is indicated at the centre of 
the ;gure. Lane 1, pB2HΔαΩmtrB (193 kDa); Lane 2, 
pB2HΔαΩmtrE (195 kDa). B. Speci;c staining for haem proteins, 
equal amounts of protein were loaded (~20 µg total protein).  7e 
molecular weight marker is indicated at the centre of the haem-
stained gel. Lane 1, pB2HΔαΩcymA (139 kDa); Lane 2, 
pB2HΔαΩSTC (132 kDa); Lane 3, pB2HΔαΩifcA (183 kDa); Lane 
4, pB2HΔαΩFR (181 kDa); Lane 5, pB2HΔαΩmtrA (161 kDa); 
Lane 6, pB2HΔαΩmtrD (158 kDa); Lane 7, pB2HΔαΩmtrF (192 
kDa); Lane 8, pB2HΔαΩomcA (201 kDa); Lane 9, 
pB2HΔαΩomcB (195 kDa). 

A B 
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reduction capacity of the cymA mutant. 7e fact that it inter-
acts with all periplasmic components of the electron 
transport chain, except with STC, is decisive in our conclu-

sion that CymA, apparently as a homo-oligomer, forms the 
crucial link between the menaquinone pool in the cytoplas-
mic membrane and the several periplasmic electron transfer 
proteins, which is in agreement with previous studies 
[14,27]. From CymA onwards, the electron transport chain 
further branches o^ towards three periplasmic electron 
transporters, i.e. IfcA, FR and MtrA (Fig. 3), of which the 
latter seems to take the leading role, given the e^ect of dis-
rupting the mtrA gene on Fe(III)-NTA reduction (Fig. 1).  
7e redundancy of IfcA and FR in the electron transfer cas-
cade is reAected by i) the minor decrease in Fe(III)-NTA 
reduction activity that is observed when disrupting the re-
spective genes (Fig. 1), and ii) the fact that both IfcA and FR 
interact with each other and, more importantly, with MtrA 
(and its paralogue MtrD). 7is indicates that a4er the bifur-
cation,  the electron transport chain again congregates at 
some point, more particularly, at the key component MtrA, 
as was also proposed by Coursolle and Gralnick [14].   

In Shewanella frigidimarina the iron-induced Aavocyto-
chrome c3 is coded by the IfcA gene, and although it displays 
fumarate reductase activity it is only induced when S. frigidi-
marina is grown on soluble Fe(III) [15]. Since IfcA might 
behave similarly in S. oneidensis MR-1, its redundancy in the 
electron transport chain seems plausible. Previous reports 
that Ifc3 forms dimmers in the psychrophilic S. frigidimarina 
[14] cannot be supported by our study of the S. oneidensis 
MR-1 IfcA.   

Besides its previously reported [17] and in the present 
study con;rmed interaction with CymA, the soluble 
fumarate reductase (FR) is one of two periplasmic proteins 
(the other being MtrA) that interacts with the small tetra-
haem cytochrome c (STC), indicating yet another point 
where the electron transfer cascade splits up. 7is non-
central position of STC, together with the limited e^ect in Fe
(III)-NTA reduction observed from the STC S. oneidensis 
MR-1 mutant strain, makes us deduce that STC plays a sec-
ondary role in anaerobic metal respiration. 

From the results given in Table 2 it is clear that MtrA, and 
to a lesser extent its paralogue MtrD, functions as the central 
electron courier in the periplasm, possibly as a homo-
oligomer and as part of a greater outer membrane-associated 
complex, thus corroborating the observations made by Ross 
et al. [27,28]. 7is, together with the total loss of Fe(III)-
NTA reduction activity in the mtrA mutant (but not in the 
mtrD mutant), is in contrast to earlier reports which stated 
that membrane fractions of a mtrA deletion mutant were still 
able to reduce Fe(III)-oxides [2].   

Making a bridge from the periplasm to the outer 
membrane, we ;nd MtrA again playing a decisive role in 
that it clearly interacts with the outer membrane situated β-
barrel porin MtrB. 7ese ;ndings are in line with those of 
Ross et al. [28] and Hartshorne et al.[9], the latter of whom 
attribute a sheath-like role to MtrB, enabling it to transfer 
electrons from the periplasmic MtrA to the outer membrane
-situated MtrC (= OmcB).  Besides such crucial task and the 
fact that it serves as a component responsible for anchoring 

Figure 4.  Heme-stain a1er the formaldehyde cross-linking experi-
ment. Total membrane fractions originating from non-cross-
linked S. oneidensis MR-1R cells (Lane 1), and formaldehyde cross
-linked cells (Lane 2). Black arrows specify the positions of OmcA 
and OmcB, whereas the red arrow indicates the cross-linked high-
molecular weight species observed only in Lane 2.  7e molecular 
weight marker is indicated on the right in units of kDa. 

Figure 3.  Model for the metal reduction mechanism by S. oneidensis 
MR-1. 7e arrows indicate the possible routes of electron transfer 
starting from the cytoplasm, via the cytoplasmic membrane, 
periplasm and outer membrane, and ending at the reduction of the 
targetted metal species. See text for further details. 
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or orienting proteins in/to the outer membrane [10], 
chances that MtrB and MtrE would serve as an electron 
transporter are inexistent, since they carry no haem or any 
other redox-active moieties. 7e presence or absence of 
MtrB thus indirectly a^ects the ability of S. oneidensis 
reducing certain electron acceptors, a statement that is 
corroborated by the results of our Fe(III)-NTA reduction 
assays with the mtrB mutant (Fig. 1). Surprisingly, the mtrE 
mutation merely caused a ~10% drop in Fe(III)-NTA 
reduction activity. Apart from MtrA and MtrB interacting, 
both proteins, and their paralogues MtrD and MtrE, 
displayed a positive interaction signal with both outer 
membrane localized decahaem cytochromes c OmcA and 
MtrC (= OmcB), and the MtrC paralogue MtrF. Also hinted 
at other studies [9,28], these results strengthen the theory 
that MtrA, MtrB, OmcA and MtrC might form a multi-
component complex that would be responsible for metal 
reduction. It should be noted at this point that, using the 
techniques that we applied ,no assumptions can be made 
concerning the stability of these interactions, since electron 
transfer only requires transient interactions (approx. 10-9 s).  
Nevertheless, from our two-hybrid and cross-linking 
experiments we can deduce that the two outer-membrane 
decahaem cytochromes c OmcA and MtrC interact and very 
likely form a stable complex, as was previously also 
suggested by Shi et al. [29]. Our results support their 
suggestion that OmcA and MtrC interact in a 2:1 ratio.  

Even though the results of our two-hybrid analyses suggest 
that MtrD, MtrE and MtrF play signi;cant roles in the 
electron transport chain, the Fe(III)-NTA reduction assays 
refute this conclusion, since inactivating the respective genes 
brings the reduction activities down by only approximately 
10% (Fig. 1). However, this seems logical, since their 
paralogues MtrA, MtrB and MtrC, respectively, are still 
present and take over their roles; a feature referred t as  the 
‘modularity’ by Coursolle and Gralnick [14]. 7e lack of 
reduction activity in the mtrA, mtrB and omcB mutants, in 
contrast, may ;nd its origin in the low or non-expression of 
their respective paralogues. 

5. Concluding Remarks  

In conclusion, we have shown that our bacterial two-
hybrid system is a powerful tool in protein-protein interac-
tion studies. As the case of S. oneidensis MR-1 exempli;es, 
anaerobic metal reduction was found to require cytoplasmic 
membrane, periplasmic and outer membrane components, 
the most important of which being CymA, MtrA and OmcA, 
MtrC and MtrB, respectively. It has previously been shown 
that OmcA and OmcB both function as terminal ferric re-
ductases, the latter (MtrC) being the principal enzyme (Fig. 
1) [11]. We believe therefore that the electron transport 
chain ends at the OmcA/MtrC complex, accompanied by 
MtrA and MtrB, and that the ultimate step in metal reduc-
tion is the transfer of electrons to the targetted metal species, 
as is depicted in Figure 3. 
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Plant lectins are a class of proteins, non-immune in origin, 
which show a very speci-c interaction with carbohydrates. 
Di1erent lectins bind with speci-c carbohydrate-containing 
compounds (e.g. polysaccharides, glycoproteins, and glycoli-
pids), which can be free or bound in cell membranes. 
Another key characteristic of lectins is their ability to 
agglutinate erythrocytes, which provides an unambiguous 
indicator of their presence. Plant lectins have many func-
tions  including growth regulation, carbohydrate transport, 
and plant defence through interaction with microorganisms 
as well as insect and mammalian predators [1-3]. Addition-
ally, lectins are involved in the detection of nitrogen--xing 
bacteria on root surfaces, and the transport of hormones and 

glycoproteins in plants [3, 4]. ;ese properties make lectins 
particularly interesting in the context of crop protection, as 
biological control of pests and diseases. Lectin genes have 
been inserted into transgenic plants to initiate production of 
a desired lectin in large quantities, thereby inducing the 
plant resistance against insect, nematode or mammalian 
pests [2, 5, 6].    

Historically, research on plant lectins has been concentrat-
ed in those found in the dry seeds of leguminous plant 
species. However, lectins have been shown to be present in a 
variety of plant tissues spanning a wide range of taxonomic 
groups [1-3]. Investigations into the structure and biochemi-
cal properties have identi-ed and classi-ed lectins from a 
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Abstract 

1. Introduction 

Lectin are proteins which play an important role in the defence mechanisms of plants against the attack of microorganisms and insects: this 
role has provoked particular interest in the -elds of biotechnology and agriculture. ;is paper describes the extraction and puri-cation of the 
lectin found in tubers of the winter aconite (Eranthis hyemalis), with the aim of improving and modernising the existing extraction protocol. 
;e Eranthis hyemalis lectin (EHL) is a member of the type-2 Ribosome Inactivating Proteins (RIP) family, proteins which have the ability to 
inhibit in vitro protein synthesis. RIPs have been linked to plant defence by their antiviral, antifungal and insecticidal properties, and some 
have been found to be potent inhibitors of the Human Immunode-ciency Virus-1 (HIV-1) virus. EHL was puri-ed using aQnity column 
chromatography and ammonium sulphate precipitation; thiourea was used as antioxidant in order to prevent EHL denaturing during the 
extraction process. ;e presence of EHL in the extract was veri-ed using a blood agglutination test with rabbit erythrocytes. Sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis was employed to determine the lectin size; EHL was found to be formed of 
two chains with molecular weights of approximately 31 kDa; the size of the whole protein was estimated as approximately 60 kDa. ;e con-
centration of the EHL in the post-column eluent, determined using the Bradford Assay, was 380.1 μg.cm-3. ;is improved extraction protocol 
is the -rst step which will enable future research on the potential use of EHL in crop protection, by studying its insecticidal, fungicidal and 
bactericidal properties.  

Keywords: Lectin, Ribosome Inactivating Proteins, AQnity chromatography, SDS-PAGE. 
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variety of plant species including Canavalia gladiata 
(swordbean) [7], Viscum album coloratum (mistletoe) [8], 
Pisum sativum (pea) [9], Arum maculatum L. [10] and 
Eranthis hyemalis (winter aconite) [11-14].  

;e lectin on which this study is focused is found in the 
tubers of winter aconite (Eranthis hyemalis), the -rst mem-
ber of the Ranunculaceae family known to contain a lectin 
[11]. ;e Eranthis hyemalis lectin (EHL) makes up around 
3% of the whole soluble protein content of the tubers; EHL is 
speci-c to N-acetyl-galactoseamine and blood group O 
eryrthrocytes [11]. EHL has been shown to have pesticidal 
activity against Diabrotica undecimpunctata howardii, a 
major insect pest of maize crops [12, 14].  

Kumar, et al, [12] have identi-ed EHL as a type-2 Ribo-
some Inactivating Protein (RIP), a class of proteins which 
are highly cytotoxic to eukaryotic organisms [15]. Type-2 
RIP lectins provide plants with a defence mechanism against 
both vertebrate and invertebrate pests, and have also been 
found to have an inhibitory e1ect on plant viruses [12]. 
Other plant species containing RIP type-2 lectins include Iris 
hollandica (Dutch iris) [16] and V. album coloratum [8]. 
Another well know member of this group is the potent 
cytotoxic agent ricin, extracted from castor beans [12]. RIPs 
are formed by two polypeptide chains, a cytotoxic A chain 
and a carbohydrate-binding B chain. Binding of the B chain 
to a glycoconjugate on a cell surface mediates the entry of 
the cytotoxic A chain, which inactivates ribosomes. For EHL, 
initial studies suggest that the size of the A chain is between 
28 and 30 kDa, the size of the B chain is 30 to 32 kDa, and 
the size of the whole lectin is between 55 and 62 kDa [11, 
12]. 

Type-2 RIP lectins have been shown to have an inhibitory 
e1ect on viruses [12, 17], which has sparked considerable 
interest in thee -elds of medicine and pharmacology. 
Various plant lectins have been demonstrated to be useful in 
the diagnosis and treatment of human diseases such as 
Human Immunode-ciency Virus-1 (HIV-1); for example, 
the plant lectin jacalin can e1ectively block HIV-1 in vitro 
infection of lymphoid cells [17]. Lectins have also been used 
as diagnostic and therapeutic tools for cancer treatment [18]. 
Lectins from species such as mistletoe have a higher aQnity 
to glycoconjugates found on the surface of tumour cells than 
those present on the surface of healthy cells; this anti-
tumoral activity, demonstrated in-vitro, in-vivo and in 
human case studies, has been applied in cancer treatment in 
conjunction with conventional radiotherapy and chemother-
apy [19, 20]. Lectins have also been studied as potential 
biomarkers for the early detection of pancreatic cancer, by 
detecting unique glycosylation patterns of proteins in the 
patient’s serum [21]. 

Any potential applications of EHL in medicine, pharma-
cology or pest control rely heavily on the determination of 
the lectin’s structure. Previous research groups were only 
partially successful, and so far only part of the amino acid 
sequence of the A chain has been determined [12]. Since 
puri-cation is a crucial stage when aiming for crystals used 

for structural analysis of any protein, improvements of the 
extraction protocol is a -rst vital step towards obtaining a 
suitable crystal for such structural analysis. Preliminary work 
carried out by our research group was successful in isolating 
EHL [22]. However, the yield obtained was very low, only 37 
µg.cm-3. Moreover, a brown deposit remained in the chro-
matography column aXer elution. ;is residue was attribut-
ed to the oxidation of phenols in the tissue by phenoloxidas-
es, a problem oXen associated with the extraction of proteins 
and organelles from plant tissues. Phenols are oxidised to 
quinones which covalently bind to proteins, modifying 
structure and function; this reaction can be inhibited by the 
use of a phenoloxidase inhibitor [23]. ;iourea has been 
proposed as the most appropriate phenoloxidase inhibitor 
for the extraction of biologically active protein from phenol-
rich plant tissues inhibitor [23].  

Herein we present the revised extraction and puri-cation 
of EHL using aQnity column chromatography; thiourea was 
used as an antioxidant in order to prevent the lectin denatur-
ing during the extraction process. ;e presence of EHL was 
determined by agglutination assays, using rabbit erythro-
cytes, since agglutination of red blood cells is a characteristic 
associated with lectins which provides an unambiguous 
indicator of lectin presence. Concentration of the extracted 
EHL was determined using a Bradford assay. SDS-PAGE 
(sodium dodecyl sulphate polyacrylamide gel electrophore-
sis) analysis was used to determine the size of the isolated 
lectin. 

2. Materials and methods 

2.1 Isolation and Puri�cation of EHL 

For the extraction and puri-cation of the lectin from the 
winter aconite tubers the protocol described by Kumar et al. 
[12] was modi-ed as follows. Tubers of the winter aconite 
(Eranthis hyemalis), purchased from MAS Seeds Ltd, were 
cleaned and peeled in an ice-bath before being -nely diced. 
40 g of the E. hyemalis tubers were homogenized in 500ml of 
0.2 M sodium chloride solution (pH 5) containing 5 mM 
thiourea. ;e homogenized extract was allowed to settle for 
30 minutes at 4°C, aXer which the supernatant was extracted 
and stored at 4°C. ;e remaining slurry was thoroughly 
resuspended in a further 500ml of 0.2 M sodium chloride 
solution with thiourea and allowed to settle for 30 minutes at 
4°C; the supernatant was extracted again, added to the 
previous supernatant extraction, and stored at 4°C. ;e 
combined supernatant fractions were centrifuged at 14000 
rpm at 4°C for 20 minutes. ;e fat layer was removed and 
discarded and the pH of the extractions was adjusted to 9 
using 2M sodium hydroxide before being centrifuged again 
under the same conditions. ;e fat layer was again removed 
and the pH readjusted to pH 9. ;e extract was then -ltered 
through 3MM Whatman chromatography paper. 

Approximately 300ml of the raw extract was pumped 
through a CNBr-activated Sepharose aQnity column (GE 
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Healthcare) coupled with fetuin from fetal calf serum (Sigma 
Aldrich). ;e column containing the bound lectin was 
washed with 150 mM phosphate-bu1ered saline solution 
(PBS), pH 7.2, to remove any unbound protein. ;e column 
bound EHL was then eluted with 30 ml of 20 mM dia-
minopropanol (DAP). ;e presence of lectin in the eluent 
was determined using a UV path monitor  at λ 280 nm 
(Unicam 5625 UV/VIS Spectrometer). ;e eluent was 
neutralised with 9.5ml of 1M Tris-HCl.  

2.2. SDS-PAGE analysis 

Two samples of the post-column eluent were run on 15% 
Tris-HCl gels in a Mini-PROTEAN 3 electrophoresis 
module for 40 minutes at 200V. Both samples were incubat-
ed at room temperature for 5 minutes. One sample was used 
to determine the size of the lectin. ;e other sample was 
incubated at 95°C before the electrophoresis run, in order to 
denature EHL and determine the size of the constituent 
polypeptide chains. ;e SDS-PAGE gels were stained with 
Coomassie Brilliant Blue for one hour and de-stained with 
molecular biology grade water for 24 hours. 

2.3. Agglutination test and Bradford assay 

;e presence of lectin in the post-column eluent was 
con-rmed by mixing 0.05 cm3  of de-brinated rabbit blood 
with 0.05 cm3 of column eluent on a welled microscope slide. 
A control sample was prepared by mixing 0.05 cm3 of 150 
mM PBS with 0.05 cm3 of de-brinated rabbit blood. Aggluti-
nation, assessed under both a high-power and low-power 
microscope, was also visible to the naked eye. 

;e concentration of EHL in the column eluent was 
determined using the pre-programmed Bradford Assay 
method on a ;ermo Scienti-c BioMate 3 UV-Vis Spectro-
photometer. Standard protein solutions where prepared 
using 0.1, 0.2, 0.3, 0.4 and 0.5 mg.cm-3 bovine serum albumin 
(BSA); absorption readings of these solutions at 595 nm were 
used to prepare a calibration curve. ;e absorption reading 
of a sample of post-column eluent was interpolated in the 
calibration curve in order to determine the concentration of 
EHL. 

3. Results and discussion 

Results suggest that EHL was successfully extracted and 
puri-ed from the tubers of  winter aconite. ;e sharp peak at 
λ=280 nm in the UV path monitor indicates the presence of 
protein in the post column eluent. Since the chromatography 
column is packed with fetuin, which shows a strong aQnity 
for lectin proteins, any protein detected in the post-column 
eluent can be assumed to be lectin. ;e presence of lectin in 
the post-column eluent is also supported by the results of the 
agglutination test (see Figure 1). Agglutination of rabbit O-
erythrocytes, visible even without the aid of a microscope, 
was observed in the assay containing the post-column 

eluent. Agglutination of rabbit O-erythrocytes in the control 
assay was not observed. 

Furthermore, the results from the SDS-PAGE analysis 
con-rm that EHL was successfully extracted from the plant 
tubers, and corroborate that EHL is a dimeric lectin com-
posed of two polypeptide chains of similar sizes. ;e size of 
the unreduced EHL was estimated as approximately 60 kDa. 
Incubation of the gel at 95°C before analysis produced the 
breakage of EHL into two chains of approximately 31 kDa in 
size (see Figure 2). ;ese results are consistent with reported 
literature values [11, 12]. 

;e concentration of EHL in the post-column eluent was 
measured using the Bradford assay. From the absorbance of 
the lectin eluent and those of the BSA standards, the concen-
tration of EHL was determined as 380.1 μg.cm-3. Preliminary 
work carried out by our research group [22], although 
successful in isolating EHL, produced a yield of only 37 
µg.cm-3. ;e low yield was attributed to protein oxidation 
during the extraction process, evidence of which was a 

brown deposit remaining in the chromatography column 
aXer elution. ;e use of thiourea as an antioxidant eliminat-
ed the presence of this brown residue in the aQnity column. 
;is suggests that the residue was, as suspected, the result of 
oxidisation processes which resulted in the denaturing of the 
lectin protein. Beside the use of thiourea as antioxidant, 
additional measures taken in order to maintain the integrity 
of the EHL included ensuring that the sample was constantly 
maintained at approximately 4°C. ;ese precautions could 
explain the signi-cant improvement observed in the concen-
tration of EHL in the post-column eluent. 

Variations from the original method published by Kumar 
et al [12] include the use of PBS as bu1er solution. Moreo-
ver, the original paper used two columns for the separation, 
one containing asialofetuin immobilised on agarose, fol-
lowed by a  Sepharose Q Fast ]ow anion exchange column. 
;ese have now been replaced with a single column step, 
using Fetuin bound to a Sepharose 4B column. Furthermore, 
tetraborate (used in the original paper) has been replaced by 
DAP, as the latter has been found to be more e1ective in 
eluting the lectin from the column, hereby reducing the 
volume of desorbant needed. 

Figure 1. Blood smear (leX) exhibits agglutination in the presence 
of the extracted EHL. Blood smear (right) exhibits even distribu-
tion of erythrocytes in the presence of the phosphate bu1ered sa-
line (PBS) control; no agglutination is present (magni-cation 
x100). 
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4. Conclusion 

;e lectin protein found in tubers of winter aconite 
(Eranthis hyemalis) has been successfully extracted and 
characterised. EHL was puri-ed using aQnity column 
chromatography and ammonium sulphate precipitation; 
thiourea was used as an antioxidant in order to prevent the 
lectin denaturing during the extraction process. ;e success 
of the extraction protocol was veri-ed using a blood aggluti-
nation test with rabbit erythrocytes. Using SDS-PAGE 
analysis, the size of the unreduced  EHL was established as 
approximately 60 kDa; furthermore, EHL was determined to 
be formed of two non-identical chains with molecular 
weights of approximately 31 kDa. ;e concentration of the 
EHL in the post-column eluent, determined using the 
Bradford Assay, was 380.1 μg.cm-3. ;is is an order of 
magnitude improvement over our previous work, and 
enables us to undertake in-depth study of e1ect of the lectin 
on various plant pathogens and pests, and thus to determine 
its potential crop protection applications. 
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Figure 2. SDS-PAGE results for the gel incubated at 95°C before 
the electrophoresis run, in order to denature EHL. ;e gel shows 
the standard Kaleidoscopic marker (leX hand side column) and 
EHL post-column eluent (three columns on the right). All EHL 
bands show two strands at approximately 31 kDa, corresponding 
to the reduced lectin. 
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Factors a�ecting indoor air quality are of increasing con-
cern because, in industrialized societies, people spend up to 
80% of their lifetime indoors [1]. 4ere they are exposed to 
various factors including a large variety of chemical sub-
stances and allergens from di�erent sources. Beside the 
house dust allergens, consisting mostly of house dust mite 
allergens, moulds are a dominant source of allergenic sub-
stances [1]. Among them there are species which occur pre-
dominantly in the outdoor environment but enter house-
holds by ventilation like species of Cladosporium and Alter-
naria. 4ese typical outdoor fungi o:en grow on rotting 
plant material with a seasonal peak in summer [2]. 

In temperate areas construction and leakage problems or 
poor ventilation can result in increased dampness indoors 
promoting mould growth on organic material. 4e fungal 
pro;le in houses with dampness and mould problems is 
shi:ing to species of Penicillium and Aspergillus, such as 
Penicillium chrysogenum, P.expansum and Aspergillus versi-
color  with higher spore concentration in winter [3, 4]. 

In recent years the health risk of living in damp and 
mouldy environment was analysed in numerous studies. 
Mould exposure was identi;ed as risk factor for various res-
piratory diseases, allergic symptoms and non speci;c symp-
toms like headache, eye and skin irritation [1, 5, 6]. Especial-
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Abstract 

1. Introduction 

Background: 4e common indoor mould Penicillium chrysogenum is reported to be associated with respiratory diseases and allergic asthma. 
Beside the already known speci;c allergens stemming from mixtures of hyphae and spores the question was which allergens are speci;cally 
abundant in the airborne spores. 
Methods: Serum samples of 50 patients with allergic symptoms were screened for a positive reaction with spore proteins using 1D immunob-
lotting. 4e sera of 10 patients with di�erent immunopositive patterns in the 1D blots were selected for 2D westernblotting and IgE reactive 
proteins were identi;ed by mass spectrometry.  
Results: 29 proteins speci;cally interacting with IgE from sera were indenti;ed. 5 of them showed a frequency higher than 50% and were 
identi;ed as Glyceraldehydes-3-phosphate dehydrogenase, Catalase A, delta-1-pyrroline-5-carboxylate dehydrogenase, glucose-6-phosphate 
isomerase and transaldolase. 4e vacuolar serine protease, known as the major allergen Pen ch 18, was identi;ed in 3 cases.  
Conclusions: Beside the con;rmation of known allergens like Pen ch 18, new spore speci;c IgE binding potential allergens were identi;ed. 
4e di�erentiation into hyphae and spore speci;c allergens might be helpful for a more speci;ed diagnosis and to di�erentiate the source of 
exposure leading to sensitization.  

Keywords: Fungi allergens; Penicillium chrysogenum; SDS Page. 
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ly, exposure with Penicillium spores is associated with asth-
ma attacks and wheezing [7, 8].  

4e extraction of proteins was performed in earlier studies 
from complete fungal mycelium, consisting mostly out of 
hyphae and containing only a minor fraction of spores. 4e 
spores of P. chrysogenum are relative small with 2.6 µm as 
the average aero-dynamic diameter [9] resulting in a higher 
tendency to become airborne. 4is is in particular true in 
comparison to fungal hyphae, which are ;rst most o:en at-
tached to the substrate and second are much larger and 
therefore more prone to end up in the house dust rather 
than becoming airborne. Since the most direct contact of 
patients occurs via the airborne spores rather than by myce-
lium we investigated the IgE reactive proteins out of extracts 
from spores from P. chrysogenum.  

From P. chrysogenum there are so far seven allergens de-
scribed in the Allergome database [10]. 4e list includes the 
following allergens: Pen ch 13 (Subtilisin like serin protease; 
Uniprot:Q9URR2), Pen ch 18 (Vacuolar serine protease, 
Uniprot:Q9P8G3), Pen ch20 (N-Acetyl Glucosamidase; Uni-
prot:Q02352), Pen ch 31 (Calreticulin; Uniprot:Q2TL59), 
Pen ch 33 (an uncharacterized 16 kDa protein; Uniprot: 
B0L0W9), Pen ch 35 (Transaldolase) and Pen ch MnSOD 
(Mangan Superoxide Dismutase; Uniprot: B6H9W9). 4e 
best characterized allergen, the serine protease from the sub-
tilisin-type [11] is described as Pen ch 13 [12]. 4e induction 
of airway inYammation is associated with changes in junc-
tional structure alterations resulting in increased permeabil-
ity [13]. Another serine protease, the vacuolar serine prote-
ase (Pen ch 18) [14] is described as allergen from P. chryso-
genum [15] and also from several other fungi [16-18]. 
Among the di�erent serine proteases there occurs a relative 
high amount of cross-reactivity of IgE antibodies [19]. 4e 
Pen ch 20 allergen, the N-acetyl glucosamidase [20] is in-
volved in the modi;cation of sugars, relevant for building 
the chitin layer of the fungal cell wall. Calreticulin (Pen ch 
31) is a chaperone and as such of relative high abundance. A 
rather meager characterization is available for Pen ch 33, 
which was identi;ed once and for which only the open read-
ing frame without even an supposed function is known. In a 
recent study transaldolases, listed as Pen ch 35 were de-
scribed as a family of cross-reacting allergens in C. 
cladosporioides and P. chrysogenum [21].  

Mold spores can be associated with Type I – IV allergies, 
but the type I is the most prevalent [22]. Allergic rhinitis, 
allergic asthma and conjunctivitis are all symptoms of Type I 
allergies, which are caused by the interaction between IgE 
antibodies and the allergens [23]. 4e classical way to ;nd 
new allergens is to blot protein extracts, probe with sera 
from a�ected patients and detect the interaction between 
IgEs and potential allergens by an IgE speci;c antibody. 4is 
works especially well, when the proteins from a crude mix-
ture are separated to near homogeneity into spots by 2D-gel 
electrophoresis [24-26]. 

By this approach sera from 50 patients with symptoms of 
atopic diseases were screened by 1D gel IgE-immunoblotting 

and the patients with the strongest signals were selected for 
2D-gel IgE immunoblotting. Among the identi;ed IgE-
binding proteins were well known allergens from P. chryso-
genum and some so far not described putative allergens. 4e 
identi;ed proteins were analysed in terms of their frequen-
cies in order to obtain a semi-quantitative ranking of their 
importance and to allow a comparison between the spore 
speci;c allergen spectra from the one described for extracts 
obtained from hyphae or mixtures of hyphae and spores. 

2. Material and Methods 

Serum samples 

Serum samples of 50 patients were randomly selected from 
a population of patients with allergy diagnoses. 4e samples 
were taken from a blood repository, more speci;cally from 
33 women and 17 men, which age ranged between 12 and 73 
years, with a mean of 46.2 years. 4ese patients were diag-
nosed for di�erent allergic diseases at the Medical Depart-
ment for Dermatology and Allergology at the University of 
Leipzig. (urticaria/angioedema n=16, adverse drug reactions 
n=14, contact allergy n=5, anaphylaxis n=3, atopic eczema 
n=3, mastocytosis n=2, food allergy n=2, others n=5).  

Cultivation of P. chrysogenum and preparation of spore ex-
tract  

P. chrysogenum was cultivated for 21 days at 20°C in plas-
tic Yasks for cell culture containing dicloran-glycerol agar 
with chloramphenicol (DG 18, Oxoid, Wesel, Germany). 4e 
DG 18 agar reduces the growth mycelium and boosts the 
development of the spores [27]. 4e cultivated strain belongs 
to the Centre of Environmental Research (UFZ), Leipzig, 
Germany. 4e produced spores were collected from surfaces 
of the cultures and suspended in a solution of 3 mM chlo-
ramphenicol and 1 mM phenylmethylsulfonylYuoride 
(PMSF) in 50 mM Tris/HCl (pH 7.5). 4is suspension was 
centrifuged at 15,000 g at 4°C for 30 min. 4e pellet was re-
suspended in a solution of 3 mM chloramphenicol in 20 mM 
Tris/HCl (pH 7.5). 4e spores in this suspension were disin-
tegrated using a bead mill (Retsch GmbH, Haan, Germany). 
4e disintegration was conducted at 4°C for 1.5 h, adding 1 
to 1.5 mg glass beads (d=0.75 to 1 mm) per 1 ml of suspen-
sion. 4e suspension resulted from the disintegration pro-
cess was twice centrifuged  at 16,000 g  for 20 min at 4°C and 
the supernatant was frozen at -20°C. 4e protein concentra-
tion in this supernatant was determined using the DC Bio-
Rad Protein Assay, (Bio-Rad Deutschland, Munich) which 
derives from the method of Lowry [28]. 

1D SDS-PAGE, 2D electrophoresis and Immunoblotting 

A discontinuous SDS-Page with two di�erent acrylamide 
concentrations was used for more precise bands. A 12% re-
solving gel (12%, 0.05% APS- 0.1% SDS, 0.075% TEMED, 
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0.375 Tris-HCl) and a 4% stacking gel which contains in 
contrast to the resolving gel 4% Acrylamide-Bisacrylamide 
and 0.125 M Tris-Cl (pH8.8) were produced. 

A solution of 20% ice-cold TCA was used to precipitate 50 
µg proteins a:er incubation for 4 h and the pellets were 
washed twice with 100% ice-cold acetone. 4e obtained pel-
let was dissolved in 10 µL sample bu�er (Bromophenol Blue 
0.1% (w/v), 5% 2-mercaptoethanol, 10% Glycerol, 2% SDS, 
125 mM Tris-Cl), heated for 5 min at 60°C and applied to 
the gel.  

For 2D-gel electrophoresis, 500 µg protein were puri;ed 
by phenol extraction with subsequent solvent precipitation 
and washing steps as described earlier 29. 4e resulting pro-
tein pellets were dried at ambient temperature and dissolved 
in 135 µl of DeStreak rehydration solution with 0.5% IPG 
(immobilized pH gradient) pH 3–10 non-linear (NL) bu�er 
(v/v) (GE Healthcare, Uppsala, Sweden). 4e electrophoresis 
was performed as described earlier 30. Gels were stained by 
Coomassie Brilliant Blue G-250 (CBB) staining (Roth, Kas-
sel, Germany). 

A second gel, which was handled parallel with the same 
procedure, was used for immuno-Blotting. 4e proteins 
were transferred by electroblotting to a nitrocellulose mem-
brane with pores of 0.2 µm, (Schleicher & Schuell, Dassel, 
Germany) using a Western Blot chamber as described previ-
ously [31]. In brief the chamber XCell II Blot Module 
(Invitrogen, Karlsruhe, Germany) and 10 mM CAPS bu�er 
(10 mM CAPS- N-cyclohexyl-3-aminopropanesulfonic acid, 
10% (v/v) Methanol (pH 11) were used. A current of 1.5 
mA/cm2 was applied for 90 min at ambient temperature. 4e 
blotting e`ciency was checked by reversible PonceauS stain-
ing (0.2% PonceauS in 3% TCA). 

For immunological detection, the membranes were 
washed with distillate water and blocked with 3% BSA in 
TBS (20 mM Tris, 500 mM NaCl, pH 7.5) overnight, and 
incubated with or without the serum samples that were di-
luted 1:40 in antibody bu�er (TBS with 0.05% Tween 20 and 
1% BSA) for 120 min at ambient temperature. A:erwards, 
the membranes were washed twice with TTBS (0.05% Tween 
20 in TBS) for 10 minutes each and incubated with goat anti-
human IgE secondary antibody conjugated with alkaline 
phosphatase (Sigma-Aldrich, Germany) in a dilution of 
1:2000. A:er incubation for 2 h, the membranes were 
washed twice with TTBS and once with TBS. 4e chemilu-
minescence emitted was detected with the AP Conjugate Kit 
(Bio-Rad, Geisenhofen, Germany).  

Protein identi%cation by mass spectrometry 

Protein spots that react positively with the serum samples 
were cut from polyacrylamide gels and digested overnight 
with trypsin (Sigma-Aldrich, Geisenhofen, Germany) as 
described previously [32]. 4e resulting peptides were elut-
ed, concentrated by vacuum centrifugation and therea:er 
separated by RP nano-LC 1100 series (Agilent Technologies, 
Paolo Alto, USA), with an analytical column Zorbax 300SB-

C18, 3.5 µm, 150 x 0.075 mm, linear gradient with 0-60% 
acetonitrile (ACN) in 35 min, using solvent A (97% 
water/3% ACN/0.1% formic acid) and solvent B (97% AC-
N/3% water/0.1% formic acid). 4e peptides were identi;ed 
by on-line MS/MS (LC/MSD TRAP XCT mass spectrometer, 
Agilent Technologies), 4e peptide identi;cations were 
achieved by comparisons with the NCBInr database, 
20090310, all fungal entries, using Mascot in-house version 
2.2.1 (Matrix Science, London, UK) with subsequent param-
eters: trpysin digestion, up to one missed cleavage, ;xed 
modi;cations: carbamidomethyl (C) and with the following 
variable modi;cations: methionine oxidation and carbami-
domethylation of cysteines, peptide tol.: ± 1.2 Da, MS/MS 
tol.: ± 0.6 Da and peptide charge: +1, +2 and +3. 4e amino 
acid sequences were compared for similarity with known 
proteins using the Allergome database with the algorithm 
Basic Local Alignment Search Tool protein (BLASTP) under 
the standard parameters BLOSUM62. 

3. Results 

All 50 sera were tested for a reaction with P. chrysogenum 
and additionally with A. versicolor in 1D blots. A set of 10 
sera which were tested also in 2D gels, are presented in ;gure 
1. For control we also incubated a blot without serum and 
solely with the secondary antibody. 4e result (lower right 
panel in Figure 1) indicate very weak bands for A at ~26 kDa 
and 32 kDa and for lane B at ~28 kDa and ~35 kDa. Since we 
used standardized conditions in terms of the amount of pro-
tein and serum and also for western blotting we are con-
vinced that the background is very low and does not inYu-
ence the signal intensity of the samples in a signi;cant way. 
4e sera showed a variety of IgE positive bands, for 
A.versicolor as well as for P.chrysogenum. Serum 12, 23, 29, 
34, 36 and 47 are examples for a strong immune reactivity to 
both investigated spore extracts in terms of detected bands 
and staining intensity. It is remarkable that most sera exhib-
ited di�erent patterns in their reactivity. A dominant band 
for P.chrysogenum with an apparent molecular weight of 35 
kDa was found in nearly all sera. A second band with a mo-
lecular weight approximately 55 kDa was also frequently 
detected.   

From the 50 sera screened by 1D blots, 10 strongly react-
ing sera, which showed a variety of positive bands, were se-
lected for detecting and identi;cation of proteins in 2D 
blots.  

A:er incubating 2D blots of extract from P.chrysogenum 
spores with patient sera, IgE-reacting spots were detected 
and in order to align the spots on the membrane with spots 
in the gel, the membranes were stained by Ponceau S and the 
resulting spot patterns on membranes and gels were aligned 
by the 2D-analysis so:ware DECODON. 4ree representa-
tive examples are shown in Figure 2. 4e signals show detec-
tion of several groups of spots that resemble a pearl-chain 
appearance. 4ere are spots at di�erent molecular weight, 
also several at the apparent molecular weight of 35 kDa as 
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already seen in 1D blot analysis and at di�erent pI. 4e hori-
zontal pearl chain points to pI e�ective modi;cations or 
isoforms of one protein.  

For identi;cation of the immunoreactive proteins, a mas-
ter gel was prepared and stained with Coomassie, shown in 
;gure 3. All proteins spots, which reacted with one or more 
of the analyzed sera, were marked and the gels were aligned 
to the mastergel by DECODON. Coomassie stained spots 
corresponding to immune reactive spots were cut and pro-
teins contained within were identi;ed by mass spectrometry. 
4e list of all detected allergens with decreasing frequency is 
given in table 1. All spots yielded unambiguous identi;ca-
tions and no spot revealed second hits, underlining the qual-
ity of the achieved resolution on the gel. 

4e immunoreactive spots were ranked according to their 
frequency within the tested 10 patients and the highest fre-
quency (6/10) was found for Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). A second group with a frequency 
of 5/10 included Catalase, 1-pyrroline-5-
carboxylate dehydrogenase, Glucose-6-phosphate isomerise 
and Transaldolase. Pc21g01220 from the oxidoreductase 
family and fumarate hydratase were identi;ed 4 times, a pro-
tein from the aldehyd-dehydrogenase family and hydralase 3 
times in 10 sera. Pen ch 18, a vacuolar serine protease which 
is known as allergen from P.chrysogenum, was found also 3 
times. We identi;ed 18 more proteins which showed an im-
mune reaction with human sera (Table 1). 

4. Discussion 

4e advancement of this study compared to other quests 
to identify allergens of P. chrysogenum lies in the focus on 

extracts from spores. 4is allows identifying spore speci;c 
IgE reactive proteins. Among them only one already known 
allergen, Pen ch 18, a vacuolar serine protease was detected 
in a minority of cases. Shen et al. [33] described Pen ch 18 as 
allergen with an association to asthma. Within the selected 
patients for this study, no asthmatic diseases were included. 
Nevertheless in three sera also Pen n 18 was identi;ed. Other 
known allergens from P. chrysogenum like Pen ch 13, an 
alkaline serine protease and Pen ch 20, N-Acetyl glucosami-
dase were not found in this study underlining the di�erence 
between whole cell lysates and spore speci;c extraction [12, 
20]. 

4e major allergens are usually de;ned as those allergens 
which can be found in 50% of people who su�er from the 
corresponding allergy [34]. Since the patients analyzed in 
this study did not mainly su�er from fungal allergies this 
characterization cannot be used without problems. Addi-
tionally, the 1D blots were previously screened for strong 
bands and hence cannot be used as a reference point for 
overall frequency. 4erefore, an arbitrary minimum limit of 
50% should include most major allergens. However, the term 
major allergen is avoided in favor of high-frequency aller-
gens. As high-frequency allergen the proteins GAPDH, cata-
lase A, delta-1-pyrroline-5-carboxylate dehydrogenase, glu-
cose-6-phosphate isomerase and transaldolase were identi-
;ed.  

GAPDH is an enzyme, which appears to be a main aller-
gen in P. chrysogenum and A. versicolor [35]. Also the pro-
teins stemming from P. expansum had shown a certain 
amount of cross-reactivity (unpublished data).  

Interestingly, wheat glyceraldehyde-3-phosphate dehydro-
genase has been identi;ed as an allergen as well [36]. For the 

Figure 1. 1-D Immunoblot of selected sera, Immunological reaction against A.versicolor (A) and P.chrysogenum (B), M – unstained protein 
molecular weight marker, negative control without serum. 
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alignment, the nucleotide sequence of Hordeum vulgare, was 
taken since the exact sequence from the Triticum aestivum 
enzyme was not revealed in the respective paper [36]. A 
comparison between the enzyme of Hordeum vulgare and P. 
chrysogenum showed an identity of 71% and 84% positives. 
However, the length of both enzymes is similar. 4is points 
towards the epitope being in the 200 amino acid sequence 
which does not correspond to the Alternaria variant of the 
enzyme. 4is theory still has to be con;rmed by epitope 
analysis. 

4e identity between the GAPDH of P. chrysogenum and 
humans is 70%, as determined by BlastP (84% positives and 
0% gaps), thus only hardly allowing an allergic reaction ac-
cording to the statistical estimation that proteins with more 
than 62% identity to human proteins are only rarely aller-
genic [37]. It will be assumed that a development of IgE reac-
tivity to highly conserved allergenic molecules leads to cross-
reactivity with divergent mould species [38]. Autoimmune 
responses caused by the production of IgE antibodies against 
fungal allergens have been described before in various papers 
[39-41]. 4e human variant of the analyzed enzymes is able 
to cause a strong reaction in skin prick tests. It has been sug-

Figure 3. Positive reacting spots in Coomassie stained master gel. 
First Lane: Unstained Protein Marker. Remaining ;gure: Two di-
mensionally separated proteins of P. chrysogenum. 

Figure 2. Examples of layered 2 D gels Coomassie-stained gel (blue) and chemiluminescence detection (orange) A-C selected sera (A-serum 
23, B-serum 29, C-serum 47, D-negative control without serum). 
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gested that auto antigens against manganese superoxide dis-
mutase play a role in atopic dermatitis [42]. 

Catalase is an enzyme that is abundant in tetramers. It 
catalyzes the reaction of hydrogen peroxide to oxygen and 
water. Since hydrogen peroxide is a side product of challenge 
for cells exposed to oxygen. 4erefore, almost all aerobic 
organisms have this enzyme. Its catalytic activity is attained 
through its heme groups. Each tetramer unit binds to one 
heme group [43]. 

Catalase A is another allergen found in all three species. It 
is the third most reactive allergen found in A. versicolor [35] 
and the fourth most abundant allergen in P. chrysogenum. 
4e analyzed sequence contains the information for one of 
the subunits. In previous studies, it has been shown that hu-
mans react to catalase of Metarhizium anisopliae, a mold 
which infects insects. 4e positive reaction is attributed to 
cross-reactivity with di�erent fungi [44]. 4is theory coin-

cides with the observation that catalase A is a major allergen 
in many indoor fungi. However, an alignment of catalase of 
Metarhizium anisopliae and catalase A of P. chrysogenum 
only shows 43% identity, 58% positives and 4% gaps. Cata-
lase has been identi;ed as an allergen in Penicillium citrinum 
[16].  

50% of the chosen sera were from patients with urticaria, 
whereas the overall frequency was merely 20%. 4is might 
lead to the conclusion that patients with urticaria show a 
stronger reaction to indoor molds than the average patient 
with atopic disease. Nevertheless, 4 out of the 10 sera showed 
only a very slight reaction with the indoor mold proteins. 

Urticaria is an allergic disease that can be caused either by 
contact, a:er inhalation or by digestion of allergens. A:er 
digestion the remaining peptides of the allergen are released 
into the blood stream. A:er skin contact, a localized reaction 
occurs which produces hives. 4e mast-cell activation in-

Uniprot ass No. Protein Molecular Function Species Protein scores Mol W (Da) Frequencyncy Spot 

Pc21g14560 
Glyceraldehyde-3-phosphate 
dehydrogenase 

P.chrysogenum 
1353, 1361, 1283, 1155, 
1012, 1044, 1251 

36149 6 
39, 40, 41, 42, 43, 
44, 45 

Pc20g06360 Catalase P.chrysogenum 1692, 1081, 624, 711 84305 5 4, 5, 6, 7, 8 

Pc12g08900 
1-pyrroline-5-carboxylate 
dehydrogenase activity 

P.chrysogenum 1433 62610 5 18 

Pc22g19730 
Glucose-6-phosphate 
isomerase 

P.chrysogenum 1357, 1403, 522 61256 5 19, 20, 21 

Pc21g16950 Transaldolase P.chrysogenum 1239, 1094, 1166 35589 5 46, 47, 48 

Pc21g01220 oxidoreductase activity P.chrysogenum 535,202 35392 4 54, 56 

Pc22g23810 fumarate hydratase activity P.chrysogenum 1007 58125 3 29 

Pc06g01800 oxidoreductase activity P.chrysogenum 763, 649 37416 3 32,33 

Pc06g00180 aldehyddehydrogenase family P.chrysogenum 840 54046 3 34 

Pen ch 18 vacuolar serine protease P.chrysogenum 612, 569 38489 3 49,50 

Pc13g08730 hydrolase activity, P.chrysogenum 804, 664 34666 3 52,53 

Pc16g11860 Catalase P.chrysogenum 839, 917, 808 79912 2 12, 13, 14 

Pc22g11240 heat shock protein familie P.chrysogenum 1285 69692 2 25 

Pc22g05800 Saccharopine Reductase P.chrysogenum 865 49177 2 30 

Pc20g04720 Dihydrolipoyl dehydrogenase P.chrysogenum 1171 54589 2 31 

Pc21g17460 adenosine kinase activity P.chrysogenum 953 43589 2 35,36 

Pc13g07960 oxidoreductase activity P.chrysogenum 799 36973 2 37 

Pc20g11580 Superoxide dismutase P.chrysogenum 428 24668 2 57 

Pc22g25220 
FMN binding oxidoreductase 
activity 

P.chrysogenum 575, 342, 242 21307 2 59, 60, 61 

Pc22g18630 
methionine biosynthetic 
process 

P.chrysogenum 1544, 1136, 1641 87540 1 1,2,3 

Pc18g03470 metallopeptidase activity P.chrysogenum 2005, 2183, 2105 98916 1 9, 10, 11 

Pc22g15910 Proteolysis P.chrysogenum 752, 696 67986 1 15,16 

Pc22g16760 dipeptidyl-peptidase activity P.chrysogenum 1078 78783 1 17 

Pc18g00980 Not identi;ed P.chrysogenum 723, 585, 678 57162 1 22, 23,24 

Pc13g12450 
ATP binding heat shock pro-
tein 70 family 

P.chrysogenum 305 74784 1 26 

Pc18g00650 phosphotransferase activity P.chrysogenum 550, 688 48009 1 27, 28 

Pc13g09680 
aspartic-type endopeptidase 
activity 

P.chrysogenum 953 43589 1 38 

Pc13g15120 oxidoreductase activity P.chrysogenum 329 31448 1 51 

Pc22g08970 Not identified P.chrysogenum 324 21844 1 58 

Table 1. Name and molecular function of identi;ed proteins. 
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creases the vascular permeability and causes vasodilation of 
blood vessels [45]. A correlation between urticaria and der-
matophysis has been found [46].  

Beside the protein Pen ch 18 as a major allergen from 
P.chrysogenum related to asthma we identi;ed other proteins 
with a high frequency. It can be assumed, that these patients 
were exposed to P. chrysogenum resulting in a sensitization. 
4e Allergome database has introduced a classi;cation sys-
tem that illustrates the hierarchy in allergen characterisation 
ranging from ;rst indications of allergenicity over IgE and 
several in vivo tests up to tests in epidemiological studies 
[10].4e identi;cation of immune-reactive proteins from 
spores of P. chrysogenum will facilitate further clinical stud-
ies with the aim to provide an individual and source and 
allergen speci;c allergy pro;le that in turn will support pre-
vention and treatment. 
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Bacterial infections are o"en treated by β-lactam group of 
antibiotics which is considered as the most e-ective against a 
number of negative bacteria including Acinetobacter bau-
mannii. A. baumannii, a very common hospital pathogen in 
Intensive Care Units 

(ICUs) and wards has been identi2ed as one of the six im-
portant and highly drug resistant hospital pathogens by the 
“Infectious Disease Society of America”(IDSA) [1, 2]. :ere-
fore, worldwide emergence of antibiotic resistance in A. bau-
mannii poses a serious threat to human health. Presently, the 
latest analogs of β-lactam, prescribed to treat patients a-ec-
ted by these gram negative bacteria are meropenem and imi-
penem. However, increasing number of meropenem resis-
tant isolates strongly restricts the e-ective therapy options 
[3, 4].  

It is known that A. baumannii develops resistance using a 
number of ways including  expression of β-lactamases, alte-

rations in penicillin binding proteins (PBPs) [5, 6, 7], amino-
glycoside-modifying enzymes in aminoglycosides resistant 
strains [8] etc. Bacterial membrane proteins are known to be 
key molecules in maintenance the permeability and eCux of 
antibiotic [9]. Di-erential expression of membrane proteins 
in susceptible and highly resistant strains of A. baumannii 
from di-erent parts of the world clearly show a strong asso-
ciation with the emergence of the resistance phenotype [6, 
10, 11, 12, 13, 14, 15]. Our recent report has clearly shown 
several altered outer membrane proteins in ‘high β-lactam 
resistant strain’ with minimal inhibitory concentration of 64 
μg/ml of meropenem [16]. However, the pro2ling of outer 
membrane proteins in low resistant strains is not yet unders-
tood and is not de2ned. Keeping in view of the rise of the 
meropenem resistance, we have undertaken the proteomic 
analysis of outer membranes of Acinetobacter baumannii in 
the initial stages of the meropenem resistance. 
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Abstract 

1. Introduction 

Acinetobacter baumannii has emerged as one of the six most important drug-resistant microbes in the world. Resistance by A. baumannii to 
β-lactams and in particular to meropenem is a serious concern. In this connection, it is essential to understand the changes in the outer 
membrane proteome of A. baumannii in the initial stages of resistance. For this we have chosen one low resistant strain with minimal inhibi-
tory concentration (MIC) of  32 μg/ml and one intermediate strain with very low MIC of 0.8 μg/ml of meropenem and compared their outer 
membrane pro2les with that of sensitive strain, ATCC 19606 of A. baumannii. Decreased expression of porins, transporters and increased 
production of metabolic enzymes like Succinyl-CoA synthetase, enoyl-CoA hydratase is a common feature in both intermediate strain and 
low resistant strains. Interestingly, the di-erential protein expression levels showed a direct relationship with increasing meropenem resistan-
ce. It is clear that initial exposure to meropenem resistance drives A. baumannii to restrict the production of CarO and transporters, while 
the upregulation of genes of altered CarO, metabolic enzymes, peroxidines and antioxidant protein assist in the survival of the bacterium. 
Because of these unique features of adaptation combined with high metabolic changes in response to antibiotic pressure, A. baumannii poses 
challenges in therapeutic strategies.  

Keywords: Acinetobacter baumannii; meropenem-resistance; DIGE; Outer membrane protein . 
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2. Material and methods 

2.1 Materials 

Muller Hinton agar, MacConkey agar, and Luria broth 
were purchased from Himedia laboratories Ltd, India and 
Pronadisa Conda Laboratories Canada, respectively. N-
lauroyl-sarcosine and ammonium bicarbonate were from 
Sigma chemical co. USA. Immobilized dry strips, phar-
malytes, Cy2, Cy3, Cy5 dyes, dithiotritol and iodoacetamide 
were purchased from GE Health Care, USA. Acrylamide, 
bisacrylamide, ammonium persulphate, TEMED, sodium 
dodecyl sulphate, EDTA, coomassie brilliant blue, and bro-
mophenol blue were purchased from Bio-Rad laboratories, 
USA. 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), acetonitrile and proteomic gra-
de water were purchased from G. Biosciences, USA. Trypsin 
and dimethyl formamide were from Promega (USA) and 
Spectrochem (India), respectively. DNase was purchased 
from Promega, U.S.A. Acetic acid, glycerol, methanol were 
purchased from Qualigens, India and all other chemical were 
of analytical grade and purchased from Merck, India. 

2.2 Bacterial strains  

ATCC 19606 and forty four non-repetitive clinical strains 
of A. baumannii were collected from the Department of Mi-
crobiology, All India Institute of Medical Sciences, New Del-
hi (India). :e clinical strains were con2rmed as A. bau-
mannii using standard biochemical [17].   

2.3 Minimal Inhibitory Concentration  

Agar dilution method was used to estimate the minimal 
inhibitory concentrations (MIC) of various β lactams for 
resistant strains of A. baumannii [18]. Concentrations of 
meropenem, in the range of 0.4 μg/ml to 64.0 μg/ml were 
used in estimating the MIC. :e MICs of other antibiotics 
i.e. piperacillin, cefotaxime and ce"azidime were done up to 
512 μg/ml. :e plate without any antibiotic was inoculated 
in parallel, to serve as a control.  

2.4 Extraction of Outer Membrane proteins (Omps)  

Bacteria were grown in Luria-Bertani broth (250 ml) at 
370C for 19.4 hours. Doubling time of A. baumannii 
ATCC19606 is 48min hence we grow bacteria for 25 genera-
tions. A"er 19.4 hours culture, bacteria were harvested by 
centrifugation. :e pellet was suspended in 50mM Tris 
bu-er, pH 7.5. Resuspended bacterial cells were sonicated 
using Misonix XL Ultrasonic processor under three pulses of 
1min each at 50 Hz under cold conditions. Presence of nu-
cleic acid (if any) can create vertical streaking in 2D PAGE 
and to avoid such interference from nucleic acid, lysed sam-
ple is conventionally treated with DNase [13]. Hence, the 
suspension containing the cell envelope was treated with 

DNase (10 µg/ml, for 15 min. at room temperature) and sub-
jected to ultracentrifugation by Beckman Optima TL Ultra-
centrifuge for 30 min at 100000 g. A"er ultracentrifugation, 
total membrane fraction was obtained as pellet and this frac-
tion was treated with 2% Sodium lauroyl sarcosinate for 30 
min at room temperature which speci2cally solubilized inner 
membrane. :e sample was further ultra- centrifuged for 
30min. at 100000 g and outer membrane was obtained as 
pellet. :e outer membrane fraction was stored at -700 C.  

2.5 Di!erential In Gel Electrophoresis (DIGE) 

Native, intermediate and low resistant strains of A. bau-
mannii were grown three times for constant time period 
(19.4 hours) and in constant culture conditions (temperature 
370C, 250 ml culture) and outer membrane proteins were 
isolated as above given protocol. :e membrane pellets were 
solubilized in modi2ed rehydration bu-er (7M urea, 2M thio
-urea, 2% CHAPS) at room temperature and quanti2ed by 
using the 2D Quant Kit (GE Healthcare) following the ma-
nufacturer’s protocol. :ree sets of experiments were con-
ducted according to our previous published experimental 
design [16]. In each set, proteins from native and resistant 
strain were labeled with the ]uorescent dyes Cy 3 and Cy 5 
separately [16]. An internal control of Cy 2 labeled proteins 
was also added in each experiment which constitutes a mix-
ture of 1/6th protein fraction of native and 1/6th protein 
fraction of resistant strain.  

For each labeling reaction, 50 μg of protein was incubated 
with 200 pmole of dye for 30 min in dark. To stop the reac-
tion, 1 μl of 10 mM lysine was added and incubated for 10 
min. All labeling incubations were carried out on ice. :e 
2nal volume of reaction mixture was adjusted to 250 µl using 
rehydration bu-er (7M urea, 2M thio-urea, 0.7 mg DTT, 2% 
CHAPS, 1.25 μl IPG bu-er) and rehydrated for 16 hours in 
dark with 4-7pH immobilized pH gradient (IPG) strip. 

2.6 Two dimensional (2D) gel electrophoresis  

Isoelectric focusing of rehydrated IPG strip was carried 
out on Ettan IPGphor 3 IEF system (GE healthcare) using 
the  step protocol: 150 V  for 1 h, 500 V for 1 hour, 1500 V to 
3 hour, 4500 V  for 4 hour to a total of  24,000 volt-hours.  
A"er completion of the 2rst dimension, strips were equili-
brated for 15 minutes in 5 ml of SDS-equilibration bu-er (50 
mM Tris-HCl (pH 8.8), 6 M urea, 30 % glycerol, 2 % SDS, 
0.02 % bromophenol blue) and 0.05 % DTT in dark at room 
temperature [13]. A"er DTT treatment, the strips were treat-
ed with 1.25 % iodoacetamide solution prepared in SDS 
equilibration bu-er for 15 min. in dark at room temperature. 
Second dimension was done on a 12 % polyacrylamide gel in 
SE 600 Ruby gel apparatus (GE healthcare). Gel was run at 
15 mA for 30 min and then at 30 mA at 4°C till the bromo-
phenol blue came out of the gel.  

 2.7 Image Acquisition and Analysis 



JIOMICS | VOL 1 | ISSUE 2 | DECEMBER 2011 | 280-286 

280-286 : 282 

A"er second dimension, DIGE gels were scanned for Cy2, 
Cy3 and Cy5 ]uorescence labeled proteins using a Ty-
phoonTM TRIO Variable Mode Imager (GE Healthcare, 
USA). Cy2 images were scanned at an excitation of 488 nm 
using 520BP40 emission 2lter; Cy3 images were scanned at 
an excitation of 532 nm using 580BP30 emission 2lter; Cy5 
images were scanned at an excitation of 633 nm using 
670BP30 emission 2lter. All gels were scanned with a photo-
multiplier tube (PMT) setting of 600 volt. Images were 
cropped using Image-Quant™ version 6.5 (GE Healthcare, 
USA) to remove areas extraneous to the gel image. :e 2nal 
expression levels in the gels were determined by the DeCy-
der so"ware version 7.0 (GE Healthcare, USA). All nine im-
ages (3 di-erent experiments) were uploaded to the work-
space using image loader module. :ree di-erential analysis 
(DIA) sets were created by DIA module. In each set, protein 
spots on DIGE image pairs (Cy 3 and Cy 5 labeled) were co-
detected automatically and each gel image was intrinsically 
link to its in-gel standard (Cy2 labeled image). :e number 
of spots for co-detection procedure was set to 1500.  Further, 
all three DIA workspaces were then imported to biological 
variance analysis (BVA) workspace. :e experimental setup 
and relationship between samples were assigned in the BVA 
workspace. Each individual Cy3 or Cy5 gel image was as-
signed an experimental condition, either native or resistant 
according to the labeling and all Cy2 images were classi2ed 
as standards; gel-to-gel matching of the standard spot maps 
from each gel. :e gel with the highest spot count was as-
signed as the master gel. Matching between gels was per-
formed utilizing the in-gel standard from each image pair. 
Land-marking was done by manually identifying well de-
2ned spots along with their neighboring spots and matching 
these spots across the standard images. 

:e degree of di-erence in standardized abundance be-
tween two protein spot groups is expressed as average ratio 
(fold change). A fold change with a threshold value of mini-
mum two fold increase or decrease was used. Student t-test 
was performed for every matched spot-set, comparing the 
average and standard deviation of protein abundance for a 
given spot. As the threshold value of protein expression was 
set to minimum of 2 fold for all experiments, therefore the 
proteins which had more value than the threshold and had 
signi2cant p value (≤ 0.05) of t-test were considered for 
identi2cation [19]. 

2.8 In-gel digestion and Electrospray ionization mass spec-
trometry (ESI-MS) 

A"er visualization with coomassie G-250, protein bands 
were excised from the 2D-SDS polyacrylamide gel and com-
pletely destained in 100µl destaining solution containing 1:1 
100mM NH4HCO3 and 100% acetonitrile till the bands ap-
pear colourless. Finally gels were dehydrated in 100% ACN. 
Reduction of proteins was carried out in100µl of 10mM DTT 
in 50mM NH4HCO3 for 45 minutes at 560C. Alkylations of 
proteins were done in 100µl of 55mM Iodoacetamide (IAA) 

prepared in 50mM NH4HCO3. Again washing of gels were 
carried out in 100µl of destaining solution containing 1:1 
ratio of  50mM NH4HCO3 and 100%  ACN. Final dehydra-
tion of gels was done in 100% ACN for 15 minutes. Gels 
were centrifuged and supernatants were discarded and gels 
were completely dried in speed Vac for 20 min. Tryptic di-
gest was started by the addition of 20 µl from a 12.5 ng/µl 
trypsin solution in 25 mM NH4HCO3 and kept on ice for 30 
min for absorption. :is was followed by further addition of 
20 µl of 25mM NH4HCO3 solution in the reaction sample to 
overlay. :e samples were kept at 370C for 16 hours for di-
gestion. Digested peptides were solubilized in 10 µl 50% ace-
tonitrile containing 0.1 % formic acid. 8 µl of the peptide 
solution was used to load in a silica capillary (Proxeon Bio-
system, USA) which was then 2xed to a QSTAR-XL QTOF 
mass spectrometer. :e progress of each run was monitored 
by recording the total ion current (TIC) for positive ions as a 
function of time for ions in the m/z range of 400-1600 for 
MS and 140-1600 for MS/MS. Mass spectra were acquired 
using information-dependent acquisition (IDA) method. 
Nanospray ionization method was used with an ionspray 
voltage of 900. :e other parameters are as follows: interface 
temperature = 50ºC, curtain gas ]ow = 1.13 L/min, declus-
tering potential 1 = 60 V, declustering potential 2 = 15 V 
focusing potential = 280 V. 

Database searching was done using Mascot (Version 1.6b4 
Matrix Science, UK). Modi2cations considered were oxida-
tion of methionine and carbamidomethylation of cysteine as 
variable and 2xed manner. Search was further considered 
upto charged state ranging from +2 to +3 and limited to Eu-
bacteria. :e peptide mass tolerance range was ± 1.0 Da and 
fragment mass tolerance was ± 0.3 Da. All the Mowse score 
values reported are signi2cant, p < 0.05. All spectra were 
searched online in NCBInr database with 0-1 missed cleav-
age. 

3. Results  

MICs of 44 clinical strains of A. baumannii were done for 
the routinely used β-lactams and also for the less common 
meropenem. Based on their MIC values, the clinical strains 
of A. baumannii were divided into two groups: intermediate 
(IR) strain with MIC 8.0 μg/ml and low resistant (LR) with 
MIC ≥16μg/ml. :e MIC of various β-lactams for the low 
resistant A. baumannii (LR122) obtained are: piperacillin 
and cefotaxime, 128μg/ml; ce"azidime, 64 μg/ml and me-
ropenem, 0.8 μg/ml. However, MIC of same group of β-
lactam for intermediate resistant strain (IR259) of A. bau-
mannii showed much higher MICs as follows: piperacillin 
and cefotaxime, >512μg/ml ; ce"azidime, 128μg/ml and me-
ropenem, 0.8μg/ml. 

3.1 Di!erential in gel electrophoresis (DIGE) and Mass spec-
trometry 

Two representative strains RS 259 and RS 122 of A. bau-
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mannii were chosen from intermediate and low resistant 
strain groups and are referred as IR and LR, respectively. 2D
-DIGE pro2les are given in 2gure 1a and 2gure 1b with res-
pect to ATCC 19606.     

In general, there is a high similarity of the outer membra-
ne pro2ling amongst all the three strains ATCC, IR and LR 
(Figure 1a and b) which can be clearly seen from the supe-
rimposed images. :e similarity pro2les of A. baumannii 
native, intermediate and low resistant can be easily un-
derstandable as the bacteria do not go through a major shi" 
in the protein pro2le in the early stages of resistance. 
However, a couple of new proteins infact can be located for 
example like spot IX (Figure 1b). Biological variation 
analysis (BVA) of native and IR strain revealed 11 di-eren-
tially expressed protein spots of which three were downregu-
lated and 2ve more were upregulated. Protein spots IV, XII 
and X are highlighted with *. :e proteins with non-
signi2cant expression in one strain (LR or IR) are reported 
as N.S. While in the case of LR strain, 2ve proteins were 
down-regulated and 2ve proteins were upregulated. Compa-
rative di-erential expression of speci2c proteins of native 
ATCC is presented in Table 1.  

3.2.1. Downregulated proteins 

CarO protein and their altered forms: Two isoforms 
(protein spots IV and VI) were identi2ed as CarO. In case of 
intermediate and low resistant strains, there is a clear de-
crease in the CarO proteins. :e expression level of spot IV 
(29 kDa, 4.5 pI) showed a down regulation (-6.8 fold), while 
in case of comparison between the low resistant strain and 
ATCC the expression loss of the same protein had increased 
upto the 38 fold (Figure 1a and 1b). Similarly, down- regula-
tion of spot VI was also noted in a sequential manner (-13 
fold in IR and -57 fold in low resistant) (Table 1).   

We also found the migratory di-erences in CarO isoforms 
of spot IV and VI (Figure 1a and 1b). Another major spot i.e. 
Spot VII was identi2ed as the hypothetical protein of A. bau-
mannii (gi|301512444) and  the upregulation of spot VII is 
more than 5 folds in IR and LR strains (table 1, Figure 1a and 
1b).  

34 kDa transporter: Spot III showed a signi2cant down-
regulation only in low resistant strain (-6.5 fold) (Figure 1b) 
and later identi2ed as 34 kDa Outer membrane protein of A. 
baumannii. 

Lipid transporter: Protein spot II was down-regulated in 
both resistant strains in a similar manner. :e down regula-
tion of this protein was seen more in intermediate strain (-38 
fold) as compared to low resistant strain (-22 fold) (Figure 1a 
and 1b). :is protein was identi2ed as outer membrane 
transporter protein of A. baumannii.  

OprD porin: We also found spot XII as basic protein 
OprD homologous protein of Pseudomonas spp. OprD. An 
equal expression loss is seen in intermediate strain (-2.9 fold) 
and low resistant strain (-3.1 fold) (Figure 1a, 1b).           

Metabolic enzymes:  Two upregulated protein spots X and 

Figure 1a. Di-erential In Gel Electrophoresis (DIGE) of outer 
membrane fraction of Acinetobacter baumannii ATCC19606 (50 
μg), intermediate strain RS 259 (50 μg) and pooled fraction (50 μg) 
using Cy3, Cy5 and Cy 2 dye, respectively. Isoelectric focusing 
(IEF) was done using 13 cm, 4-7 pH range IPG strip and second 
dimension was done on 16X18 cm gel- electrophoresis. Gels were 
analyzed by Typhoon Imager. 

Figure 1b. Di-erential In Gel Electrophoresis (DIGE) of outer 
membrane fraction of A. baumannii ATCC19606 (50 μg) and low 
resistant strain RS 122 (50 μg) and pooled (50 μg) using Cy3, Cy5 
and Cy2 dye, respectively. :e experimental conditions and label-
ing are same as in 2gure 1a. 
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Spot 
No. 

Mw. (in 
KDa) 

pI 
Fold change 

(IR) 
Fold change 

(LR) 
Identification & (Accession 

No.) 
Score & % 
coverage 

Function  

Downregulated Proteins 

II 
  

50 4.9 (-) 38.9 (-) 22.9 O M transporter 
A. baumannii ATCC 19606 

gi|260557248 

116/12 
  

Lipid Transport 
  

III 34 4.7 N.S. (-) 6.5 Putative 34 kDa Omp, 
A  baumannii ACICU 

gi|184159810 

476/46 Non speci2c Transport 
  

IV* 
  

29 4.5 N.S. (-) 38.6 Putative Omp, 
A. baumannii. 
gi|72535025 

697/52 Non speci2c Transport 
  

VI 
  

26 4.5 (-) 13.6 (-) 57.9 Putative Omp, 
A. baumannii. 
gi|72535025 

614/52 Non speci2c Transport 
  

XII* 47 5.9 (-) 2.9 (-)3.1 OprD, A. geno. spp. 3 
gi|193735465 

203/11 Basic amino acid Transport 
  

Upregulated Proteins 

VII 
  

25 
  

4.7 6.7 5.4 hypothetical protein 
AbauAB05_12702, 

A. baumannii AB058 
gi|301512444 

189/25 Transport 
  

VIII 20 4.9 3.0 1.5 Peroxiredoxin, 
A. baumannii AB058 

gi|301513596 

241/40 Antioxidation 

IX 24 5.1 - 2.56 Putative antioxidant protein, 
A baumannii AYE 

gi|169794796 

317/32 Antioxidation 

X* 30 5.6 1.8 2.7 Succinyl-CoA synthetase 
α-subunit, 

A. baumannii SDF 
gi|169632628 

442/29 Metabolism 
  

XI 29 5.7 3.5 3.1 enoyl-CoA hydratase, phenylace-
tic acid degradation, 
A. baumannii AYE 

gi|169796408 

153/13 Metabolism 
  

XIV 57 4.9 3.8 N.S. Chaperonin GroEL, 
A. baumannii SDF 

gi|169632653 

362/18 Protein folding 

Table 1. Identi2cation of di-erentially expressed proteins of Acinetobacter baumannii intermediate strain (RS 259) and low resistant strain 
(RS 122) with reference to ATCC 19606. Di-erential expression is shown as fold change (minimum 2 fold, p-value ≤0.05).  

* Proteins were also found in high resistant strain in our earlier report [16].  Non-signi2cant protein spots are shown by N.S. 

XI were identi2ed as enzymes integrated with energy pro-
ducing reactions. Spot X had shown a sequential upregula-
tion in both, intermediate (1.8 fold) and low resistant (2.7 
fold) strains and identi2ed as Succinyl-CoA synthetase pro-
tein [20]. Similar to Succinyl CoA synthetase, a threefold 
increment was seen in the expression level of enol-CoA hy-
dratase enzyme (Protein spot XI).  

Chaperonin GroEL and antioxidant proteins: Chap-
eronin GroEL protein was found in four fold elevated level 
in intermediate strain (spot XIV). Spot VIII protein had an 
upregulation of 3 fold and 1.5 fold in intermediate and low 
resistant strain, respectively. However, spot IX had a signi2-

cant di-erential expression in low resistant strain only, and 
intermediate had not shown the di-erential expression of 
this protein. 

4. Discussion 

It is essential to identify the outer membrane proteins of A. 
baumannii which show their altered expression against 
di-erent analogs of β-lactams. In the preceding years, a gra-
dual increase in the resistance patterns of A. baumannii has 
been noticed in India as well as several other countries. :e 
frequency of A. baumannii 2ve year back was only 8-10% 
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while presently the presence of A. baumannii in our hospital 
has increased upto 30% (our unpublished data). MIC data 
clearly indicates a high resistance shown in all the 44 resis-
tant strains for cefotaxime, piperacillin, and ce"azidime 
(MIC range up to 512 μg/ml). It is good to note that potency 
of meropenem is still high in these strains (MIC range 0.1 
μg/ml to 8 μg/ml, n = 34) of A. baumannii. However, the 
resistance is slowly emerging out even to meropenem (MIC 
range 16-32μg/ml, n = 9).  A. baumannii is rapidly emerging 
out as highly resistant organism and it will be very dikcult to 
treat the infections as no high e-ective antibiotic is presently 
available.  

4.1 Down-regulation of porins as /rst defense in resistance 

 It is well evident that the intrinsic level of antibiotic resis-
tance in gram-negative bacteria is directly regulated by po-
rins [21]. Porins have the ability to di-use even the large size 
molecules like antibiotics [22, 23]. :erefore, the bacterium, 
as a 2rst step decreases the production of porins in order to 
control the entry of the antibiotic inside the bacterial system. 
:is method of increasing resistance is a 2rst line of defense 
and exerts a profound in]uence on the entry of the hydrop-
hilic antibiotics like beta-lactams [24]. :is feature has been 
described in majority of gram-negative bacteria like E. coli 
and Pseudomonas. In this category of porin, the 2rst member 
is the CarO. :e sequential downregulation in the expres-
sion clearly indicates the response of the antibiotic and it 
appears to be the initial step of the bacterium to resist 
against antibiotic load. CarO protein has got a special atten-
tion in the current decade and majority of the studies publis-
hed in resistance mechanisms of A. baumannii stated its loss 
of expression or its alteration [10, 12, 13]. Based on the de-
creased expression more than 50 fold, it can be easily conclu-
ded that CarO isoform of 26 kDa is more susceptible for 
antibiotic load (Figure 1b). CarO isoforms is indeed respon-
sible for nonspeci2c di-usion channel formation and plays 
important role in carbapenem resistance [12, 25].       

Anomalous expression pro2le of 34 kDa protein is noticed 
in our study. Low resistant strain shows the signi2cant down
-regulation of 34 kDa protein while, neither IR strain nor 
high resistant strain showed a signi2cant down-regulation. 
However, earlier reports suggested its potential role in β-
lactam resistance [26]. A lipid transporter has been found to 
be downregulated in intermediate and low resistant strains. 
It is well known that β-lactams are hydrophilic in nature, 
however, the downregulation of this lipid transporter is due 
to resistance for antibiotics other than lactams.  

OprD is a characteristic protein of porin family and was 
shown to be responsible for β-lactam resistance in gram ne-
gative bacteria [27, 11]. In the present study, the protein spot 
XII was found to be down regulated in both resistant strains 
(LR and IR). :e spot XII was identi2ed as OprD of A. bau-
mannii (Figure 1a and 1b). However, a four fold  upregula-
tion was reported in high resistant A. baumannii [16]. Siroy 
et al. 2006 found no change in expression of OprD in multi-

drug resistant strain of A. baumannii [13]. We can say that 
there is no clear picture of direct involvement of OprD in 
resistance of A. baumannii and other gram negative bacteria 
because of con]icting reports [11,13,16,27]. :erefore, it 
may be speculated that A. baumannii during the initial sta-
ges of resistance, makes use several porins including OprD 
while in high resistance it uses other porins at the cost of 
OprD.  

It is noticed that the down-regulation of porins is sequen-
tial and greater loss of expression has been noticed in low 
resistant strain as compared to intermediate strain. :erefo-
re, it can be easily hypothesized that during the development 
of resistance, the bacterium uses downregulation or altera-
tions in porins as a 2rst step and these proteins gets downre-
gulation in a sequential manner to combat the bactericidal 
e-ects of hydrophilic antibiotics. 

Besides downregulated proteins, several Omps are upregu-
lated as a means of adaptation of resistant bacteria in adverse 
conditions of antibiotic exposure. One such group of pro-
teins is CarO isoforms.  

Altered CarO isoforms:  In LR strain CarO protein shows 
two isoforms with molecular weight 25 kDa and 26 kDa re-
presented as the spot VII and spot VI, respectively. We 
would like to emphasize that this observation is not an arti-
fact as the comparative DIGE study between the native and 
resistant bacterium was done three times and for each expe-
riment set bacteria were grown. :e anomalous migration of 
these proteins may be due to the change in the primary level 
of the protein which suggests modi2cation in the primary 
role of this protein i.e. di-usion pathway may be modi2ed. It 
appears that due to the meropenem load there is a modi2ca-
tion or alteration of the internal residues of the protein spot 
VI which resulted in the shi"ing of these protein spots [13]. 
:e presence of altered CarO isoforms is thus justifying the 
importance of porins in upli"ing the resistance in pathoge-
nic bacteria. 

Metabolic enzymes upregulation: :e previous compara-
tive studies carried out between susceptible and resistant 
isolates of A. baumannii revealed high expression of metabo-
lic enzymes and due to which a versatile metabolism is found 
in the resistant strains [28]. Concurrently, our data also 
found high expression of enzymes related to metabolism. In 
this regard, Succinyl-CoA synthetase and enol-CoA hydrata-
se enzyme upregulation, clearly indicates that resistant bac-
teria have versatile metabolism as compared to susceptible 
bacterium.  

Majority of the bacteria have multiple copies of the groEL 
gene which are active under di-erent environmental condi-
tions. It may be hypothesized that the antibiotic stress leads 
to the production of more production of this enzyme com-
plex for proper folding of proteins in stress environment. It 
has been demonstrated that bactericidal antibiotics like beta-
lactams induce the production of reactive oxygen species 
(ROS) for bacterial cell death [29]. Also, it was recently de-
monstrated that an up-regulation of several antioxidant pro-
teins enhances the ability of bacteria to survive against ROS 
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and RNI damage [30]. :e antioxidant proteins and peroxi-
dines are evolved to combat the adverse e-ect of high anti-
biotic pressure on resistant bacteria [31]. Low resistant strain 
may use more of these proteins to defend itself against oxi-
dative damage from human immune cells, such as macrop-
hages. In fact, it supports the hypothesis that the presence of 
more than one di-erentially expressed protein in]uences the 
ability to infect and to spread in the population.  

All these upregulated proteins of resistant bacteria support 
the fact of versatile metabolism of resistant A. baumannii 
which can survive in extreme conditions and have high 
adaptations as compared to the susceptible bacteria. 

5. Conclusions 

:e transformation ekciency of A. baumannii is excep-
tionally high due to which it can acquire resistance in its 
early phases. :erefore, it is very important to monitor 
changes in the level of antibiotic susceptibility among clini-
cal isolates. However, at present, it is unknown how the early 
phases of resistance in A. baumannii correspond to change 
in di-erent protein expression pro2les. :e results described 
in this study permit to hypothesize that compensation for 
the meropenem-resistant phenotype may be responsible for 
the di-erent protein expression in A. baumannii. Results 
appear to reveal that an interplay mechanism is present be-
tween antibiotic resistance, biological 2tness and virulence. 
It can be concluded that porins, metabolic enzymes and anti-
oxidative proteins have a potential role in the meropenem-
resistance as most of the resistant strains harbor these spe-
ci2c proteins in A. baumannii. 

6. Supplementary Material 

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/67/0 
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Consecutive monoculture problems refer to that when 
growing one crop consecutively in the same -eld, unfavora-
ble results would be brought about even though under nor-
mal cultivation management, which include retardation in 

plant growth, declines in crop yield, deterioration in growth 
conditions, and increases in pest damage, etc, [1]. 3e phe-
nomenon is very common in the cultivation of Chinese me-
dicinal plant, especially in Rehmannia glutinosa [1]. Accord-

*Corresponding author: Wenxiong Lin, Agroecological Institute, Fujian Agriculture and Forestry University, Fuzhou, Fujian 350002, China. Tel: 
+86059183769440; Fax: +86059183769440; E-mail Address: lwx@Aau.edu.cn. 

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v1i2.70 

Proteomic approach for molecular physiological mechanism on consecutive 
monoculture problems of Rehmannia glutinosa  

Wenxiong Lin 1,2*, Changxun Fang 2,#, Linkun Wu 2,#, Gailing Li 2,#, Zhongyi Zhang1 

1Key Laboratory of Ministry of Education for Genetics, Breeding and Integrated Utilization of Crop (FAFU), Fuzhou 350002, Fujian, P. R. 
China; 2 School of Life Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, Fujian, P. R. China. # 3ese authors contributed 
equally. 

Received: 16 August 2011 Accepted: 13 December 2011 Available Online: 28 December 2011  

Abstract 

1. Introduction 

Rehmannia glutinosa, a famous Chinese medicinal plant, is not suitable for consecutive monoculture, because there are autotoxic metabolites 
excreted by its tuberous roots, which can greatly limit the plant growth and development. In this research, cultivar “Wen 85-5” R. glutinosa 
under three diVerent cultivation modes, including the newly planted, the two-year and three-year consecutively monocultured, was used in 
the -eld test. 3e diVerential expression of leaf proteins, physiological changes and corresponding medicinal quality of tuberous roots at the 
early tuberous root enlargement stage were detected and compared in diVerent years of consecutive monoculture. 3e results showed that 
consecutive monoculture resulted in decrement of chlorophyll content, photosynthetic capacity and root activity, but increases in free radi-
cals and lipid peroxidation. Furthermore, the content of catalpol, the main medicinal ingredient in R. glutinosa tuberous roots was analyzed 
by FTIR and HPLC. 3e result showed that consecutive monoculture resulted in declined medicinal ingredients. Comparative proteomics 
analysis revealed 20 diVerentially expressed protein spots in response to increasing years of monoculture. Among them, ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) kinase, Rubisco, sedoheptulose-1,7-bisphosphatase related to Calvin cycle, and other proteins, 
i.e. proteasome, malonyl CoA-ACP transferase, antioxidases, pathogenesis-related protein and mRNA-binding protein were down-regulated 
with increasing years of monoculture. While energy metabolism related proteins (ATP synthase subunit β, ATPase, ATP-binding protein) 
and stress response related proteins (heat shock proteins) were up-regulated. 3erefore it was concluded that consecutive monoculture of R. 
glutinosa remarkably aVected the physiological reactions and induced the changes in the expression of leaf proteins, this in turn had a nega-
tive impact on the biomass and its quality of the medicinal plants. 

Keywords: R. glutinosa; consecutive monoculture problem; proteomics; medicinal ingredient.  

Abbreviations 

AA-MA pathway acetate-malonate pathway; ACP Acyl carrier protein; Ci intercellular CO2 concentration; CoA coenzyme A; 2-DE two-
dimensional electrophoresis; FTIR Fourier Transform Infrared Spectroscopy; Gs stomata conductance; HPLC High-performance liquid 
chromatography; MDA malondialdehyde; MS Mass Spectrometry; NP the newly planted; PMF Peptide Mass Fingerprinting; Pn net photo-
synthetic rate; RA reduction amount of TTC; RFW fresh weight of roots; Rubisco ribulose-1,5-bisphosphate carboxylase/oxygenase; SM the 
two-year consecutively monocultured; TM the three-year consecutively monocultured; TTC Triphenyl-Tetrazolium Chloride; Tr transpira-
tion rate. 
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ing to statistics, about 70% medicinal plants suVer from vari-
ous degrees of consecutive monoculture problems, which are 
adversely aVecting plant yield and quality, limiting the sus-
tainable utilization of Chinese medicinal resources, and fur-
ther restricting the development of Chinese medicine indus-
try. Previous researches suggested that there were three main 
reasons for plant consecutive monoculture problems, such as 
decline in soil fertility [2], serious pest damage caused by soil 
disease [3, 4], and autotoxicity of plant root exudates [5]. But 
many researchers believed that the latter is the resultant fac-
tors [6, 7, 8]. 

R. glutinosa, Scrophulariaceae perennial herb, is useful in 
many medicinal aspects, such as hemostat, diuretic, anti-
inZammatory, anti-fungal, anti-radiation, and even in the 
treatment of liver disorders and diabetes. 3us it has been 
listed as one top-grade medicinal ingredient in China phar-
macopoeias, and one of the highest consumed medicinal 
materials in China [9]. However, the consecutive monocul-
ture problems in R. glutinosa are very prominent, which lead 
to retardation of plant growth and development, inhibition 
on enlargement of tuberous roots (the main medicinal part), 
thus decreases in yield and quality of medicinal plants. Fur-
thermore, to overcome the obstacle, a necessary interval of 8 
-10 years from -rst cropping of R. glutinosa to its next crop-
ping in the same -eld would really aVect the corresponding 
production and regional economy development of R. gluti-
nosa to a great degree [10]. 

3ere are many kinds of allelochemicals with autotoxicity 
in the R. glutinosa rhizospheric soil for -rst cropping [11]. 
3ese allelochemicals can be converted by soil microorgan-
isms, and result in changed soil microZora and the toxicity 
of substance that remains in soil [12]. 3us the growth of 
next cropping is greatly suppressed by these autotoxic exu-
dates from standing crop roots. 3erefore, further research 
on self-poisoning-associated molecular mechanism of con-
secutively monocultured R. glutinosa can provide a theoreti-
cal basis for the application of ecological cultivation tech-
niques in the regulation of R. glutinosa development. 

2. Material and methods 

2.1 Plant samples 

R. glutinosa “Wen 85-5”, a cultivar produced largely in 
industry scale was used as crop material [13, 14]. In general, 
R. glutinosa was planted on April 15 and harvested on Octo-
ber 30. 3ree diVerent kinds of soils from Jiaozuo city, He-
nan province, China (35o19’N, 113o51’E) were used for culti-
vation, including i) control soil with no R. glutinosa cultiva-
tion (No.1), ii) one-year cultivated soil (No.2), iii) two-year 
consecutively monocultured soil (No.3). 3e control plots 
were le\ fallow for the entire duration of the experiment 
(starting from April 15, 2006 to October 30, 2007). 3e one-
year cultivated R. glutinosa plots were le\ fallow for the -rst 
year (2006) of the experiment, and then planted on April 15, 
2007 and harvested on October 30, 2007. 3e two-year culti-
vated plots were planted on April 15, 2006, harvested on 
October 30, 2006, le\ fallow until April 14, 2007, replanted 
on April 15, 2007 and harvested on October 30, 2007. 3ese 
three kinds of soils were collected at the same time 
(November 2, 2007). 3e physical and chemical properties of 
these three kinds of soils were shown in the Table 1. A\er 
dried at 70°C for 2 hours, the three diVerent kinds of soils 
were pulverized and sieved (2mm mesh) respectively to re-
move rough granules and plant root residues, and then used 
separately for pot-cultivation of R. glutinosa in the green-
house of Agroecological Institute, Fujian Agriculture and 
Forestry University on May 15, 2008. Each treatment had 
-ve replicates. 3e R. glutinosa plants grown in the corre-
sponding three kinds of soils (No.1, No.2, No.3) were labeled 
respectively as the newly planted (NP), the two-year consec-
utively monocultured (SM) and the three-year consecutively 
monocultured (TM). 3en we collected the plant samples 
from -ve replicates of each treatment at the early tuberous 
root enlargement stage and mixed together to make compo-
site samples for further analysis. 

2.2 Determination of root activity of R. glutinosa 

Root activity could be reZected by the root dehydrogenase 
activity and measured by Triphenyl-Tetrazolium Chloride 
(TTC) method [15]. Optical density value in 485 nm (OD485) 
of various samples were measured and then converted to 
corresponding reduction amount (RA) of TTC through re-
lated formula to indicate root activity (mg/g·h FW) = RA/

Soils OM (g/kg) TN (g/kg) TP (g/kg) TK (g/kg) AN (mg/kg) AP (mg/kg) AK (mg/kg) pH  

No.1 10.04c 2.46b 0.51c 1.14b 21.63b 34.27c 305.76b 13.37a 

No.2 10.35b 1.49c 0.68b 1.18a 18.40c 37.37b 294.00c 13.27b 

No.3 11.17a 2.81a 0.85a 1.09c 24.33a 54.20a 312.53a 13.28b 

Table 1. Physical and chemical properties of soils from the control, one-year and two-year cultivated plots. 

Note: No.1, control soil; No.2, one-year cultivated soil; No.3, two-year monocultured soil. OM, organic matter; TN, total nitrogen; TP, total 
phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium. Column values followed by 
diVerent letters were signi-cantly diVerent (P ≤ 0.05, n = 3) determined by ANOVA followed by Tucky’s tests. 
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RFW·T, where, RFW= fresh weight of roots, T= incubation 
time. 

2.3 Determination of main medicinal ingredients of R. gluti-
nosa tuberous roots by Fourier Transform Infrared Spectros-
copy (FTIR) and High-performance liquid chromatography 
(HPLC) 

3e samples were sieved separately by 100 mesh si\er 
(aperture 140 μm) a\er ustulation and pulverization, then 
1.5 mg of the si\ed powders were placed in an agate mortar 
for rough grinding before adding 100 mg dried potassium 
bromide powders for further mixing and grinding. 3e 
mixture obtained above was put into the pressure machine 
for 1.5 min under 16 Mpa, then a piece of sample with 13 
mm in diameter and 0.3 mm in thickness was got for Fourier 
Transform Infrared Spectroscopy analysis using 
AVATAR360-infrared spectrometer (3ermo Nicoler, 
USA).  

3e High-performance liquid chromatography setting 
parameters were as follows: chromatography column- 18 
alkyl Silanes-bonding silica column, mobile phase- 
acetonitrile/0.1% phosphoric acid solution (volume ratio is 
1/99), velocity- 1.0 mL/min, measuring wavelength- 210 nm, 
theoretical plates- 5000, column temperature- 25°C. Sample 
preparation was as follows: a\er drying under low pressure 
in 80°C for 24 hours, the sample was ground into coarse 
powder, into 0.4 g powders 25ml methanol was added before 
extracting by heating circumZuence for 1.5 h, then the liquid 
was -ltrated, concentrated, and confected to 10 mL using 
mobile phase. 3e 10 ug/ml catalpol solution was used as 
standard control. 

2.4 Determination of chlorophyll content of R. glutinosa 

3ree complete leaves per plant were collected for 
chlorophyll content determination by chlorophyll apparatus 
(SPAD-502, Konica Minolta, Japan) [16] at the early 
tuberous root enlargement stage of R. glutinosa. 3e 
determination was repeated three times, and statistic analysis 
of the results was carried out by DPS so\ware (version 7.05) 
using one way analysis of variance (ANOVA) followed by 
Tucky’s tests. 

2.5 Determination of photosynthesis ability of R. glutinosa 

In the meantime, net photosynthetic rate [Pn, μmol/
(m2·s)], transpiration rate [(Tr, mmol/(m2·s)], stomata 
conductance [Gs, mmol/m2·s)], and intercellular CO2 
concentration [Ci, μmol/mol] of the fourth leaf counted 
from center outward per plant were determined by portable 
photosynthesis apparatus (LI-6400, LI-COR, USA) and 
statistic analysis of the results was carried out by DPS 
so\ware (version 7.05) using one way analysis of variance 
(ANOVA) followed by Tucky’s tests. 

2.6 Determination of malondialdehyde (MDA) content of R. 
glutinosa leaves 

3e detailed operation was conducted according to 
Esterbauer and Cheeseman [17]. 3en OD532, OD600, and 
OD450 value were respectively measured and applied to the 
formula [C (µmol/L) = 6.45·(OD532-OD600)-0.56·OD450], for 
further calculation of MDA content (nmol/g FW). 

2.7 Protein Separation 

A\er TCA/acetone extraction, the leaf proteins were 
separated through polyacrylamide gel with two-dimensional 
electrophoresis (2-DE) referring to O'Farrell’s [18] and Wu 
et al.’s [19] methods. A\er electrophoresis, the gels were 
silver stained according to Vorum et al’s [20] method, 
scanned with Imagescan and analyzed by ImageMaster 
so\ware 5.0 (GE Healthcare, Uppsala, Sweden) to choose the 
diVerentially expressed protein spots for next in-gel 
digestion with Bergman et al’s [21] method. 

2.8 Mass Spectrometry (MS) analysis 

3e digested proteins were analyzed using an ABI 4700 
Proteomics Analyzer (Applied Biosystems, Foster city, USA) 
mass spectrometer with TOF/TOF™ optics equipped with a 
200-Hz frequency-tripled Nd: YAG laser operating at a 
wavelength of 355 nm. Mass spectra in the range of m/z 700 
to 3500 were acquired in the positive ion mode. 3e -ve 
most intense ions per spot were selected for subsequent MS/
MS analysis. Collision-induced dissociation was performed 
using a collision energy of 1 keV in a collision cell with a gas 
pressure of 6 ×10-7 Torr. External mass calibration was 
applied using the ABI 4700 calibration mixture (Applied 
Biosystems, Framingham, MA, USA). 

2.9 Database search 

Based on the combined MS+MS/MS data, peptide and 
protein identi-cations were performed by searching against 
NCBInr database (2009.09.15, 9694989 sequences) using 
GPS ExplorerTM so\ware 2.0 (Applied Biosystems, Foster 
city, USA) with MASCOT 2.2.03 search engine (Matrix 
Science Ltd, London, UK). 3e parameters were as follows: 
taxonomy was viridiplantae (Green Plants), trypsin digestion 
with one missed cleavage was selected, mass tolerance was 
100 ppm for the precursors and 0.6 Da for the MS/MS ions, 
methyl methanethiosulfonate- labeled cysteines were set as 
-xed modi-cations, oxidized methionines were set as varia-
ble modi-cations. 3e self-degradation peak of trypsin and 
pollutants peak were removed manually before retrieval. 

3. Results  

3.1 Root activity of R. glutinosa 



Wenxiong Lin et al., 2011 | Journal of Integrated Omics 

287-296 : 290 

3e root activity of two-year (SM) and three-year (TM) 
consecutively monocultured R. glutinosa was signi-cantly 
reduced by 53.1% and 73.9% respectively compared to the 
newly planted (NP) (Figure 1), suggesting that normal physi-
ological metabolism of roots was greatly inhibited with poor 
performance of root activity and decline in root dehydrogen-
ase activity under consecutive monoculture. 

3.2 Analysis of main medicinal ingredients in R. glutinosa 
tuberous root 

3e results from FTIR analysis (Figure 2) showed that the 
main medicinal ingredients in terms of the species of func-
tional groups were not signi-cantly diVerent between NP 
and SM. From FTIR detection, it also could be found that 
the main medicinal ingredients in R. glutinosa with diVerent 
monoculture years shared the same chemical compositions, 
suggesting that consecutive monoculture had no signi-cant 
eVect on the main medicinal ingredients of R. glutinosa 
(Table 2). 

Compared HPLC pro-les of tested samples (relative con-
centration was 16 mg/ml) with that of catalpol standard liq-
uid (10 μg/mL), we found that peak 3 in the retention time 
of 6.4 min was the characteristic peak of catalpol (Figure 3). 
3en the relative content of catalpol in tuberous roots of 
newly planted (NP) and two-year consecutively 
monocultured (SM) R. glutinosa was calculated according to 
that of standard catalpol liquid, with 0.88% and 0.63% (w/w) 
respectively, both in accordance with the content 
requirement mentioned in Pharmacopeia (no less than 0.2%, 
w/w). 3ere were -ve peaks in total shared both by NP and 
SM, among them peak 1 was regarded as solvent peak 
emerging between 2 and 4 min, peak 5 showed no signi-cant 
changes, the area of peak 2 and peak 4 of SM were both 
greater than NP, while peak 3 showed the opposite result, 

Figure 1. 3e eVect of consecutive monoculture on root activity of 
R. glutinosa. 3e numbers 1, 2 and 3 on the abscissa represent the 
plants from the newly planted (NP), the two-year (SM) and three-
year (TM) consecutively monocultured, respectively. DiVerent 
letters show signi-cant diVerences at the 5% level according to its 
p-value by Tucky’s test (P≤0.05, n = 3). 

Figure 2. 3e FTIR analysis on the medicinal ingredients of newly 
planted (NP) and two-year monocultured (SM) R. glutinosa tuber-
ous roots. a: newly planted R. glutinosa, b: two-year consecutively 
monocultured R. glutinosa. 

Peak Number a 
Wavelength（λcm-1

） 

Functional group 
Newly planted (NP) Consecutively monoculture (SM) 

1 3415.99 3407.65 —OH (association reaction)/ stretching vibration 

2 2927.93 2927.93 methylenedi/ 2930、2850 

3 1630.59 1643.11 C＝C/ 1690～1600/ stretching vibration 

4 1388.64 1388.64 methyl/ 1380 

5 1142.53 1146.70 —S＝O/ 1200～1040/ stretching vibration 

6 1050.75 1059.10 C—O/ 1300～1000/ stretching vibration 

7 796.29 796.29 C—Cl/ 800～600/ stretching vibration 

8 554.35 554.35 C—Br/ 600～500/ stretching vibration 

Table 2. FTIR analysis of functional groups of medicinal ingredients in the tuberous roots of newly planted (NP) and two-year consecutively 
monocultured (SM) R. glutinosa 

Note: a 3e number corresponds to the spectrum in Figure 2. 
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but no signi-cant diVerence was shown in the sum of peak 
area 2, 3 and 4 between NP and SM. 3e result suggested 
that the eVect of consecutive monoculture on medicinal 
quality of R. glutinosa was mainly reZected in the decline of 
content catalpol, a main medicinal ingredient in R. glutinosa.  

3.3 Di)erential expression of R. glutinosa leaf proteins under 
di)erent cultivation modes 

Using 2-D electrophoresis, diVerential expression pro-les 
of proteins extracted from three diVerent kinds of R 
glutinosa leaves were established (Figure 4). 3en 
imageMaster 5.0 so\ware was applied to analyze the 2-D 
pro-les to -nd out those proteins with diVerential 
expression (Figure 5). Finally, a total of 20 protein spots with 
pI in the range of 5- 8, MW about 14- 116 kDa, were 
diVerentially expressed, i.e., their intensities varied, at least 

on one gel in comparison to the control (NP), by more than 
1.5-fold. Twelve spots (spots 6, 7, 9, 10, 13, 16, 22, 24, 25, 27, 
29, and 31 constituting 60% of the total diVerentially ex-
pressed proteins) were down-regulated with the increasing 
years of monoculture. Five spots (spots 4, 14, 21, 33 and 35, 
constituting 25% of the total diVerentially expressed pro-
teins) were up-regulated with the increasing years of mono-
culture. 3ree spots (spots 12, 30 and 32, constituting 15% of 
the total diVerentially expressed proteins) were down-
regulated only in the three-year monoculture, but none in 
the two-year monoculture. 

3ese 20 diVerentially expressed proteins were successfully 
identi-ed by MS analysis (Table 3), and then divided into 5 
classes according to their respective functions through bioin-
formatics searching (KEGG database, http://
www.genome.jp/kegg/): (I) photosynthesis related proteins 
(spots 6, 7, 24 and 29, constituting 20%), (II) metabolism 
related proteins (spots 9, 10, 12, 13, 22, 25 and 32, constitut-
ing 35%), (III) energy conversion related proteins (spots 4, 
21, 30 and 33, constituting 20%), (IV) resistance related pro-
teins (spots 14, 16, 27 and 35, constituting 20%), (V) nucleo-
tide metabolism related protein (spot 31, constituting 5%). 
3e results showed that most proteins related to photosyn-
thesis, mRNA binding (including the chloroplast stem-loop 
binding protein-41), protein degradation (including the pro-
teasome) and pathogenesis were down-regulated with the 
increasing years of monoculture. However, the proteins in-
volved in energy metabolism and stress/defense response 
(including the class-1 LMW heat shock protein and cytosolic 
class I small heat shock protein) were up-regulated with the 
extended monoculture. 

3.4 Chlorophyll content of R. glutinosa leaves 

3e chlorophyll content of R. glutinosa leaves decreased 
with the increasing years of monoculture, showing that the 

Figure 3. 3e HPLC analysis of the catalpol content of newly 
planted (NP) and two-year monocultured (SM) R. glutinosa tuber-
ous roots. A: standard control, B: two-year consecutively monocul-
tured R. glutinosa, C: newly planted R. glutinosa. 

Figure 4. 3e silver stained 2-DE gel of proteins extracted from the leaves of newly planted (A), two-year (B) and three-year (C) consecutively 
monocultured R. glutinosa. In the -rst dimension, 160μg of protein was loaded on a 17 cm strip with a nonlinear gradient of pH 5–8. In the 
second dimension, a 5% stacking gel and a 10% separating gel were used. Unstained protein molecular weight markers ranging from 14.4 to 
116.2 kDa (Promega, Madison, USA) were used in the second dimension for size standardization. 
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chlorophyll content of newly planted R. glutinosa leaves was 
signi-cantly higher by 23.3% and 27.8% than those of two-
year and three-year consecutively monocultured R. glutinosa 
leaves, respectively (Figure 6). 3e result suggested that con-
secutive monoculture caused the damage of photosynthesis 
system in R. glutinosa leaves, and had a great eVect on the 
balance between chlorophyll synthesis and degradation, 
leading to a decline of photosynthesis capacity in plant 
(Figure 7).  

3.5 Photosynthesis-associated indicators of R. glutinosa 

As shown in Figure 7, photosynthetic rate (Pn), transpira-
tion rate (Tr), stomata conductance (Gs) all signi-cantly 
declined while intercellular CO2 (Ci) increased with the in-
creasing years of monocultue. It con-rmed that photosyn-

thetic capacity of R. glutinosa was greatly aVected by consec-
utive monoculture.  

3.6 MDA content of R. glutinosa 

As one of membrane lipid peroxidation indicators, varia-
tion of MDA content would reZect the corresponding 
changes in membrane lipid peroxidation and plant growth. 
It was shown that the MDA content of two-year (SM) and 
three-year (TM) consecutively monocultured R. glutinosa 
were higher than that of the newly planted (NP) by 43.1% 
and 73.1%, respectively (Figure 8). It suggested that mem-
brane lipid peroxidation could be greatly intensi-ed by con-
secutive monoculture. Lipid, a major component of cell 
membrane, is correlative to the normal intracellular metabo-
lism to some extent, thus its peroxidation will directly lead to 

Figure 5. Close-up views of the diVerentially expressed proteins extracted from diVerent R. glutinosa leaf samples in response to diVerent-
year consecutive monoculture (A) and relative abundance in terms of fold change of each spot in the gel (B). NP: proteins extracted from 
newly planted R. glutinosa leaves, SM: proteins extracted from two-year consecutively monocultured R. glutinosa leaves, TM: proteins ex-
tracted from three-year consecutively monocultured R. glutinosa leaves.  
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a disturbance of intracellular balance and various metabo-
lisms, and then have a further severe eVect on plant’s normal 
development. 3e results above con-rmed that the normal 
development of consecutively monocultured R. glutinosa 
was suppressed compared with that of the newly planted 
[13], especially with the increasing years of monoculture. 

4. Discussion 

Consecutive monoculture problems represent a major 
issue which greatly plagues the modern production of Chi-
nese medicinal plant, thus the relevant research is very im-
portant for further elucidating its physiological mechanism 
at the molecular level. Our previous study found that vanillic 

acid, β-sitosterol and some other second metabolites excret-
ed by R. glutinosa roots were the main substances with au-
toxicity and greatly limited the development of its next crop-
ping [11]. In the present study, we found that the root activi-
ty of R. glutinosa decreased gradually with the increasing 
years of monoculture, which in turn intensi-ed the damage 
degree on the whole plant growth. Furthermore, consecutive 
monoculture resulted in decrement of chlorophyll content, 
stomata conductance and photosynthesis rate, and increase 
in intercellular CO2 concentration, which all together led to a 
decline of photosynthesis ability, whilst increment of MDA 
content and intensi-cation of membrane lipid peroxidation 
in the leaves of consecutively monocultured R. glutinosa led 
to the deterioration of crops growth.  

Spot 

no. 

Accession 

number a) 
Protein name 

9eoretical PI/

MW (kDa) b) 

PMF/ 

Peptides c) 

Score 
d) 

Score 

C. I. % e) 
Species f) 

6 gi|13430334 Ribulose-bisphosphate carboxylase 
(RuBisCO) activase 

6.7/37.0258 6/3 229 100 Zantedeschia aethiopica 

7 gi|68565781 RuBisCO activase 2 6.78/48.0231 11/3 134 100 Zantedeschia aethiopica 

24 gi|3116024 Ribulose-bisphosphate carboxylase large 
subunit 

6.2/51.8881 12/0 70 97.326 Pycreus nuerensis 

29 gi|5817374 Ribulose 1,5-bisphosphate carboxylase 
large subunit 

6.57/48.6817 9/2 126 100 Angelonia pubescens 

9 gi|115457386 Sedoheptulose 1, 7-diphosphate 5.64/42.2181 10/2 79 99.671 Oryza sativa 

10 gi|12003283 Malonyl-CoA:ACP transacylase 5.91/39.6506 3/2 71 98.15 Perilla frutescens 

12 gi|73808462 Putative S-adenosylmethionine decar-
boxylase proenzyme 

5.04/37.7408 11/0 63 88.055 Solanum lycopersicoides 

13 gi|12229923 Proteasome subunit alpha type 5 (20S 4.7/25.9639 10/2 109 100 Glycine max 

22 gi|46399269 Putative pyridoxine biosynthesis protein 5.93/33.068 18/2 181 100 Nicotiana tabacum 

25 gi|82941449 Fructose-bisphosphate aldolase 6.47/38.1366 9/1 76 99.344 Codonopsis lanceolata 

32 gi|1168408 Fructose-bisphosphate aldolase, cyto-
plasmic isozyme 1 

6.38/38.4219 6/1 137 100 Pisum sativum 

4 gi|15241847 ATP binding 5.03/71.3422 15/3 211 100 Arabidopsis thaliana 

21 gi|18417676 ATP binding / ATPase/ nucleoside-
triphosphatase/nucleotide binding / 
protein binding 

5.93/108.8757 24/3 207 100 Arabidopsis thaliana 

30 gi|115469766 UTP-glucose-1-phosphatetransferase 6.4/67.4665 6/3 70 97.617 Oryza sativa 

33 gi|17224782 ATP synthase beta subunit 5.15/53.3608 18/1 148 100 Stemona japonica 

14 gi|25044839 Class-1 LMW heat shock protein 6.77/17.5621 5/1 116 100 Ananas comosus 

16 gi|38344034 OJ991214_12.15 4.67/18.1001 5/3 164 100 Oryza sativa 

27 gi|510940 Pathogenesis related protein 7.19/16.4715 9/0 77 99.566 Asparagus o1cinalis 

35 gi|37704433 Cytosolic class I small heat shock protein 5.8/14.0172 6/1 68 96.045 Nicotiana tabacum 

31 gi|15229384 Chloroplast stem-loop binding protein- 8.54/43.9025 6/2 102 99.998 Arabidopsis thaliana 

Note: a) GI number in NCBI. b) 3eoretical pI and molecular weight. c) 3e number of peptides identi-ed by MS or MS/MS. d) Protein scores 
were taken from the search results combined MS and MS/MS using GPS Explorer so\ware (Version 2.0). In this program, a mascot score > 62 
was considered signi-cant (p<0.05). e) 3e Con-dence Interval (C.I. %) for the protein score. f) 3e scienti-c name of green plants corre-
sponding to the best-matching proteins. 

Table 3. 3e diVerentially expressed proteins identi-ed by MALDI-TOF/TOF-MS in R. glutinosa leaves under diVerent cultivation conditions 
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3e results from comparative proteomic analysis showed 
that mRNA-binding protein was down-regulated in the con-
secutively monocultured R. glutinosa. Combined with some 
proteins, mRNA can prolong its life span and stability in the 
whole process from mRNA transcription to degradation 
though the half-life of mRNA in cell is comparatively short 
[22]. Downregulation of mRNA-binding showed that gene 
transcript process of the plant was inhibited under consecu-
tive monoculture condition, which led to further inZuence 
on plant’s physiology metabolism. Some proteins related to 

Calvin cycle, such as ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) kinase, Rubisco and Sedoheptulose-1,7-
bisphosphatase (SBPase), etc. were down-regulated with the 
extended monoculture. Down-regulation of these proteins in 
the consecutively monocultured R. glutinosa aVected its Cal-
vin cycle, leading to lack of enough substances and energy 
necessary for various life activities during plant normal de-
velopment, further causing the consecutive monoculture 
problems. Previous researches reported that SBPase gene 
could promote crop resistance by intensifying the capacity of 
starch biosynthesis and sugar production a\er transferred 
into plants for overexpression [23, 24]. So a new idea has 
been proposed that the method can be used for overcoming 
the R. glutinosa consecutive monoculture problems. Moreo-
ver, two kinds of fructose 1, 6-bisphosphate aldolases (spots 
25 and 32), both play a key role similar to SBPase in sugar 
synthesis, catalyze the reversible conversion of tri-
osephosphate into fructose 1, 6-diphosphate in leaf chloro-
plast (starch synthesis) and cytoplasm sucrose biosynthesis 
[25, 26]. 3erefore, inactivation of these enzymes would 
greatly aVect the smooth process of Calvin cycle, starch syn-
thesis in chloroplast and sucrose biosynthesis in cytoplasm, 
leading to retarded plant growth. 

By Infrared Spectroscopy and HPLC analysis, it showed 
that consecutive monoculture had no signi-cant eVect on 
the medicinal ingredients of R. glutinosa, but mainly caused 
the quantity of main medicinal ingredient (catalpol) to de-
cline. 3e increment of peaks 2, 4 and decrement of catalpol 
peak area (peak 3) in SM compared to the NP indicated that 

Figure 6. 3e eVect of consecutive monoculture on chlorophyll 
content of R. glutinosa. 3e numbers 1, 2 and 3 on the abscissa 
represent the plants from the newly planted (NP), the two-year 
(SM) and three-year (TM) consecutively monocultured, respec-
tively. DiVerent letters show signi-cant diVerences at the 5% level 
according to its p-value by Tucky’s test (P≤0.05, n = 3).  

Figure 7. 3e eVect of consecutive monoculture on net photosynthetic rate (A), transpiration rate (B), stomata conductance (C), and inter-
cellular CO2 concentration (D) of R. glutinosa. 3e numbers 1, 2 and 3 on the abscissa represent the plants from the newly planted (NP), the 
two-year (SM) and three-year consecutively monocultured (TM), respectively. DiVerent letters show signi-cant diVerences at the 5% level 
according to its p-value by Tucky’s test (P≤0.05, n = 3). 
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catalpol, a kind of terpenes produced by acetate-malonate 
pathway (AA-MA pathway) in the plant body, was changed 
into peak 2-related and 4-related substances in the consecu-
tively monocultured R. glutinosa. In this study, malonyl CoA
-ACP transferase, one key enzyme in AA-MA pathway, was 
also down-regulated in the consecutively monocultured R. 
glutinosa, leading the decrease in catalpol biosynthesis. 3e 
above results showed that main medicinal ingredient- catal-
pol in R. glutinosa was greatly aVected by the consecutive 
monoculture. Catalpol is one of the main active components 
of R. glutinosa and is found in the roots, stems and leaves 
[27,28,29]. 

One down-regulated protein (spot 27), related to patho-
genesis, was identi-ed in this study. Previous researches 
found that a few proteins were produced when plants were 
infected by virus, like-virus, fungus or bacterium, which 
were not pathogen-speci-c but were dependent on the type 
of host reaction [30]. 3ese proteins united together in the 
infected site to form a protective barrier against pathogens 
invasion, reduce plant susceptibility to disease. It was sug-
gested that these proteins might have the anti-fungus or anti
-bacterium activity. 3us the pathogenesis-associated pro-
tein with down-expression found in the consecutively mono-
cultured R. glutinosa in this study indicated that plant de-
fense mechanisms might be damaged because of consecutive 
monoculture. 

Protein degradation is important for normal development 
of plants, and proteasome plays an important role in the 
degradation of unwanted proteins when damaged [31]. 3is 
kind of degradation mechanism is necessary for many kinds 
of cell processes, including cell cycle, regulation of gene ex-
pression, oxidative stress reaction and so on. 3e main role 
of subunit α is to recognize a poly-ubiquitin chain which is 
connected to the target protein, and then initiates the corre-
sponding degradation process. However, the protein 
(Proteasome subunit alpha type 5, spot 13) was down-
regulated in consecutively monocultured R. glutinosa, which 

resulted in weak ability of adaptation. Besides, we also found 
that pyridoxine biosynthesis protein isoform A (spot 22) and 
Malonyl CoA-ACP transacylase (spot 10) were down-
regulated in consecutively monocultured R. glutinosa. 3ey 
were linked to the biosynthesis of pyridoxine, a coenzyme of 
many enzymes, and fatty acid [32]. 

From above diVerentially expressed proteins, it showed 
that consecutive monoculture had a negative eVect on R. 
glutinosa basic biosynthesis (such as the synthesis of sugar, 
pyridoxine, fatty acid and proteins), the degradation of pro-
teins and so on, then aVected the secondary metabolism and 
disease defence. 3us the growth of plant was trapped into a 
vicious cycle, resulting in the decline of plant defense ability 
against outside adverse factors such as drought, high tem-
perature, diseases, and insect pests and so on. 

However, three proteins (spots 4, 21 and 33) related to the 
energy metabolism, such as ATP-binding protein, ATPase 
and ATP synthase subunit β, were all up-regulated in the 
consecutively monocultured R. glutinosa. It indicated that 
consecutively monocultured R. glutinosa was indeed threat-
ened by adversity, which needed large amounts of energy to 
survive. Besides, two proteins (spots 14 and 35, i.e. heat 
shock proteins, HSPs,) linked to stress/defense response 
were up-regulated in the SM and TM compared with those 
in the NP. 3ey play a crucial role in protecting plant body 
and normal development of cell, even in protein folding, 
subunit assembling, intracellular transportation , protein 
degradation and so on [33, 34, 35]. Two kinds of HSPs were 
up-regulated in the consecutively monocultured R. glutinosa, 
suggesting that the plant initiated many kinds of HSPs -
related physiology and energy pathways to pull through the 
hard times, such as ATP-synthesis system, selective degrada-
tion of ATP-dependent proteins, when it was in unfavorable 
conditions. 

In summary, the self-poisoning substances excreted by R. 
glutinosa were accumulated in the soil through consecutive 
monoculture, directly or indirectly aVected the substance 
and energy metabolism, the stress/defense response, and 
some other regulations at molecular level in the plant body, 
which are necessary or important for the normal develop-
ment of next cropping, such as microbe interaction, leaf 
photosynthesis, root activity, adversity resistance, produc-
tion of main medicinal ingredients, crop yields and so on. So 
investigation of consecutive monoculture problems at the 
molecular level will deeply uncover the relevant mechanism, 
which contributes to -nd a molecular genetic way to im-
prove the crop yield and the production of main medicinal 
ingredients of R. glutinosa, further promotes the develop-
ment of Chinese medicinal industry. 

5. Concluding Remarks 

In this study, the physiological reactions and changes in 
leaf protein expression of R. glutinosa in response to mono-
culture years, as well as the main medicinal ingredients 
(catalpol) were determined. 3e results showed that consec-

Figure 8. 3e eVect of consecutive monoculture on MDA content 
in R. glutinosa leaves. 3e numbers 1, 2 and 3 on the abscissa rep-
resent the plants from the newly planted (NP), the two-year (SM) 
and three-year (TM) consecutively monocultured, respectively. 
DiVerent letters show signi-cant diVerences at the 5% level accord-
ing to its p-value by Tucky’s test (P≤0.05, n = 3).  
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utive monoculture remarkably inhibited the photosynthesis 
rate, root activity and the contents of chlorophyll and catal-
pol. Further research on the comparative proteomics dis-
played that proteins involved in Calvin cycle (i.e. Rubisco), 
AA-MA pathway (i.e. malonyl CoA-ACP transferase), path-
ogenesis and mRNA binding (i.e. chloroplast stem-loop 
binding protein-41), etc. were down-regulated with the in-
creasing years of monoculture. However, proteins related to 
energy metabolism (i.e. ATPase and ATP synthase) and 
stress/defense response (i.e. heat shock protein) were highly 
up-regulated with the extended monoculture, which might 
be a response to environmental inhibitory factors (such as 
toxic microbial metabolites, low pH of soil and nutrient de--
ciency, etc.) under consecutive monoculture. In further 
study, a genetic engineering method may be used to regulate 
the expression of above-mentioned key enzymes in plant 
metabolism, oVering an encient way to alleviate the consec-
utive monoculture problems existing in R. glutinosa mono-
culture system. 
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�e majority of lung cancers are non-small cell lung can-
cer (NSCLC) and most are diagnosed in late stage resulting 
in poor prognosis [1,2]. Tyrosine kinase inhibitors show 
great promises for cancer therapy [3]. Ge9tinib (Iressa) is a 
highly selective tyrosine kinase inhibitor of the epidermal 
growth factor receptor (EGFR) that is used in the treatment 
of patients with advanced stage NSCLC. Initial studies have 
shown that ge9tinib improved the quality of life in some 
NSCLC patients but the response rate was low [4, 5]. 

Subsequently, sensitizing somatic EGFR mutation, pre-
dominantly deletions in exon 19 and L858R point mutations 
in exon 21, was shown to be associated with increased sensi-
tivity to ge9tinib [6, 7]. Furthermore, in randomised studies, 

the response rates of patients with sensitizing EGFR muta-
tions treated with ge9tinib was 62-74%, while the response 
rate was 1% for those without mutations [8-10]. �is there-
fore argues for detection of EGFR mutations as a means to 
select patients for ge9tinib. However, there are several chal-
lenges. First, access to tumour samples for analysis is limited. 
In many instances, diagnostic samples (e.g. 9ne needle aspi-
rates) provide poor quality or insuDcient amount aEer diag-
nostic pathology not to mention its invasive nature. Second, 
patients without EGFR mutation could still respond to ge-
9tinib albeit at low lower rate [9]. �is implies that factors 
other than EGFR mutation may predispose patients to ge-
9tinib. 
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Abstract 

1. Introduction 

EGFR mutation status has been reported to correlate well with the response of NSCLC patients to Ge9tinib. However, EGFR mutation analy-
sis is invasive in nature and recent studies supported the notion that EGFR mutation was unable to predict response to Ge9tinib in some 
patients. We therefore conducted plasma proteomics to identify potential biomarkers that are less invasive and whose expressions correlate 
more signi9cantly to response to Ge9tinib. To identify protein candidates that correlate with response to Ge9tinib, we pro9led the relative 
expression levels of plasma proteins between responders and non-responders prior to Ge9tinib treatment. Relative quanti9cation of plasma 
proteins were analysed using Isobaric Tags for Relative and Absolute Quanti9cation (iTRAQ) and liquid chromatography-electrospray ioni-
zation (ESI) tandem mass spectrometry. Proteins that were commonly upregulated or downregulated amongst responders but not the non-
responders were selected for validation via immunoblotting. HBB protein was found to be signi9cantly under-expressed in the plasma sam-
ples from 6 out of 7 ge9tinib-responsive patients but over-expressed in a majority of the non-responders. Our 9nding showed that HBB is a 
potential biomarker for predicting response to Ge9tinib that may be subject to a larger study to examine its role as a companion biomarker 
for Ge9tinib therapy.  

Keywords: NSCLC; Plasma; Proteomics; Ge9tinib; iTRAQ; HBB 
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Conceivably, markers other than EGFR mutation exist that 
could predict response to ge9tinib. Similarly, it is possible 
that surrogate marker(s) for EGFR mutation exists in biolog-
ical Vuids that are more easily accessible than tumor tissues. 
Blood sampling is minimally invasive and does not require 
repeated biopsies. �e notion and feasibility of identifying 
markers for predicting drug response through blood-related 
proteomics has been demonstrated [11, 12]. Hence, we aim 
to pro9le the prior-to-treatment baseline expression level of 
proteins in the plasma of patients who responded to ge9tinib 
versus those who did not. 

We adopted the Isobaric Tags for Relative and Absolute 
Quanti9cation (iTRAQ) approach to compare the plasma 
protein expression pro9les of 7 responding and 6 non-
responding individual patients. �e objective of this pilot 
study is to identify candidate predictive biomarker that can 
be subject to larger-scale clinical trials to validate its utility in 
predicting response to ge9tinib. 

2. Material and Methods 

Blood collection  

Patients with histologically or cytologically con9rmed ad-
vanced stage NSCLC who were planned for ge9tinib therapy 
were enrolled into the study. Blood collection was obtained 
at baseline (prior to Ge9tinib treatment) and at the end of 
every treatment cycle. Basic patient demographics were col-
lected. Tumour response was evaluated aEer every two cycles 
according to the RECIST criteria [13]. Disease control was 
de9ned as patients who had stable disease or better. �e Na-
tional University of Singapore Institutional Review Board 
approved the study and all patients gave written informed 
consent. 

�e protocol for blood collection and plasma preparation 
is based on 9ndings from the Plasma Proteome Project 
(PPP) [14]. To ensure the consistency in plasma preparation, 
a quality control measure was implemented where all the 
blood samples must be processed into plasma in the labora-
tory within an hour aEer blood collection in the clinic. �e 
integrity of each plasma sample is further veri9ed by run-
ning 1D-SDS-PAGE and stained with SyproRuby Vuorescent 
dye to ensure check for massive protein degradation. Sam-
ples that did not satisfy the speci9ed time frame or integrity 
check would be stored away and will not be used for the 
study.  

Samples from 13 patients were used amongst which 7 re-
sponded to ge9tinib whereas the remaining 6 had disease 
progression following ge9tinib treatment. 

Plasma depletion and iTRAQ labeling 

One mL of plasma sample was 9rst subject to delipidation 
by centrifugation at 130,000 x g at 4°C for 2 hr. �e bottom 
layer of lipids-free plasma was collected and the total protein 
was estimated using BCA assay. Plasma sample from each 

patient were then depleted using MARS Hu-7 aDnity col-
umn (Agilent Technologies, USA) according to the manu-
facturer’s protocol. Total protein aEer depletion was estimat-
ed using BCA assay. Protein samples were then reduced, 
alkylated, digested and labelled with iTRAQ reagents accord-
ing to the recommended protocol (Applied Biosystems, 
Framingham, MA, USA).  

LC-MS/MS analysis  

For each iTRAQ experiment, the labelled peptides were 
fractionated into 30 fractions using strong cation exchange 
using a PolySULFOETHYL™ A Column (PolyLC, Columbia, 
MD, USA) 5µm of 200mm length × 4.6mm ID, 200Å pore 
size. �ese fractions were cleaned-up using a C18 Discovery® 
DSC-18 SPE column (100mg capacity, Supelco, Sigma-
Aldrich). �e dried and cleaned fractions were then analyzed 
using Agilent 1100 nLC system (Agilent) coupled online to a 
quadruple time of Vight mass spectrometer (QStar XL, Ap-
plied Biosystems), as described in reference [15]. Eluent 
from the reverse phase nLC was directly subjected to positive 
ion nanoVow electrospray analysis in an information de-
pendant acquisition mode (IDA). A ToF MS survey scan was 
acquired (m/z 370-1600, 0.5 sec), with the 3 most intense 
multiple charged ions (counts >70) sequentially subjected to 
MS/MS analysis. �e time of summation of MS/MS events 
was set to be 2 seconds in the mass range of m/z 100-1600.  

Similarly to the previous study, protein identi9cation and 
quanti9cation were carried out using ProteinPilotTM soEware 
(version 2.0; Applied Biosystems, MDS-Sciex), searching 
against IPI human database (version 3.41) [15]. �e search 
was performed using Paragon AlgorithmTM, which is dis-
cussed in detail elsewhere [16]. Only those proteins identi-
9ed and quanti9ed with at least 95% con9dence were taken 
into account. All results were then exported into Excel for 
manual data interpretation.  

Immunoblotting  

For validation of iTRAQ result, plasma samples used for 
iTRAQ analysis were subjected to immunoblotting for HBB 
and SAA using mouse monoclonal antibody (Santa Cruz), as 
described in previous studies [17, 18]. Triplicates blots were 
carried out for each sample to ensure that the generated data 
re reliable. For densitometry, images from x-ray 9lm were 
9rst captured using Imager Scanner and its corresponding 
soEware LabScan version 5.0 (GE Healthcare). Image was 
then analyzed using ImageQuantTL soEware v2003.03 (GE 
Healthcare). 

EGFR mutation analysis 

Formalin-9xed, paraDn-embedded tumour samples of the 
cases were obtained from the Pathology departments of the 
two participating centres i.e. National University Hospital 
and National Cancer Centre, Republic of Singapore. DNA 
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was extracted from 5 µm sections of each sample as de-
scribed previously [19]. Mutations in exons 18–21 of EGFR 
were detected by direct sequencing as described previously 
[20]. 

Statistical analysis  

To ascertain if there was a signi9cant diaerence in the lev-
els of HBB protein expressions (obtained from iTRAQ) be-
tween the responsive and non-responsive patients, the Mann
-Whitney U test was applied. �e Fisher exact tests were also 
performed to determine if there was signi9cant association 
between EGFR mutation (0: Non wild-type, 1: Wild-type) 
and the clinical and demographic variables (e.g., gender, 
ethnicity, smoking status, histology, disease status and re-
sponse towards treatment). �e nonparametric tests were 
proposed in anticipation of the violation of normality as-
sumption and cell sparsity owing to the small sample size. 
Using SPSS 16.0 (SPSS Inc, Illinois, USA) and Stata 10.0 
(Stata Corp, Texas, USA), all statistical tests were conducted 
at 5% level of signi9cance. 

3. Results and discussion 

Proteome pro%ling of plasma samples from responders and 
non-responders before ge%tinib treatment 

�e characteristics of the 13 patients recruited for this 
study is shown in Table 1. BrieVy, 7 responded to ge9tinib 

treatment and 6 did not. All the patients, of Asian origin, 
were diagnosed to suaer from stage IV diseases. �ey were 
mostly never smokers (84.6%) and had adenocarinoma 
(69.2%). Six patients (46%) received ge9tinib as 9rst-line, 4 
(31%) as second-line and 3 (23%) as third-line treatment. 
Mutation analysis for EGFR mutations was performed in ten 
patients in whom tumour tissues were available. EGFR mu-
tations were detected in three of these patients.  

�e plasma protein expression pro9le of individual pa-
tients before ge9tinib treatment was analyzed in triplicates 
using quantitative iTRAQ approach. �e experimental de-
sign showing how all 13 independent samples were analyzed 
using 8-plex iTRAQ is shown in Figure 1. Baseline plasma 
samples from all 13 patients were pooled and used as an in-
ternal control so that data could be normalized and com-
pared across all the samples. Hence the relative quanti9ca-
tion for each individual samples (7 responding and 6 non-
responding individual patients) was relative to this pooled 
sample. 

Only common proteins identi9ed across the 3 iTRAQ da-
tasets generated were selected for further consideration. A 
total of 115 common proteins were identi9ed and quanti9ed. 
�e complete list of the proteins identi9ed in these 3 iTRAQ 
datasets and their common proteins are tabulated in Supple-
mentary Material 1. �e 115 common proteins were then 
characterised based on their molecular function using Pan-
ther Classi9cation (http://www.pantherdb.org) [21]. �ere 
were 177 protein assignments were obtained and sorted into 
23 molecular classi9cations, since some of these proteins 

Pa�ent ID Age Gender Race 
Smoking 

status 
Histology 

Disease 

Stage 

Line of gefi�nib 

treatment 
Response 

EGFR muta�on 

status � 

PT1 59 M Malay Never Adenocarcinoma IV 1
st

 No NA 

PT2 55 F Chinese Never Poorly differen�ated IV 1
st

 No NA 

PT3 62 F Chinese Never Adenocarcinoma IV 1
st

 No 
exon 21, 858 

point MT 

PT4 69 M Chinese unknown Large cell carcinoma IV 
2nd 
  

Yes NA 

PT5 75 M Chinese Former Squamous cell IV 3rd No WT 

PT6 51 F Chinese Never Adenocarcinoma IV 3
rd

 No 
exon 19 del 746 

mt 

PT7 64 F Chinese Never Adenocarcinoma IV 1
st

 Yes WT 

PT8 55 M Chinese Never Adenocarcinoma IV 1
st

 Yes WT 

PT9 61 F Chinese Never Adenocarcinoma IV 2nd Yes Inconclusive 

PT10 62 F Chinese Never Adenocarcinoma IV 2
nd

 Yes WT 

PT11 57 F Chinese Never Adenocarcinoma IV 2
nd

 Yes WT 

PT12 64 F Chinese Never Poorly differen�ated IV 3
rd

 Yes 
exon 21, 858 

point MT 

PT13 60 F Chinese Never Adenocarcinoma IV 1
st

 No WT 

Table 1. Sample Characteristics (including clinical data) of NSCLC patients 

  � NA: No available tissue for EGFR analysis; WT: Wild type; Inconclusive : �e analysed result was not conclusive.  
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have multiple classi9cations assigned (Supplementary Mate-
rial 2). �e majority of the common proteins were grouped 
under defence/immunity protein followed by protease and 
transport/carrier protein – typical of proteins found in the 
plasma. �e details protein classi9cation for each group is 
shown in Supplementary Material 2. 

Selection of candidate proteins that may segregate responders 
from non-responders  

From the list of common proteins identi9ed, proteins were 
considered up or down-regulated when their ratios were 

>1.3 or <0.77, with their p-value <0.05. �is cut-oa value 
was determined from our preliminary analysis, which 
showed that the technical variation from duplicate sets of 
iTRAQ experiments was less than 30% (Supplementary Ma-
terial 3). �is technical variation has been consistently ob-
tained in published and unpublished studies from our lab 
[22, 23]. �e biological variations of protein expressions in 
the plasma of diaerent subjects vary from one protein to 
another. Some are highly variable while others are not so. As 
such, we could only implement a cut-oa based on technical 
variation, something that we can determine.  

To help short-list proteins that might segregate responders 

Figure 1. �e overview of experimental workVow employed in the study. A total of 3 8-plex iTRAQ datasets containing the baseline (before 
ge9tinib treatment) plasma proteome pro9les of the responders versus non-responders patients towards ge9tinib treatment were generated. 
Patients who responded positively towards ge9tinib treatment were denoted with * in the 9gure. 

Gene 

symbol 

Protein 

name 

Responsive pa�ents Non-responsive pa�ents 

PT4 : 

Pooled 

cancer 

PT7 : 

Pooled 

cancer 

PT8 : 

Pooled 

cancer 

PT9 : 

Pooled 

cancer 

PT10 : 

Pooled 

cancer 

PT11 : 

Pooled 

cancer 

PT12 : 

Pooled 

cancer 

PT1 : 

Pooled 

cancer 

PT2 : 

Pooled 

cancer 

PT3 : 

Pooled 

cancer 

PT5 : 

Pooled 

cancer 

PT6 : 

Pooled 

cancer 

PT13 : 

Pooled 

cancer 

SAA2 

Serum 

amyloid A2 

isoform a 

0.44 0.56 0.27 1.81 0.20 0.75 0.63 0.80 0.44 1.14 1.17 0.94 0.77 

HBB 

Hemoglobin 

subunit 

beta 

0.58 0.34 0.97 0.76 0.33 0.25 0.35 1.80 1.38 0.59 1.31 0.91 3.11 

LOC400

682 

Similar to 

hCG199685

8 

1.31 0.42 0.57 0.78 0.31 0.56 0.89 0.87 1.15 1.21 1.86 1.30 1.25 

FGB 
Fibrinogen 

beta chain 
1.35 1.30 0.72 0.58 1.67 1.34 1.07 0.96 1.28 0.70 1.12 0.84 0.50 

F12 
Coagula�on 

factor XII 
1.46 1.33 1.05 1.22 1.39 1.32 0.80 0.97 1.04 0.77 1.02 0.92 1.00 

SER-

PINA1 

Isoform 1 of 

Alpha-1-

an�trypsin 

1.52 0.31 0.47 0.69 0.72 1.63 1.06 0.72 1.34 1.72 0.84 1.12 0.24 

LUM Lumican 1.60 1.69 0.80 0.96 1.37 1.54 1.27 0.82 0.70 0.69 0.69 0.91 0.56 

Table 2. Proteins that exhibited the same expression trend (over or under-expression) in at least 60% of the responder or non-responder 
group of patients. Proteins were considered diaerentially expressed (bold) when the protein ratio was found to be either >1.3 or <0.77, with p
-value <0.05. Other details including p-value and error factor for these proteins can be tabulated in Supplementary Material 1. 
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from non responders, we 9rst grouped the patients into re-
sponders or non responders. Next, we selected proteins that 
displayed the same expression trend (over- or under-
expression) in at least 60% of the sample size within the re-
sponder or non responder group. �is resulted in a total of 7 
candidate proteins and they are presented in Table 2. Other 
proteins showed random expression trend across the re-
sponder and non-responders group. Hence they were not 
considered further in this study. 

Veri%cation of HBB and SAA expression levels in the plasma 

samples from responding and non-responding patients 

From Table 2, 2 proteins namely SAA and HBB were 
found to be under-expressed in 6 out of 7 patients (86%) 
who responded to ge9tinib treatment. �is is a higher fre-
quency compared to the rest like LOC400682 and LUM, 
which were signi9cantly under-expressed and over-
expressed in 4 out of 7 cases, respectively. �e striking diaer-
ences in the expression levels of SAA and HBB between the 
responders and non-responder led us to investigate these 
two candidates more closely as they might represent bi-

Figure 2. (A) Representative immunoblots for both HBB and SAA protein validation. Patients who responded positively towards ge9tinib 
treatment were denoted with * in the 9gure. (B) Average densitometry readings of triplicate immunoblots for individual NSCLC patients in 
the study. Box plots showing the distribution of HBB protein expression obtained through (C) iTRAQ and (D) immunoblotting approaches 
among the responsive and non-responsive patients. Mann-Whitney U tests revealed that statistically signi9cant diaerence (p-value<0.001) in 
the HBB expresion level was observed for both plots. 

IB: HBB 

IB: SAA 

A Pooled       PT1        PT2        PT3        PT4*        PT5        PT6        PT7*       PT8*      PT9*      PT10*    PT11*   PT12*      PT13* 

Cancer 
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omarkers that predict response to ge9tinib. �e rest of the 
candidates like LOC400682 and LUM could not be pursued 
further in part because of the lack of commercially available 
antibodies or because the antibodies were of poor quality 
that did not allow us to interpret the data accurately and 
with high con9dence. 

We 9rst set out to examine the protein expression levels of 
SAA and HBB in the plasma using immunoblotting to deter-
mine whether the iTRAQ data could be veri9ed. Figure 2A 
shows a representative blot each from immunoblotting of 
SAA and HBB. �e densitometry readings for these 2 candi-
date proteins obtained through immunoblotting were shown 
in Figure 2B. Overall, the results obtained for both proteins 
using immunoblotting and iTRAQ approaches were congru-
ent.  

Next, statistical analysis was performed to examine wheth-
er the divergence in protein expressions of both SAA and 
HBB among the responsive and non-responsive patients was 
statistically signi9cant. Using Mann-Whitney U test, the p-
values for HBB protein expression level obtained through 
iTRAQ and immunoblotting were both 0.022 respectively. 
Figure 2C and 2D show the box plots of HBB protein expres-
sion obtained from iTRAQ and immunoblotting approach, 
respectively. �e data indicates that the diaerence in HBB 
expression levels between responsive and non-responsive 
group of patients was signi9cant. In contrast, no statistical 
signi9cance was obtained for SAA protein (p-value > 0.05) 
(refer to Supplementary Material 4). Although the remaining 
5 candidate proteins were not studied further in this study 
for reasons discussed above, the results of the statistical anal-
yses of their expression levels between the responsive and 
non-responsive group of patients were nevertheless included 
in Supplementary Material 4 as a reference.  

EGFR mutation status and response to Ge%tinib in the cohort 
studied 

Of the ten patients with EGFR mutation analysis per-
formed, six were EGFR wild-type. Four out of 6 patients 
(67%) with EGFR WT responded to ge9tinib. �is was unex-
pectedly high given the response rate in patients EGFR WT 
to ge9tinib can be as low as 1-3% [8, 24] and even higher 
range reported is about 38% [25]. Ge9tinib has been shown 
to be more eaective in never smokers amongst Asian NSCLC 
patients[26]. �e fact that 5 out of 6 patients with no EGFR 
mutation in this study were never smokers could have con-
tributed to the higher response rate to ge9tinib. On the other 
hand, we observed only 1 out of 3 patients (33%) with EGFR 
mutation who responded to ge9tinib. �is is lower than the 
reported range of up to 75%. �e discrepancy may result 
from the small sample size. It may also be due to the fact that 
1 and 2 patients with EGFR mutation received ge9tinib as a 
9rst line and third line treatment, respectively. So far, most 
of the studies on the correlation of EGFR mutation with re-
sponse to ge9tinib were conducted involving the use of ge-
9tinib as 3-rd line treatment. �ese confounding factors 

should be considered when designing future larger scale 
studies. It may also signal the need to discover population-
speci9c biomarkers for predicting response of NSCLC pa-
tients to ge9tinib therapy. �us far, we are not aware that 
such a study has been conducted in Singapore.  

To determine whether there exist a candidate surrogate 
marker for EGFR mutation, statistical correlation analysis 
between EGFR mutations and relative protein expression 
data was performed. �e results of further assessments 
(Fisher exact test Mann-Whitney U test) concerning EGFR 
(0: Non wild-type including an inconclusive case, 1: Wild-
type) are shown in Table 3. EGFR mutations status was not 
signi9cantly associated with gender, age, smoking status, 
histology and response towards ge9tinib treatment. No sta-
tistical test could be performed for disease status (all stage 
IV) and ethnicity (all Chinese). We caution that it is diDcult 
to generalize the reported results of this pilot study owing to 
the small sample size. However, such a pilot study and the 
results, although preliminary in nature, are useful for plan-
ning a complete study involving more observations. 

4. Discussion 

�ere is suDcient evidence showing that not all NSCLC 
patients respond to ge9tinib. As such, there is a need for 

� Based on Mann-Whitney U test. 

Variable 
MGFR Muta�on Status 

p-value 
Wild-type Non wild-type 

Response towards 

gefi�nib treatment 
    

0.999    No 2 2 

   Yes 4 2 

Histology     

0.667 
Adenocarcinoma 5 3 

Large cell carcinoma 1 0 

Poorly differen�ated 0 1 

Disease stage       

IV 6 4 N.A. 

Ethnicity       

   Chinese 6 4 N.A. 

Gender     

0.467  Female 4 4 

 Male 2 0 

Smoking status     

0.999    Ex-smoker 1 0 

   Non-smoker 5 4 

Age (years) Median: 61 Median: 61.5 
0.830

  
  

  Range: 55-75 Range: 51-64 

Table 3. Statistical analysis of EGFR mutation status. 
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companion biomarkers to stratify patients to achieve cost 
eaectiveness in cancer management. To this end, proteomics 
analysis of lung adenocarcinoma tissues from patients who 
showed diaerent response to ge9tinib was reported. Using a 
support vector machine algorithm, 9 proteins were selected 
that could distinguish responders from non responders. 
Diaerential expression of one of the nine proteins, heart-
type fatty acid-binding protein was successfully validated 
[27]. While useful, the potential biomarkers identi9ed via 
analysis of tissues means that invasive surgical methods have 
to be employed if these biomarkers were to be exploited. 
Biomarkers are best tested in body Vuids like blood that are 
minimally invasive.  

With respect to this, one study conducted serum protein 
pro9ling and obtained an algorithm based on 8 distinct mass 
peaks that could predict the outcomes following ge9tinib 
treatment. In one of their datasets, the median survival in the 
predicted “good” and “poor” outcome groups was 207 and 
92 days, respectively [28]. �e identities of the 8 mass peaks 
are not known. A similar study also generated an algorithm 
of MALDI-mass peaks from serum pro9ling that could dis-
tinguish patients with diaerent response to treatment with a 
combination of ge9tinib and rofecoxib in platinum-pre-
treated NSCLC patients [29]. While potentially useful, the 
use of such “biomarkers” represented by mass peaks with 
unknown identi9es is risky since it is not clear whether they 
are speci9c to the sample preparation or analytical method 
used.  

It is likely that an eaective “biomarker” would consist of a 
panel of easy-to-access biomarkers with increased sensitivity 
and speci9city than individual biomarkers. By combining 
various biomarkers identi9ed from various studies, one may 
eventually be able to test such a combination of biomarkers 
for predicting drug response. To contribute to this cause, our 
study attempted to identify potential biomarkers that could 
distinguish between patients who respond versus those who 
don’t respond to ge9tinib. �is was achieved by pro9ling the 
plasma proteins from 7 responders and 6 non-responders to 
ge9tinib. �ere are limitations in this study. First, our study 
has a higher proportion of females (9 out 13) than males (4 
out of 13). However, the adjustment of gender imbalance is 
not feasible given the small sample size of this pilot study. A 
multivariate statistical technique which allows such demo-
graphic imbalances to be adjusted should be considered in 
future studies involving more observations. Second, the sam-
ple size of the study is small. Since this was meant to be a 
pilot study, we did not perform sample size calculation prior 
to data collection. �e generated results, based on explorato-
ry statistical techniques, would be useful for calculating the 
appropriate sample size for a complete study later.  

Nonetheless, we have identi9ed two proteins that were 
diaerentially expressed in ge9tinib-responding and non-
responding NSCLC patients were discovered. One of them is 
Hemoglobin subunit beta (HBB), one of the two polypeptide 
chains in adult haemoglobin. It plays an important role in 
oxygen transportation from lung to various peripheral tis-

sues. Various studies focused on the mutation of HBB since 
its defect can lead to numerous blood disorder diseases such 
as beta-thalassemia and sickle cell anemia [30]. On the other 
hand, HBB gene expression level was reported to be down-
regulated in breast tumour tissue [31] and anaplastic tyroid 
cancer cell lines [32] compared with normal tissue/cells. In a 
glycoproteomic study on human lung adenocarcinoma tis-
sue, HBB was also reported to be down-regulated compared 
to the normal tissue [33]. In this study, we showed that HBB 
protein expression was low in the majority of the plasma 
samples of NSCLC patients who were responsive to ge9tinib 
treatment compared with the non-responders. �is implies 
that HBB may be used to predict patient’s response to ge-
9tinib. It is not entirely clear how a lower HBB expression 
may inVuence drug response. It is conceivable that a lower 
HBB expression results in a hypoxic condition and that hy-
poxic tumours, which are metabolically stressed, may be 
more susceptible to ge9tinib. While it is possible that HBB 
may be cancer cell-speci9c, we do not rule out the possibility 
that lower amount of HBB might be related to physiological 
processes such the oxygen carrying capacity of the erythro-
cytes.  

5. Conclusion 

In conclusion, our pilot study shows that HBB is a candi-
date discriminatory biomarker that is able to segregate be-
tween ge9tinib-responding and non-responding NSCLC 
patients. �e key 9nding from this study justi9es the design 
of a future study with a larger sample size to validate the 
potential of HBB as a predictive biomarker for ge9tinib ther-
apy. Due to the expensive nature of Ge9tinib, accrual of pa-
tients on this drug for future study will be a challenge. It is 
envisaged that such a large-scale validation study is best un-
dertaken by the industry or a major cancer program/
consortium. 

6. Supplementary Material 

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/74/0 

Supplementary Material 1-List of common proteins identi-
9ed from 3 iTRAQ dataset generated from 13 NSCLC base-
line plasma samples (before Iressa treatment); Supplemen-
tary Material 2 - Molecular classi9cation using Panther; Sup-
plementary Material 3 - Technical variation estimation in 
iTRAQ labeling; Supplementary Material 4 - Statistical anal-
ysis of protein expression between responsive and non-
responsive group of patients. 
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