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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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Acinetobacter baumannii is one of the opportunistic patho-
gens described by Infectious Disease Society of America [1]. 
Due to its pathogenicity, it is grouped into ESKAPE patho-
gens, a group of pathogens causing hospital-acquired infec-
tions [2-3]. Acinetobacter baumannii has emerged as a threat 
to soldiers, wounded during military operations in Iraq and 
Afghanistan [4-5], and also isolated from natural resources 
[6]. It causes pneumonia, respiratory infections and urinary 
tract infections. It can grow on arti4cial surfaces, utilize etha-
nol as a carbon source [7], resist desiccation, survive at vari-
ous temperatures, and pH conditions [8]. :ese abilities 
make it a ‘lethal’ pathogen. Prevalence of Acinetobacter bau-
mannii in clinical setup increases gradually [9]. Commonly 
prescribed drug against A. baumannii are carbapenems 
which belongs to the β-lactam group of antibiotics [10]. Aci-
netobacter baumannii has emerged resistance against car-
bapenem which is a signi4cant health problem and responsi-
ble for high morbidity & mortality [11]. :is makes it one of 
the major health concerns [9, 12-13].  

Proteomics emerged as a tool to study the diBerential pro-
teome under diverse conditions. With the development of 
methods used in the proteomics, a considerable progress has 
been made in the recent years in the 4eld of diBerential prote-
omics. Various methods have been employed to study the 
diBerential proteomics. :ese methods include gel based 
methods like DIGE [14], gel free methods like ICAT [15], 
iTRAQ [16], SILIC [17], ICPL [18], and mass spectrometry 
based methods like SRM [19]. Isotope labels can be incorpo-
rated into peptides chemically or enzymatically or metaboli-
cally or inverse labeling-based [20]. In label free proteomics 
mass spectrometer recognizes the mass diBerence and their 

quanti4cation are achieved by comparing their respective 
signal intensities.  

DiBerential proteomics between wild type and carbapenem 
resistance strain of Acinetobacter baumannii was 4rst report-
ed by the Vila and colleagues [21]. Similarly, Siroy et al also 
performed the diBerential global comparison of the mem-
brane sub-proteomes of multidrug-resistant Acinetobacter 
baumannii strain and a reference strain [22]. Using diBeren-
tial proteomics approach, Soares et al showed that Acineto-
bacter baumannii displays a robust and versatile metabolism 
[23]. With the help of diBerential outer membrane prote-
omics, Kwon et al, studied the secretion of outer membrane 
vesicles (OMVs) from a clinical A. baumannii isolate and 
analysed the comprehensive proteome of A. baumannii-
derived OMVs [24]. Similarly, high-end isoelectric point (pH 
6-11) diBerential proteome analysis of Acinetobacter radiore-
sistens S-13 reveals that envelope stress responses can be in-
duced by aromatic compounds [25]. Bio4lm formation is one 
of the important causes for the persistence of Acinetobacter 
baumannii on the surface of host epithelial cells. Cabral et al, 
performed diBerential proteomics of Acinetobacter cultured 
in three diBerent conditions (exponential, late stationary 
phase and bio4lms stage) and they also checked the eBects of 
bio4lm inhibitory compound (salicylate) on the bio4lm for-
mation. :is multiple-approach strategy showed a unique 
lifestyle of A. baumannii involved in bio4lms formation [26]. 
Yun et al, performed diBerential quantitative proteomic anal-
ysis of cell wall and plasma membrane fractions from multi-
drug-resistant Acinetobacter baumannii and reported that 
carbapenem induces the expression of resistance-nodulation-
cell division transporters, protein kinases and suppress outer 
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membrane proteins expression [27]. Lee et al explain the 
mechanism of hetero-resistance induced by imipenem (a 
member of carbapenem group) in the multidrug resistance 
Acinetobacter baumannii [28]. Rajeswari et al showed the 
importance of outer membrane in the carbapenem resistance 
using diBerential outer membrane proteomics of car-
bapenem resistance strain of Acinetobacter baumannii [29]. 
Tiwari et al identi4ed the importance of the metabolism in 
the carbapenem resistance of Acinetobacter using diBeren-
tial inner membrane proteomics [13]. Role of iron in the 
survival of ATCC strain and carbapenem resistance strain of 
Acinetobacter baumannii in human host has also been stud-
ied using diBerential proteomics [30-31]. Proteome of the 
human host also changed during Acinetobacter baumannii 

infection. Soares et al, identi4ed alterations in the plasma 
proteome of individuals infected with Acinetobacter bau-
mannii as compared to healthy controls using DIGE based 
diBerential proteomic approach [32]. 

:ese updates show that diBerential proteomics has now 
emerged as an important tool to understand the mechanism 
of carbapenem resistance in Acinetobacter baumannii. 
DiBerential proteomics also helps to understand the role of 
diBerent environments/conditions in the survival of Aci-
netobacter baumannii and its adaptation as a notorious path-
ogen. 
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Recent studies have shown that aromatic compounds, such as B[a]P, inPuence the immune system even at low concentrations. Although the 
activation of immune cells is the Qrst and thereby pivotal step in the immunological cascade, the current knowledge about the impact of envi-
ronmental pollutants on this process is quite limited. Jerefore, we investigated the eBect of a subtoxic B[a]P concentration (50 nM) on the 
proteome and the metabolome of non-activated and activated Jurkat T cells. Je GeLC-MS/MS analysis yielded 2624 unambiguously identi-
Qed proteins. In addition to typical regulatory pathways associated with T cell activation, pathway analysis by Ingenuity IPA revealed several 
metabolic processes, for instance purine and pyruvate metabolism. Je activation process seems to be inPuenced by B[a]P suggesting an im-
portant role of the mTOR pathway in the cellular adaptation. B[a]P exposure of non-activated Jurkat cells induced signaling pathways such as 
protein ubiquitination and NRF2 mediated oxidative stress response as well as metabolic adaptations involving pyruvate, purine and fatty acid 
metabolism. Jus, we validated the proteome results by determining the concentrations of 183 metabolites with FIA-MS/MS and IC-MS/MS. 
Furthermore, we were able to show that Jurkat cells metabolize B[a]P to B[a]P-1,6-dione. Je combined evaluation of proteome and metabo-
lome data with an integrated, genome-scale metabolic model provided novel systems biological insights into the complex relation between 
metabolic and proteomic processes in Jurkat T cells during activation and subtoxic chemical exposure. 

Keywords: benzo[a]pyrene; antioxidant response element; Jurkat T cell; activation; LC-MS/MS; Biocrates. 

Abstract 

Abbreviations 

AhR: aryl hydrocarbon receptor; APC: antigen presenting cell; APCI: atmospheric-pressure chemical ionization; ARE: antioxidant re-
sponse element; B[a]P: benzo[a]pyrene; FDR: false discovery rate; FIA-MS/MS: Pow injection assay mass spectrometry; GeLC-MS/MS: 1D 
PAGE protein separation followed by liquid chromatography-tandem mass spectrometry; IC-MS/MS: ion chromatography coupled to mass 
spectrometry; IL-2: interleukin-2; mTOR: mammalian target of rapamycin; NRF2: nuclear factor erythroid 2-related factor 2; PI: propidium 
iodide; XRE: xenobiotic response element. 
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1. Introduction 

T cell development, subset lineage speciQcation, survival 
and death are dependent on the initial step of T cell receptor 
activation [1]. Many major milestones in understanding this 
process originate from experiments with transformed T cell 
lines, such as Jurkat T cells [2]. Only very few proteomic 
studies focus on the activation of Jurkat cells. Jose experi-
ments either established new proteomic methods [3], or fo-
cused on detecting the protein composition of lipid raYs [4] 
and on elucidating general signaling pathways [5]. Jus the 
consequences of the diBerent signaling patterns on the prote-
ome are not well characterized yet. Furthermore, metabolom-
ic processes are known to play an important role in T cell 
activation and diBerentiation [6]. 

Je speciQc outcome of T cell stimulation is based on the 
integration of complex signals from the cellular microenvi-
ronment, which can be aBected by environmental pollutants, 
such as B[a]P. Earlier Qndings showed that B[a]P and its me-
tabolites inPuence cell mediated as well as humoral immunity 
[7] at rather low concentrations, but the mechanisms remain 
largely unknown. Je chemical and biological inert B[a]P can 
be metabolically activated in the cell by three diBerent path-
ways - the diol epoxide, the o-quinone and the radical cation 
pathway [8]. Je cytochromes P4501A1/1B1, which are in-
volved in the diol epoxide and o-quinone pathway, can be 
induced via AhR signaling [9]. Although it is known that 
some T lymphocytes, such as J17 cells, express AhR at high 
levels, most of the other T helper cell subpopulations are re-
ported to lack AhR [10, 11]. This led to the hypothesis of 
AhR-independent pathways causing the observed eBects. 
One possible pathway is the activation of the transcription 
factor NRF2. Electrophilic compounds, such as those gener-
ated in the course of B[a]P transformation, directly or indi-
rectly cause oxidative stress. Jis stress leads to the oxidation 
of the Kelch-like ECH-associated protein 1 (KEAP1), which 
then loses its ability to sequester NRF2 in the cytosol. AYer 
dissociation from KEAP1, NRF2 translocates into the nucleus 
and binds to ARE-elements. Jis binding activates the tran-
scription of phase II detoxifying enzymes [12] and other pro-
teins [13] that are partly redundant and partly complemen-
tary to the eBects of the AhR signaling pathway. 

In our previous experiments [14] and other studies about 
the eBects of B[a]P on the proteome [15] mostly gel-based 
methods were applied. As the number of regulated proteins 
identiQed and quantiQed with this method is quite limited, we 
chose a GeLC-MS/MS setup this time. We were able to in-
crease the number of identiQed and quantiQed proteins up to 
2624 in total in comparison to 608 quantiQed and 112 identi-
Qed protein spots in the previous study. Furthermore, our 
recent work showed strong evidence for alterations in meta-
bolic pathways caused by B[a]P exposure in activated Jurkat 
T cells, especially in the glutamine metabolism [14]. Hence, 
we intensively examined the metabolomic changes with the 
help of FIA-MS/MS and IC-MS/MS in addition to proteomic 
alterations. We were able to analyze 183 metabolites in con-

trast to only 2 metabolites in the earlier study. Moreover, we 
investigated the eBect of activation itself and the inPuence of 
B[a]P to gain deeper insights into the activation process and 
the toxicological eBects of B[a]P on it. Je proteome data 
were used to identify the involved cellular and metabolic 
pathways, which were veriQed and complemented by West-
ern blotting and metabolomic analysis. Additionally, we ana-
lyzed the biotransformation of B[a]P in this cell line. 

2. Material and Methods 

2.1. Activation and B[a]P exposure 

Jurkat T cells (clone E6-1, TIB-152, LGC Promochem, 
Wesel, Germany) were maintained as described earlier [16]. 
Four diBerent treatments were performed: incubation with 
DMSO (control); exposure to B[a]P (B[a]P); activation and 
incubation with DMSO (activated); activation and exposure 
to B[a]P (activated + B[a]P). At Qrst the cells were activated 
with 750 ng/ml ionomycin (IO) and 10 ng/ml phorbol-12-
myristat-13-acetate (PMA) for 4 h or leY untreated for the 
non-activated samples. AYerwards the cells were collected 
and resuspended in fresh medium supplemented with 50 nM 
B[a]P (all Sigma-Aldrich, Steinheim, Germany) dissolved in 
dimethylsulfoxide (DMSO; Applichem, Darmstadt, Germa-
ny) or fresh medium supplemented only with DMSO (for 
samples without B[a]P exposure). AYer B[a]P exposure for 
24 h, all cells and supernatants were collected for all further 
analysis (except B[a]P metabolite analysis). All experiments 
were carried out in triplicates.  

2.2. Determination of cell viability and activation status 

AYer 4 h of activation and the following 24 h B[a]P expo-
sure the viability and the activation status of the cells was 
analyzed by Pow cytometry. 1 µl propidium iodide (Miltenyi 
Biotech, Bergisch Gladbach, Germany) or 1 µl annexin V-
FITC (Abcam plc, Cambridge, UK) were used to stain 
1x105 cells for 5 min at room temperature to verify the viabil-
ity of the cells. In order to determine the cell activation, 
1x105 cells were stained with 1 µl anti-CD25-PE (Miltenyi 
Biotech, Bergisch Gladbach, Germany) or 1 µl anti-CD69-PE 
(Immunotech, Marseille, France) at 4°C. Je samples were 
measured on a FACSCalibur (Becton-Dickinson, Erembode-
gem, Belgium). Je cell viability was assessed for all cells, 
whereas the activation markers were evaluated only for viable 
cells (based on cell size). 

2.3. Cell fractionation, 1D-SDS-PAGE and Western blotting 

For analysis with GeLC-MS/MS the cells were fractionated 
with the Qproteome Cell Compartment Kit (Qiagen, Hilden, 
Germany) as described previously [16]. 

A salt fractionation with increasing KCl concentrations (10, 
200 and 400 mM) and diBerent centrifugation steps with in-
creasing velocity was performed to verify the expression of 
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NF-κB1 and phospho-eIF2α in diBerent cellular compart-
ments. All KCl buBers contained 10 mM HEPES, pH 7.4; 
1.5 mM MgCl2; 339 mM sucrose; 10% glycerol; 1x protease 
inhibitor (Roche, Mannheim, Germany) and the additions 
stated in brackets. AYer activation and B[a]P exposure the 
cells were washed two times with cold 1x PBS (5 min; 300 x g; 
4°C). Je volume of the packed cells was determined and the 
triple of that volume was used for all following buBers. Je 
pellet was resuspended in 10 mM KCl buBer (0.1% Triton X-
100; 10 mM KCl) and incubated on ice for 5 min. AYer cen-
trifugation at 1,300 x g and 4°C for 5 min the supernatant was 
saved as 10 mM fraction (cytoplasm) and the pellet was 
solved in 200 mM KCl buBer (200 mM KCl) and incubated at 
4°C for 60 min shaking at 850 rpm. Je suspension was cen-
trifuged at 15,000 x g and 4°C for 15 min and the supernatant 
was saved as 200 mM fraction. Je pellet was dissolved in 
400 mM KCl buBer (400 mM KCl) and again incubated at 
4°C for 60 min shaking at 850 rpm. AYer a last centrifugation 
step at 15,000 x g and 4°C for 15 min the supernatant con-
tained the 400 mM fraction. Je pellet was resuspended in 
Benzonase buBer (50 mM Tris-HCl; 1 mM MgCl2; 1x prote-
ase inhibitor) and 1 µl Benzonase (Novagen) was added. Jis 
mixture was incubated at 37°C for about 1.5 h with shaking 
(400 rpm) until the big clump of DNA and proteins was ho-
mogenized and saved as pellet fraction (nucleus). Je protein 
content of all fractions was determined using the Pierce 
660 nm Protein Assay (Jermo Fisher ScientiQc, Bonn, Ger-
many) according to the manufacturer’s instruction, but with 
5 µl of all samples and standards. 30 µg of the indicated frac-
tions from the salt fractionation were analyzed with im-
munoblots as described elsewhere [17]. Anti-NF-κB1 (1:200, 
#3035), anti-H2A (1:1000, #2578), anti-phospho-eIF2α 
(1:200, #3398, all Cell Signaling Technology) and anti-
PSMA4 (1:100, H-128, Santa Cruz Biotechnology) were used 
as primary antibodies. Chemiluminescence signal was meas-
ured using Pierce ECL Western Blotting Substrate (Jermo 
Fisher ScientiQc, Bonn, Germany) on a FluorChem 8900 
(Alpha Innotech). Immunoblot signals were quantiQed with 
ImageJ soYware (http://rsbweb.nih.gov/ij/). Je content of 
cytoplasmic and nuclear proteins was normalized using the 
signals of the two ‘housekeeping’ proteins PSMA4 or H2A, 
respectively. 

2.4. Sample preparation, LC-MS/MS analysis and data pro-
cessing 

Je proteins were digested and analyzed with GeLC-MS/
MS as described elsewhere [16]. Je MS/MS data were evalu-
ated with MaxQuant (version 1.2.2.5) using the human Uni-
prot database (version 11/16/2011). Carbamidomethylation 
of cysteine was speciQed as a Qxed modiQcation, whereas oxi-
dation of methionine and acetylation of the protein N-
terminus were speciQed as variable modiQcations. Peptide 
and protein FDR were set to 1%. A minimum of two peptides 
with at least one unique peptide was used for protein identiQ-
cation. Proteins were quantiQed by label-free quantiQcation 

with a minimum ratio count of 1 and a match between runs 
time window of 4 min. Je overall label-free quantiQcation 
intensity of each sample was normalized to the average over-
all label-free quantiQcation intensity of all samples from one 
fraction. Only proteins found in at least two of three repli-
cates in all four diBerent treatments were further analyzed. 
Fold changes were calculated between the label-free quantiQ-
cation intensities from the diBerent treatments and a Stu-
dent’s t-test was conducted on the log2 label-free quantiQca-
tion intensities for each comparison. Proteins with a p-value 
less than 0.05 and an average linear fold change higher than 
1.5 were considered as signiQcantly regulated.  

2.5. Extraction and measurement of cellular metabolites  

Concentrations of 163 metabolites from cell lysates were 
determined using a targeted metabolic approach with the 
AbsoluteIDQ p150 kit (BIOCRATES Life Sciences AG, Inns-
bruck, Austria) as described earlier [18]. BriePy, extraction of 
cell pellets was carried out using 300 µl methanol/water 
(1/1 v/v) and ultrasonic homogenization for 2 min on ice. 
Samples were centrifuged and 30 µl of supernatants were pre-
pared according to the manufacturer’s protocol [19]. FIA-
MS/MS analyses were carried out on an Agilent 1100 series 
binary HPLC system (Agilent Technologies, Waldbronn, 
Germany) coupled to an 4000 QTrap mass spectrometer (AB 
Sciex, Concord, Canada) equipped with a TurboIon spray 
source. QuantiQcation was achieved by positive and negative 
multiple reaction monitoring (MRM) detection in combina-
tion with the use of stable isotope-labeled and other internal 
standards. Data evaluation for quantiQcation of metabolite 
concentrations was performed with the MetIQTM soYware 
package. 

For IC-MS/MS analysis, extracts were diluted ten-fold in 
Milli-Q water and measured on an ICS-5000 (Jermo Fisher 
ScientiQc, Dreieich, Germany) coupled to an API 5500 QTrap 
(AB Sciex). Separation was achieved on an IonPac AS11-HC 
column (2 x 250mm, Jermo Fisher ScientiQc) with an in-
creasing potassium hydroxide gradient. MS analysis was per-
formed in MRM mode using negative electrospray ionization 
and included organic acids, carbohydrates and nucleotides 
involved in central metabolite pathways. 

2.6. Measurement of B[a]P and B[a]P metabolites 

Cell pellets from Jurkat T cells exposed to 50 nM, 5 µM, 
10 µM and 50 µM B[a]P for 4 h and 24 h, were dissolved in 
1 ml ethylacetate, homogenized and internal standards were 
added and vortexed for 2 min. Je ethylacetate phase was 
evaporated and the residue was re-suspended in 50 µl metha-
nol:water (1/1 v/v). 10 µl were injected into a Shimadzu LC-
20 HPLC system (Shimadzu, Duisburg, Germany) coupled to 
an API 4000 QTrap mass spectrometer (AB Sciex). Chroma-
tography was performed on an Envirosep PP column 
(125 mm × 2 mm, 5 µm particle size, Phenomenex, 
AschaBenburg, Germany) at 20°C with a Pow rate of 0.2 ml/
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min using 5 mM ammonium acetate in methanol:water 
(1/1 v/v) and 5 mM ammonium acetate in methanol for gra-
dient elution within 25 min. Analysis was conducted in the 
APCI mode (source temperature: 350°C) under MRM mode 
for quantiQcation.  

2.7. Pathway analysis 

Proteins quantiQed in at least two out of the three replicates 
in all four treatments were analyzed further using IPA Inge-
nuity build 131235, version 11904312 (Ingenuity Systems, 
Inc., Redwood City, CA, USA). Je analysis was performed 
using the preset parameters (see supplement) and excluding 
pathways related to cardiovascular signaling as well as neuro-
transmitter and other nervous system signaling.  

2.8. Metabolic network construction 

In order to integrate the content of the KEGG, EHMN and 
BiGG databases, identical compounds were merged based on 
common identiQers like KEGG IDs. Jereby, additional in-
formation on enzymes catalyzing identical biochemical reac-
tions from the individual databases was preserved. Database-
speciQc compounds that could not be mapped were built into 
the integrated metabolic network according to the reactions 
they participate in. Je largest connected component of the 
integrated network was used for further analysis. It consisted 
of 3657 metabolite nodes and 5389 reaction nodes, and 45696 
edges between the two node partitions. 

2.9. Subgraph extraction by k-walks algorithm 

In order to infer the relationships between the diBerentially 
regulated entities and to identify the metabolic pathways that 
are most relevant for the experimental condition, we mapped 
the lists of signiQcantly regulated proteins from all three frac-
tions as well as metabolites onto the integrated network. Giv-
en these signiQcantly regulated species as seed nodes, the k-
walks algorithm and a minimal threshold as described in [20] 
were applied to extract meaningful subgraphs from the meta-
bolic network.  

3. Results and discussion 

3.1. In0uence of B[a]P exposure on the cell viability and acti-
vation status 

Je cell viability and activation status of the Jurkat T cells 
was assessed aYer activation and B[a]P exposure by FACS 
measurement (Figure 1). In control cells and B[a]P treated 
cells, between 7 and 8% were annexin V or PI positive. Acti-
vated cells showed a fraction of 28% PI positive and 34% an-
nexin V positive cells. In both, activated and non-activated 
cells, there was no diBerence in viability due to B[a]P expo-
sure, indicating that a concentration of 50 nM B[a]P is not 
cytotoxic for Jurkat T cells within the time of exposure (24 h). 

Je higher amount of apoptotic cells in the activated samples 
can be attributed to the known phenomenon of activation-
induced cell death, a speciQc form of apoptosis initiated in 
previously activated T cells following restimulation via the T 
cell receptor complex [20]. A comparable number of around 
30% apoptotic cells was measured by Chwae et al. in Jurkat T 
cells aYer stimulation with 100 ng/ml PMA and 1 g/ml iono-
mycin for 24 h [21]. 

Nearly all activated cells (with or without B[a]P exposure) 
were positive for the early activation marker CD69. In con-
trast, around 37% and 34% of the cells were CD25 positive in 
the activated and activated plus B[a]P exposed cells, respec-
tively. For both activation markers, the amount of positive 
cells in non-activated and activated cells was slightly lower 
with B[a]P exposure, but the diBerence was not statistically 
signiQcant. Our results are in line with experiments with lym-
phocytes isolated from blood, which showed about 30% 
CD25 and 80% CD69 positive cells aYer stimulation with 
PMA and IO [22]. 

3.2. Biotransformation of B[a]P 

In addition to B[a]P itself, trans-B[a]P-7,8-dihydrodiol, 
trans-B[a]P-9,10-dihydrodiol, B[a]P-tetrahydrotetrol, B[a]P-
1,6-dione as well as 3-OH-B[a]P, 7-OH-B[a]P, 8-OH-B[a]P 
were measured to investigate the corresponding degradation 
pathways in Jurkat T cells. Intracellular B[a]P was detected in 
all samples. However, the only metabolite found was B[a]P-

Figure 1. Cell viability and activation status of Jurkat T cells 
a1er di2erent treatments. Je viability and the activation status of 
the Jurkat T cells was analyzed by measurement of PI and annex-
in V staining as well as anti-CD25 or anti-CD69 staining via Pow 
cytometry. Shown is the mean of three experiments ± SD. 
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1,6-dione (13.4 min). It was detected aYer exposure to 10 µM 
B[a]P for 4 h and 50 µM B[a]P for 4 h and 24 h (Figure S1) 
together with two other signals (13.7 min and 14.5 min) with 
the same MRM-transition (m/z 283->226). Je data suggest 
that B[a]P is initially oxidized by P450 peroxidases or the 
monooxygenase catalytic cycle or by other peroxidases to 
form a B[a]P-cation. Jis reactive intermediate can either 
form DNA adducts or is metabolized further to B[a]P-1,6-
dione.[8] Je two unidentiQed peaks are likely to be other 
B[a]P-diones formed via the same metabolic pathway [23]. 
However, their further identiQcation requires standard sub-
stances. For all other analyzed B[a]P-metabolites the concen-
trations were below the detection limit. Jus, it seems that in 
Jurkat cells B[a]P-dione formation via radical cation pathway 
is the main route of B[a]P-metabolism and –detoxiQcation. 

3.3. Fractionation into di2erent cellular compartments result-
ed in 2624 unambiguously identi8ed proteins 

Je proteome analysis yielded 2624 unambiguously identi-
Qed proteins that were quantiQed by calculation of the pep-
tide peak intensities (Table S1). With 1969 and 1842 hits, 
most of the proteins were found in the cytoplasm and mem-
brane, respectively, whereas only 1506 proteins were identi-
Qed in the nuclear fraction. In the cytoplasm and membrane 
fraction, similar numbers of proteins were quantiQed in all 
four diBerent treatments, whereas in the nuclear fraction 
clearly more proteins (about 150 more) were quantiQed in the 
two activated samples. 1582 cytosolic, 970 nuclear and 1292 
membrane proteins were used for enrichment and pathway 
analysis.   

Based on the study of Beck et al. in 2011, which postulates a 
number of at least 10,000 proteins as typical for a human cell 
line [24], we achieved a reasonable coverage with a compara-
bly simple fractionation method and only 108 LC-MS/MS 
runs. With the switch to a LC-MS/MS method we considera-
bly improved the quantiQcation rate compared to our previ-
ous B[a]P exposure experiments with Jurkat cells [14]. More 
precisely we identiQed and quantiQed in total 2624 proteins 
which is a 4-fold and 23-fold increase in comparison to the 
previously quantiQed and identiQed protein spots, respective-
ly. Je possibility of simultaneous identiQcation and quantiQ-
cation of proteins by LC-MS is one of the clear advantages in 
comparison to gel-based approaches. Hence, the signiQcance 
of subsequent pathway analysis is considerably improved. 

In a global protein survey study on Jurkat T cells published 
in 2007, a total of 5381 proteins were identiQed with high 
conQdence, but seven diBerent cellular fractions, numerous 
replicates and about 16 times more LC-MS/MS runs than in 
our experiments had to be performed [25]. In respect to the 
nuclear fraction the number of 1506 detected proteins is 
higher than in another study that identiQed 872 proteins in 
the proteome of the T cell nucleolus [26]. De Wet et al. iden-
tiQed 1517 proteins in the T cell plasma membrane. In con-
trast, we were able to identify 325 additional proteins in the 
membrane fraction with more stringent identiQcation criteria 

of at least two peptides and less LC-MS/MS runs as they cut 
every sample lane in ten pieces [27]. 

3.4. E2ects of activation and B[a]P on the proteome  

In order to understand the eBect of activation on Jurkat T 
cells as well as the inPuence of B[a]P on this process, fold 
changes of the proteins as well as p-values were compared 
between the diBerent treatments (Table S2). Je signiQcantly 
regulated proteins are visualized by plotting the log2 of the 
fold changes against the -log10 of the p-values (Figure 2A-D). 
B[a]P changes the expression of about 4% of the quantiQed 
proteins in the cytoplasm and membrane fraction (Figure 
2E), whereas nearly no changes were detectable in the nuclear 
fraction (0.8%). Activation led to apparent changes of the 
protein abundance ranging from 5.3% to 16% in the three 
diBerent cellular compartments in non-treated as well as 
in B[a]P exposed cells. Activation alone caused similar 
changes in the cytoplasm and nuclei fraction of about 12%, 
whereas activation in the presence of B[a]P modiQed the ex-
pression of nuclear proteins (16%) stronger than the expres-
sion of cytoplasmic proteins (9.2%). In addition, B[a]P expo-
sure of activated cells caused only few signiQcant changes in 
the proteome (0.9 - 1.4%) in all three fractions. 

3.5. Pathways in0uenced by activation and B[a]P exposure  

Je abundance data from about 2500 proteins were ana-
lyzed using the Ingenuity Systems pathway program to un-
ravel the aBected cellular processes and pathways. Je top ten 
regulated canonical pathways based on IPA p-values are sum-
marized in Figure 3. 

E2ects of activation 

Activation of Jurkat T cells aBects the eIF2 pathway (Figure 
3). Most of the quantiQed translation initiation factors and 
ribosomal proteins were down-regulated, and only very few 
were up-regulated. As the global regulation of translation 
mainly occurs by changes in the phosphorylation state of 
translation initiation factors [28], we analyzed the phosphor-
ylation of eIF-2α (Figure 4A) and found that it was decreased 
in the activated cells. A reduced phosphorylation leads to an 
enhanced translation since the phosphorylation of eIF-2α 
inhibits the translation by blocking the GDP–GTP exchange 
on eIF2, which is required to reconstitute a functional com-
plex for a new round of translation initiation [28]. Jis shows 
that changes in the protein abundance have to be carefully 
veriQed and that posttranslational modiQcations, especially 
phosphorylation, are very important for pathway regulation. 

CD28 signaling in T helper cells is in the top ten of inPu-
enced pathways, which demonstrates on the proteomic level 
that the activation of the Jurkat cells was successful. Most of 
the proteins were found to be highly up-regulated, sometimes 
in several cellular fractions. NFKB1 and NFKB2 are induced 
by the CD28 co-stimulation pathway and play an important 
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role in the regulation of the immune response, particularly 
for the transcription of cytokines such as IL-2 [29]. We veri-
Qed the induced expression of NFKB1 by detecting its 
120 kDa precursor as well as a substantial increase of the pro-
cessed 50 kDa protein in the nucleus (Figure 4A). Further-
more, several actin-related proteins, α-actinin-1, vimentin 
and other proteins involved in reorganization of the cytoskel-
eton, were found to be signiQcantly regulated. Jey are also 
important in T cell activation, especially in the formation of 
the immunological synapse [30].  

Two metabolic pathways (purine and pyruvate metabo-
lism) were identiQed and ranked within the top ten pathways 
by IPA. In order to conQrm the results from pathway analysis 
we determined the concentrations of involved metabolites 
(Table S3). A signiQcant down-regulation of AMP, ADP, 
ATP, UDP and UTP was observed and underlines the proteo-
mic Qndings regarding nucleotide metabolism. In accordance 

Figure 2. Comparison of protein abundances between di2erent 
treatments. A-D: Je log2 expression ratios are plotted against the 
-log10 of the p-values. Je cutoBs for signiQcantly changed pro-
teins are indicated by solid lines (A - B[a]P/control; B - activated/
control; C - activated+B[a]P/activated; D - activated+B[a]P/B[a]P); 
E: Shown is the distribution of diBerentially abundant proteins 
among the diBerent compartments. Reduced protein abundance is 
illustrated by a fasciated pattern, increased protein abundance by 
no pattern. 

Figure 3. Pathway analysis of proteins with Ingenuity IPA. Je 
bar chart displays the identiQed canonical pathways along with 
their signiQcance (calculated by Ingenuity IPA). Je top ten path-
ways are listed from most signiQcant to least signiQcant.  
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to the inPuence of activation on the pyruvate metabolism, 
several enzymes and intermediates of the glycolysis such as 
hexokinase-1, phosphoenolpyruvate, glucose- and fructose 6-
phosphate were up-regulated, although only pyruvate kinase 
isozymes M1/M2 and a subunit of the pyruvate dehydrogen-
ase had a signiQcantly increased expression. It is known that 
T cell stimulation leads to activation of the serine-threonine 
kinase AKT, which in turn promotes the localization of the 
glucose transporter GLUT1 to the membrane. Jis facilitates 
an increased glucose uptake, which was detected by a signiQ-
cant up-regulation of hexose concentration aYer activation 
[31]. Lactate and L-lactate dehydrogenase B chain were both 
signiQcantly down-regulated, indicating that pyruvate may be 
metabolized in the citrate cycle rather than being dehydro-
genated to lactate. Moreover, three intermediates of the cit-
rate cycle, malate, succinate and α-ketoglutarate, were found 
to be down-regulated. Conversely, several citrate cycle en-
zymes were found to be induced, including the mitochondrial 
malate dehydrogenase. Je opposite trends in regulation of 
enzymes and metabolites may be caused by the fact that the 
up-regulated enzymes egciently metabolize their substrates 
and therefore their substrates are present in lower concentra-
tion, which is the case for malate and malate dehydrogenase. 
Glutamine, which was observed to be signiQcantly up-
regulated aYer T cell activation, can be deaminated in the 
mitochondria to generate α-ketoglutarate. Jis can be metab-
olized by the citrate cycle, regenerating the oxaloacetate re-
quired for continued biosynthesis. Even though glycolysis is 
regarded as the primary source of ATP generation in activat-
ed T cells, oxidative phosphorylation might represent an ad-
ditional process for energy generation [32].   

E2ects of activation in the presence of B[a]P 

According to IPA, the most striking eBects of B[a]P on the 
activation process are changes in the pathway of cleavage and 
polyadenylation of pre-mRNA as well as in the mTOR and in 
the eIF4 and p70S6K signaling (Figure 3). Je protein kinase 
mTOR acts as a central sensor and integrator of diverse envi-
ronmental and metabolic inPuences. Je best characterized 
downstream eBectors of the mTOR signaling are the riboso-
mal protein p70S6K and eIF4EBP1. Both are phosphorylated 
in the activated mTOR pathway and promote translation 
initiation and therefore protein synthesis [33]. Furthermore, 
it is known that the mTOR signaling intersects with T cell 
metabolism and is involved in T cell fate decision and diBer-
entiation [6]. A disturbance in the mTOR pathway provoked 
by an environmental pollutant, such as B[a]P, could lead to 
an attenuation of the mTOR activity contributing to the 
down-regulation of T cell activity and even the induction of T 
cell anergy. 

On the metabolic side we detected an increase of lysophos-
phatidylcholine concentrations aYer activation in the pres-
ence of B[a]P. Lysophosphatidylcholines play an important 
role in cell signaling via speciQc G-protein coupled receptors. 
It was shown that lysophosphatidylcholines activate the phos-

Figure 4. Veri8cation of proteomic results from LC-MS/M. A: 
Shown are representative Western blots and the mean expression 
levels ± SD of NFKB1 and phospho-eIF2α from three replicates 
normalized to the indicated proteins used as input controls. B: 
Shown are the genes, metabolites and reactions involved in the 
citrate cycle. Je normalized fold changes of the treatments are color
-coded, which allows a comprehensible visualization of the integrated 
protein and metabolite data (1 - B[a]P/control; 2 - activated/control; 
3 - activated+B[a]P/activated; 4 - activated+B[a]P/B[a]P). 
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pholipase C, which releases diacylglycerols and IP3, causing 
an increase in the intracellular Ca2+ concentration and the 
activation of the protein kinase C [34]. In addition, Okajima 
et al. demonstrated that the ability of IP3 production in HL-60 
leukemia cells depends on the fatty acid moieties of the phos-
phatidylcholines [35]. We detected signiQcantly increased 
concentrations of 1-stearoyl lysophosphatidylcholine (lyso 
PC a C18:0) and additionally elevated levels of 1- lyso PC a 
C6:0, lyso PC a C14:0 and other lysophosphatidylcholines 
(fold changes 1.20 – 1.49). 

In comparison to these results, the gel-based approach re-
sulted in a more prominent identiQcation of toxicological 
pathways such as AhR and NRF2 [14]. Jis is probably 
caused by the high abundance of proteins from these path-
ways (e.g. PRDX1, ACTB), which elevates the likeliness to 
detect them as aBected proteins in gel-based approaches [36]. 
In contrast the eBects on the mTor signaling and pre-mRNA 
processing found in this experiment depend as well on the 
quantiQcation of less abundant proteins, again illustrating the 
value of LC-MS based approaches.  

E2ects of B[a]P exposure on non-activated cells 

Je B[a]P exposure of non-activated cells led to major 
changes in the cell metabolism as seven of the top ten path-
ways identiQed by Ingenuity are metabolic pathways (Figure 
3). Several enzymes of the pyruvate, propanoate and fatty 
acid metabolism are up-regulated indicating a higher need 
for energy producing processes. Hexokinase-1, one of the key 
enzymes of glycolysis, which leads to pyruvate production, 
shows a 2.5-fold increased expression aYer B[a]P exposure. 
Hexokinases catalyze the ATP-dependent phosphorylation of 
glucose to yield glucose-6-phosphate and thereby control the 
Qrst step of the glucose metabolism. Jus, they sustain the 
concentration gradient that permits facilitated glucose entry 
into cells and initiate all major pathways of glucose utilization 
[37]. In our previous work from Murugaiyan et al. we only 
identiQed the glutamine and pyrimidine metabolism as path-
ways aBected by 50 nM B[a]P exposure in non-activated cells 
[14]. Hence, we obtained more detailed information about 
aBected metabolic pathways in this new study.   

Figure 5. Summary of signaling and metabolic pathways a2ected by activation and B[a]P exposure. Shown is a summary of substances 
and intracellular pathways, which are aBected by activation with PMA and IO (leY side) or 50 nM B[a]P exposure (right side). 
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In order to further narrow down speciQcally aBected areas 
in the metabolism, the integration of proteome and metabo-
lome data was additionally performed by a random walks 
based approach. Je enriched pathways and the correspond-
ing biochemical connectivities between proteins and metab-
olites are shown in supplemental Qgure S2A-D. Since the 
citrate cycle was found to be aBected under all examined 
treatments, it was chosen to illustrate the potential of inte-
grated pathway analysis (Figure 4B). 22 diBerent proteins 
covering nearly all reaction steps and the metabolites iso-
citrate, α-ketoglutarate, NADPH, ADP, ATP, succinate, mal-
ate and citrate as key molecules were detected. Jree inter-
mediates of the citrate cycle, malate, succinate and α-
ketoglutarate, were found to be down-regulated. Conversely, 
several citrate cycle enzymes were found to be induced, in-
cluding the mitochondrial malate dehydrogenase, indicating 
variations of enzyme activities rather than a simple abun-
dance dependent correlation. 

Our previous results indicated that B[a]P aBects the IL-2 
secretion as well as the glutamine and glutamate metabolism 
via the NRF2 pathway in Jurkat T cells [14]. Consistently, 
the NRF2 pathway is ranked on place six in this experiment, 
indicating a oxidative stress response aYer B[a]P exposure. 
Furthermore, we were able to show that B[a]P can be metab-
olized to B[a]P-quinones via the radical cation pathway. 
Jese quinones can undergo one-electron reduction by 
NAD(P)H-dependent reductases and form semiquinone 
anion radicals. Je radicals redox-cycle back to diones in air 
and thereby generate ROS [9]. Jese reactive oxygen species 
can oxidize the disulQde bridges in KEAP1, which initiates 
the NRF2 pathway [38]. In addition to the transcriptional 
control of many phase I and phase II genes [12, 13] the 
NRF2 pathway can induce the expression of most pro-
teasomal subunits [39] and heat shock proteins [40]. Jis 
connects it to the also identiQed ubiquitination pathway.  

4. Concluding remarks  

Je eBects of a subtoxic B[a]P concentration on activated 
and non-activated Jurkat T cells were revealed by proteomic 
and metabolomic proQling combined with pathway and net-
work analysis. B[a]P is metabolized to B[a]P-1,6-dione and 
induces diBerent metabolic pathways and the NRF2 pathway 
as a response to the electrophilic transformation products 
(Figure 5). Activation of Jurkat cells leads to pronounced 
changes, indicating strong adjustments in several metabolic 
pathways, protein and nucleotide synthesis (Figure 5). 
Although the eBect of B[a]P is much stronger in non-
activated cells, B[a]P seems to have an inPuence on the acti-
vation process suggesting an important role of the mTOR 
pathway in the cellular adaptation. Je combined evaluation 
of proteome and metabolome data with an integrated, ge-
nome-scale metabolic model provided novel systems biolog-
ical insights into the complex relation between metabolic 
and proteomic processes in Jurkat T cells during activation 
and subtoxic chemical exposure. 

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/157/0 

 
Supplemental Table 1 contains the protein identiQcation and 
quantiQcation data from MaxQuant.  
Supplemental Table 2 shows the log-ratios and p-values of 
proteins for the four diBerent comparisons. Only proteins 
identiQed in at least two of three replicates in all four treat-
ments are listed. 
Supplemental Table 3 shows the log-ratios and p-values of the 
quantiQed metabolites for the four diBerent comparisons. 
Supplemental Figure 1. MRM-chromatograms for the detec-
tion of B[a]P-1,6-dione using LCMS/MS. 
Supplemental Figure 2. Metabolic subnetworks inferred from 
signiQcantly changed proteins and metabolites by the kwalks 
approach. 
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1. Introduction 

Globins are respiratory proteins that bind oxygen mole-
cules through the iron ion of the porphyrin ring and a histi-
dine in the polypeptide chain [1-3]. Globins are among the 
best-studied proteins when structure, function, and evolution 
are considered [1-3]. As a matter of fact, hemoglobin has 
been found in bacteria, plants, fungi, and animals. 2e 3rst 
description of a plant hemoglobin was provided by Kubo [4], 
and since then, a large number of plant hemoglobins have 
been described [2,3,5]. Although hemoglobins were 3rst 
identi3ed in plant species that 3x nitrogen via symbiosis with 
bacteria, it is likely that all plants have a hemoglobin gene, 
and in addition to the symbiotic leghemoglobins found in 
legumes, there may be another gene or gene family in leg-

umes that encodes hemoglobins that function in non-
symbiotic plant tissues [6]. In support of this notion, non-
symbiotic hemoglobin genes were identi3ed in both nitrogen
- and non-nitrogen-3xing dicot species and in monocot spe-
cies [2,3,5-8]. 

2e widespread presence and long evolutionary history of 
plant hemoglobins suggest a major role for these proteins in 
plants [2], and thus, it is important to search for and charac-
terize new proteins of this class to increase our general 
knowledge on this subject. Due to its major role in ethanol 
production, sugar cane has become of great importance in 
bioenergy studies, and to learn more about this plant, a Bra-
zilian scienti3c consortium produced and sequenced a repre-
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sentative expression sequence tag (EST) library from sugar 
cane (SUCEST) [9]. To gain information about hemoglobins 
in sugar cane, SUCEST was searched for a putative hemoglo-
bin cDNA. Its cloning and protein puri3cation and charac-
terization are reported here. 2e recombinant protein was 
puri3ed and folded, as shown by its circular dichroism and 
emission Nuorescence spectra, and was able to bind hemin, as 
con3rmed by the existence of a characteristic Soret band in 
the absorbance spectrum. 2is sugar cane hemoglobin 
showed an increase in secondary structure and stability when 
bound to heme, as is characteristic of globin family proteins. 
A structural model of the sugar cane hemoglobin was created 
using the crystal structure of a rice hemoglobin and showed a 
conserved globular conformation. 2ese 3ndings suggest 
that, like many plants, sugar cane expresses a heme-binding 
globin. 

2. Material and Methods 

2.1. Cloning, expression and puri�cation 

2e cDNA library was constructed from a sugarcane culti-
var that was a hybrid of crossing Saccharum o�cinarum with 
Saccharum spontaneum [9]. Blast searches of the database of 
expressed sequence tags SUCEST (http://
sucest.lad.ic.unicamp.br/public) using the amino acid se-
quence of sperm whale myoglobin (GenBank accession num-
ber GI: 209563) as query revealed the sugar cane globin EST 
clone SCMCRZ3064B09.g (SUCEST). Sugar cane globin was 
ampli3ed from the EST clone by PCR using primers 
5´CAGTAGGTACATATGGGGTTC3´ and 5´CAGCCGGA 
TCCTTAGTCACGC3´ introducing NdeI and BamHI re-
striction sites. 2e PCR product was digested and then insert-
ed into the pET3a expression vector (Stratagene) to generate 
the pET3aScHb vector, which was con3rmed by DNA se-
quencing. For protein expression, the construct was trans-
formed into Escherichia coli BL21(DE3). 2e cells were 
grown in Luria Bertani medium at 37°C. When the A600 
reached 0.8, 0.4 mM IPTG was added to induce protein ex-
pression [10] and the temperature was increased to 42°C for 
the production of inclusion bodies as previously described 
[11]. Four hours aYer expression was induced, the cells were 
harvested by centrifugation at 2,600 g and 4°C for 10 min, 
resuspended in 20 mL lysis buZer per L of culture, sonicated 
12 times for 10 s each at 35 watts of output power with 2 min 
intervals and centrifuged at 13,000 g and 4°C for 10 min. 2e 
pellet, which contained the inclusion bodies, was washed 5 
times with lysis buZer, resuspended in solubilization buZer 
by gentle agitation (60 min at room temperature) and centri-
fuged at 13,000 g and 4°C for 10 min. 2e supernatant, which 
contained the solubilized protein, was diluted twice with the 
same volume of equilibration buZer A and centrifuged as 
described above. 2e 3nal supernatant was exhaustively dia-
lyzed with equilibration buZer A. 2e sample was then loaded 
onto a Q Sepharose column (Pharmacia) equilibrated with 5 
bed volumes of equilibration buZer A and recovered with 

increasing concentrations of NaCl (0 to 1 M). 2e fractions 
that contained the protein were pooled, exhaustively dialyzed 
with equilibration buZer B, loaded onto a HiLoad Superdex 
200pg 26/60 molecular exclusion column (Pharmacia Bio-
tech) equilibrated with 5 bed volumes of equilibration buZer 
B and recovered with the same buZer. Protein puri3cation 
pro3les were analyzed by SDS-PAGE as described by 
Laemmli [12]. 2e puri3ed samples were exhaustively dia-
lyzed in 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 100 
mM NaCl (buZer conditions for the experiments described 
below) and frozen for storage. 2e compositions of the work-
ing buZers were as follows. Lysis buZer: 100 mM Tris-HCl 
(pH 8.0), 100 mM KCl, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM 
lysozyme, and 0.2% β-mercaptoethanol. Solubilization buZer: 
100 mM Tris-HCl (pH 8.0) and 8 M GdnCl. Equilibration 
buZer A: 20 mM Tris-HCl (pH 8.0), 1 mM DTT and 1 mM 
EDTA. Equilibration buZer B: 20 mM Tris-HCl (pH 7.5), 1 
mM DTT, 1 mM EDTA and 100 mM NaCl. 2e chemicals 
used were of analytical grade. All solutions were 3ltered, and 
their pH was checked before and aYer 3ltration. 

2.2. Concentration measurements and hemin binding 

 2e concentration of Saccharum spp. hemoglobin (ScHb) 
in the apo form was measured with a JASCO model 530 UV/
VIS spectrometer using either the calculated extinction coe^-
cient for denatured proteins [13,14] or the Bradford protein 
assay [15] using a commercial kit (Bio-Rad). For the prepara-
tion of the protein in the holo form, hemin was mixed with 
the protein solution at a 1:2 ratio (protein:hemin) and incu-
bated at 4°C for 30 min, followed by centrifugation at 90,000 
g and 4°C for 20 min to eliminate any of the remaining apo 
form, as previously described for recombinant sperm whale 
myoglobin [11]. 2e concentration of holoScHb was meas-
ured at the Soret band in 20 mM sodium phosphate (pH 7.0), 
as described by Antonini and Brunori [16].  

2.3. Spectroscopic experiments 

 A JASCO model J-810 Circular Dichroism (CD) spectro-
polarimeter equipped with a thermoelectric sample tempera-
ture controller (Peltier system) was used to record the CD 
spectra. 2e data were collected from 260 nm to 200 nm and 
accumulated at least 16 times for the spectral measurements. 
2e data were collected at 222 nm for the stability measure-
ments, and each plotted CD signal at 222 nm was the average 
of 5-min recordings. 2e CD measurements were made in 
cuvettes with a 1-mm path length at 20°C, and the thermal-
induced unfolding and refolding was recorded every 1°C at a 
scan rate of 60°C/h. 2e average of at least three unfolding 
experiments was used to build each curve pro3le. 2e Nuores-
cence measurements were collected using an Aminco Bow-
man Series 2 luminescence spectrometer (SLM Aminco) and 
a 1 x 1-cm path length cuvette with 2 µM apoScHb at 20°C. 
Excitation was at 280 nm with a bandpass of 2 nm, and emis-
sion was measured from 300 to 400 nm with a bandpass of 8 
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Table 1. Amino acid sequence homology between sugar cane hemoglobin and other globins. 

<λ> = ∑λi Fi / ∑Fi             [Equation 1] 

nm. 2e intrinsic emission Nuorescence data were analyzed 
by either their emission maxima wavelength or their spectral 
center of mass (<λ>), as described by the equation below: 

 
 

where λi is each wavelength and Fi is the Nuorescence intensi-
ty at λI [17]. Curve 3tting was accomplished with Origin 
(Microcal SoYware). Unless stated otherwise, the experi-
mental error was less than 5%. 

2.4. Structural modelling 

 2e structure of Oryza sativa non-symbiotic hemoglobin 1 
(PDB 1D8U chain A), which shares 66% sequence identity 
with ScHb (Table 1), was used as a template to model the 
structure of ScHb. First, the HHpred server 
(toolkit.tuebingen.mpg.de/hhpred) [18] was used to generate 
a homology model for ScHb, and then, the stereochemical 
quality of the model was assessed using the PROCHECK 
server (swissmodel.expasy.org/workspace/index.php?func= 
tools_structureassessment1) [19]. 

3. Results and Discussion 

3.1. Sugar cane hemoglobin 

Proteins are important biomolecules that are involved in 
the majority of the physiological functions of a cell. 2us, to 
learn how a cell functions, information can be gathered about 
the proteins that are expressed during the life of the cell and 
how these proteins are chemically modi3ed. 2is large 
amount of information is called the cell proteome and re-
quires tremendous eZort to complete. Proteins are produced 
by the ribosomal machinery from the information encoded in 

mRNAs, and thus, even the information in the mRNA alone 
is important to gain information about the cell proteome. As 
a consequence, expressed sequence tag (EST) projects have 
been used as low-cost alternatives to complement genome 
and proteome projects [20]. An EST project for sugar cane 
was completed by a Brazilian scienti3c consortium 
(SUCEST), and the resulting database is currently available 
[9]. We searched this database for a putative heme-binding 
globin and identi3ed a candidate (Fig. 1) that has high identi-
ty with heme-binding globins from several organisms (Table 
1). To further characterize this gene as a hemoglobin, we 
cloned the cDNA, puri3ed the recombinant protein, charac-
terized its folded state and tested whether the globin was able 
to bind heme. 

Fig. 1 shows the nucleotide sequence and the deduced ami-
no acid sequence of the sugar cane hemoglobin (ScHb). 2e 
amino acid sequence of ScHb was submitted to Pfam (http://
pfam.sanger.ac.uk/), a database with a large collection of pro-
tein families, which found a signi3cant (e-value of 8.8e-21) 
globin domain match starting at residue 7 and ending at resi-
due 118. ScHb was 188 residues long and had a high identity 
(approximately 83%) with a hemoglobin from Zea mays, 
which is 191 residues long (Table 1). ScHb is more closely 
related to Arabidopsis AHb1 (GLb1) than AHb2 (GLb1). 
AHb1 has a sequence and oxygen-binding characteristics that 
are typical of stress-induced hemoglobins, and its overexpres-
sion protects Arabidopsis thaliana from the eZects of severe 
hypoxia [21], whereas AHb2 has greater similarity to symbi-
otic hemoglobins in both its sequence and oxygen-binding 
characteristics [22]. Whether ScHb functions in the stress 
response requires further investigation. However, because 
most genes with high identity to ScHb were classi3ed as non-
symbiotic hemoglobin class 1 (Table 1), we suggest that the 
sugar cane gene investigated here also belongs to this class. 

Protein identi*cation Gen bank accession number Organism Number of residues Identity (%) 

hemoglobin GI:74058375 Zea mays 191 83 

unknown protein with globin domain GI:50932383 Oryza sativa 145 79 

non-symbiotic hemoglobin class 1 GI:17366135 Oryza sativa 166 66 

non-symbiotic hemoglobin class 1 GI:15809394 Citrus unshiu 183 65 

hemoglobin GI:2071976 Hordeum vulgare 162 63 

hemoglobin Hb1 GI:27085255 Triticum aestivum 162 63 

non-symbiotic hemoglobin 1 GLB1 GI17432970 Arabidopsis thaliana 160 63 

non-symbiotic hemoglobin 2 GLB2 GI:17432971 Arabidopsis thaliana 158 54 

myoglobin GI:209563 Physeter catodon 153 20 
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As a matter of fact, non-symbiotic hemoglobin genes have 
already been identi3ed in several plants [5-8]. 

3.2. Protein production 

Protein expression was induced at 42°C to induce the for-
mation of inclusion bodies, from which it is possible, aYer a 
few steps, to purify a folded globin protein in the apo form, as 
previously reported [11]. Under this expression condition, 
apoScHb was the major protein present in the inclusion body 
fraction and was solubilized by the addition of a chemical 
denaturant. 2ereaYer, it was dialyzed and then loaded onto a 
Q Sepharose column (Fig. 2, lane 1) and puri3ed (Fig. 2, lane 
2). 2e fraction from the last step, which contained apoScHb, 
was dialyzed and then loaded onto a High Load Superdex 
200pg 26/60 column for the 3nal chromatographic step (Fig. 
2, lane 3). 2e 3nal protein product was pure, with a yield of 
approximately 24 mg/mL (Table 2). 

2e folded state of apoScHb was 3rst investigated by Nuo-
rescence. 2e Nuorescence of Trp is very sensitive to the po-
larity of the environment, thus allowing insight on whether 
the residue is buried in the apolar interior of the protein or 
exposed to the solvent. ScHb has four Trp residues (Fig. 1), 
and its emission Nuorescence spectroscopy spectrum is 
shown in Fig. 3A. 2e emission Nuorescence spectrum has a 
maximum intensity at 337 nm with center of mass of 342 nm 
(Table 2), indicating that the Trp residues were well buried in 
the globin protein. 2is result was characteristic of a well-
folded protein in which the hydrophobic Trp residues are 
buried and the hydrophilic residues are at the surface. Be-
cause the observed Nuorescence spectrum is the sum of each 
Trp Nuorescence spectrum, only an average evaluation of the 

Trp environment is possible. However, further indication of 
our puri3ed apoScHb as a well-folded protein was also pro-
vided by circular dichroism (CD) studies (Fig. 3B). Circular 
dichroism is a fast and reliable tool to evaluate the secondary 
structure of a protein and, thus, its folded state [23]. 2e far-
UV spectrum of apoScHb was characteristic of an α-helical 
protein with minima at 208 and 222 nm (Fig. 3B), and the 
secondary structural prediction indicated that it was approxi-
mately 68% α-helical (Table 2). 2ese results are in good 
agreement with a globin fold, in which a large α-helical con-
tent is characteristic even for the apo form of the protein [24]. 

3.3. Heme binding 

Because the cDNA annotated as a hemoglobin encoded a 
protein with a fold that is characteristic of the globin family, 
we tested whether this protein is able to bind heme and if this 
binding caused conformational changes in the protein. He-
min binding was evaluated as previously described for re-
combinant sperm whale myoglobin [11] using the absorb-
ance spectra of apo and holoScHb from 250 to 600 nm (Fig. 
3C). ApoScHb showed absorption at approximately 280 nm 
due to its aromatic residues and showed no signi3cant ab-
sorption in the visible region (Fig. 3C, Table 2), whereas 
holoScHb also showed absorption at approximately 280 nm 
due to its aromatic residues and had an absorption peak at 
416 nm, the Soret absorption peak of bound hemin (Fig. 3C, 

Figure 1. DNA nucleotide sequence and deduced amino acid se-
quence of the sugar cane hemoglobin gene. Nucleotides and amino 
acid residues are represented by an one-letter code. 2e initial ATG 
codon and the STOP codon are in bold, and the Trp residues (W) 
are in red. 

Figure 2. SDS-PAGE showing the ScHb puri3cation steps (see Ma-
terial and Methods). Lane 1, Sample prior to loading onto a Q Se-
pharose column. Lane 2, pool of ScHb puri3ed from the Q Se-
pharose column. Lane 3, pool of ScHb puri3ed from the High Load 
Superdex 200pg 26/60 column. 2e resulting ApoScHb was pure, 
with a yield of approximately 24 mg/mL (Table 2). 2e molecular 
mass standards are shown on the right (arrows). 
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  Apo ScHb Holo ScHb 

Yield (mg/L) 24 - 

Emission Nuorescence maximum wavelength (nm) 337 - 

Emission Nuorescence spectral center of mass (nm) 342 - 

A416/A280 0.06 2.63 

α-helical content (%) 68 87 

Table 2. ScHb parameters. 

Figure 3. Spectroscopic experiments. A) Fluorescence. 2e emission Nuorescence spectrum was measured from 300 to 400 nm and had a 
maximum intensity at 337 nm with a center of mass of 342 nm. B) Circular dichroism. 2e circular dichroism (CD) spectra of apoScHb (open 
circles) and holoScHb (3lled circles) were measured from 200 to 260 nm. 2e CD spectra of both forms showed minima at 208 and 222 nm, a 
characteristic of α-helical proteins. C) Absorbance. 2e absorbance of untreated (apo, open circles) and treated (holo, 3lled circles) ScHbs were 
measured in the UV and Soret regions (250-600 nm). Peaks at 280 nm, due to aromatic residues, and at 540 and 416 nm, which are indicative 
of native-like heme coordination, were present in the spectrum of holoScHb. D) 2ermal-induced unfolding followed by CD. 2ermal-
induced unfolding was monitored by CD at 222 nm from 10 to 90°C. ApoScHb (open circles) had an unfolding transition starting at approxi-
mately 72°C with a midpoint at approximately 75°C, while holoScHb (3lled circles) showed no apparent transition even at 90°C. 
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Table 2). Another absorption peak at 540 nm was present in 
the holoScHb spectrum (Fig. 3C), which is also considered to 
be characteristic of speci3c heme binding [25]. 2ese absorp-
tion peaks are not caused by free hemin because the spectrum 
of free hemin is characterized by two large maxima of the 
same magnitude at approximately 340 and 400 nm and by a 
small minimum at approximately 600 nm (data not shown). 
Additionally, holoScHb had typical characteristics of hologlo-
bins. HoloScHb had both a higher amount of secondary 
structure than the apo form (87% and 68%, respectively) (Fig. 
3B and Table 2) and a higher stability, as shown by thermal-
induced unfolding experiments (Fig. 3D). 2ermal-induced 
unfolding was monitored by CD at 222 nm. ApoScHb had an 
unfolding transition starting at approximately 72°C, with a 
midpoint at approximately 75°C, while holoScHb showed no 
apparent transition even at 90°C (Fig. 3D). Increases in both 
secondary structure and stability as a consequence of heme 
binding have been reported for several globin proteins [26-
29].  

2e above results provide strong support to the hypothesis 
that the gene predicted as a hemoglobin in the sugar cane 
EST database does indeed code for a protein with a globin 
fold. 2erefore, the three-dimensional structure of ScHb is 
likely to be similar to that of other hemoglobins because glo-
bins are strikingly similar to each other despite extensive var-
iations in amino acid sequence. Additionally, the array of α-
helices that constitutes the globin protein fold has been con-
served throughout the evolution of plants and animals [30]. 
2e structure of the Oryza sativa non-symbiotic hemoglobin 
GLB1a (PDB 1D8U chain A; Fig. 4, top A), which shares 66% 
sequence identity with sugar cane Hb (Table 1 and Fig. 4, 
bottom), was used as a template to model the structure of 
ScHb (Fig. 4, top B). 2e 3nal model of ScHb had good stere-
ochemical quality according to the Ramchandran plot 
(Supplementary Fig. 1). 2e residues in most favored regions, 
residues in additional allowed regions, residues in generously 
allowed regions, and residues in disallowed regions were 
89.4%, 7.0%, 2.8%, and 0.7%, respectively (Supplementary 
Fig. 1), con3rming the geometrically acceptable quality of the 
model. 2e globular fold of the ScHb model and the relative 
position of the α-helices were very similar to those of GLB1a 
(Fig. 4). 2e Sc hemoglobin length of 188 amino acids ex-
ceeds the lengths of vertebrate myo- and hemoglobins and 
results from a C-terminal protein extension, whose function-
al relevance is unclear. However, the globin fold was con-
served, as shown in Fig. 4 (top B), and the proximal and distal 
histidines in positions E7 and F8 as well as the phenylalanine 
at the CD1 corner were present in ScHb (Fig. 4, top B). 2us, 
the key residues that are important for the function of ScHb 
as a typical oxygen binding protein are strictly conserved. 2e 
class 1 and 2 Hbs [31] of plants are similar to vertebrate Hbs 
in that all of these molecules have an E7 histidine residue, 
which is necessary for binding oxygen and other ligands in 
the distal pocket of the molecule. Altogether, these results 
also support the hypothesis that the protein studied here is 
indeed a hemoglobin. 

4. Concluding Remarks 

We report the identi3cation of a heme-binding globin in 
sugar cane. A gene coding for hemoglobin in sugarcane was 
predicted from an EST database [9] and mRNA expression 
data [32]. Sugar cane hemoglobin was puri3ed as a soluble 
protein and in its apo form, i.e., without heme bound. 2e 
apoprotein was able to bind heme, as seen by the existence of 
a characteristic Soret band and an increase in secondary 
structure, as is expected for its holo form. 2e widespread 
presence and long evolutionary history of plant hemoglobins 
suggest a major role for these proteins in plants; however, 
little is known about their function. 2e identi3cation of this 
gene in sugar cane supports the hypothesis that non-
symbiotic hemoglobin genes are present in all plants. 

5. Supplementary Material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/156/0 
 

Supplemental Figure 1. Ramachandran plot of the ScHb 3D 
model, which was based on the structure of ORYsa GLB1a (PDB: 
1D8U-A). The plot shows the acceptability of the model. 

Figure 4. 2e structure of ORYsa GLB1a (PDB: 1D8U, top A) was 
used as a template to model the structure of ScHb (top B) by homol-
ogy. 2e HHpred server [18] was used to generate a homology mod-
el for the Saccharum o�cinarum globin protein ScHb. 2e images 
were produced using PyMol (PyMOL Molecular Graphics System, 
Version 1.3, Schrödinger, LLC). 2e amino acid alignment is shown 
at the bottom (only amino acids 1-153 of ScHb are shown), and 
colors were used to label the α-helices in both the amino acid se-
quence and the structures. 
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1. Introduction 

Tuberculosis (TB) is the leading cause of infectious disease 
related mortality worldwide. Infection of Mycobacterium 
tuberculosis leads to nearly 3 million deaths every year due to 
tuberculosis. Multi-drug resistant strains, emergence of HIV-
TB co-infection have increased the severity of tuberculosis 
epidemic. Multidrug resistance of tuberculosis leads to a seri-
ous threat in global tuberculosis control and treatment of 
patients seems to be impossible using currently available 
drugs. Multidrug resistant tuberculosis, associated with high 
death rates of 50-80%, spans a relatively short time from di-
agnosis to death [1]. Delayed detection of drug resistance 
could lead to an ine8ective drug therapy and this could be 
one of the major factors contributing to multidrug resistant 

tuberculosis outbreaks. ;e emergence of multidrug resistant 
tuberculosis has increased interest in the understanding the 
mechanism of drug resistance in M. tuberculosis and the de-
velopment of new therapeutics, diagnostics and vaccines. 

;e development of e8ective vaccines and rapid, simple, 
cheap test for the diagnosis is critical in the control and pre-
vention of tuberculosis. ;e prevention of tuberculosis could 
be performed since 1921 by vaccination with Bacillus 
Calmette Guerin (BCG) vaccince. However, its e>cacy con-
tinues to be debated. ;e basis of two meta-analyses of BCG 
vaccination demonstrated that the vaccine is e>cient in pre-
venting severe and life-threatening forms of tuberculosis in 
children [2]. Recently, several vaccine candidates including 
subunit vaccines have been developed and have entered clini-
cal trials, and still more are in the pipeline of discovery [3-5]. 
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Abstract 

Tuberculosis (TB) is the leading cause of infectious disease related mortality worldwide. Infection of Mycobacterium tuberculosis (Mtb) leads to nearly 3 million 
deaths every year due to tuberculosis. Rifampicin and Isoniazid (RH) are the key drugs to being used for the treatment of tuberculosis. Reports in recent years 
indicate that the increasing emergence of resistance to these drugs. ;e resistance to these drugs severely a8ects options for e8ective treatment. ;e current 
vaccine for tuberculosis has variable protective e>cacy and there is no commercially available serodiagnostic test for this disease with acceptable sensitivity and 
speciScity for routine laboratory use, especially in case of multidrug resistance. In order to develop a new diagnostic tool for detection of Mtb, multidrug re-
sistant Mtb as well and improve the tuberculosis vaccine, it is necessary to indentify novel antigenic candidates, especially in identiScation of multidrug resistant 
associated protein antigens. Here, we present a 2-D gel-based proteomic survey of the changes in RH resistant Mtb. ;e proteins extracted from RH resistant 
and susceptible Mtb clinical isolates were analyzed by two-dimensional di8erential in gel electrophoresis (2D-DIGE). Protein intensities of 41 spots were found 
to be regulated in RH resistant isolates. A total of 28 proteins were identiSed by matrix-assisted laser desorption ionization time-of-Tight mass spectrometry. 
Twelve proteins of interest are NADH-dependent enoyl-[acyl-carrier-protein] reductase, 60 kDa chaperonin 2, Chaperone protein DnaK, 3-oxoacyl-(Acyl-
carrier-protein0 reductase, Probable acetyl-CoA acyltransferase FadA2, two Acetyl/propionyl-CoA carboxylase, alpha subunit, Universal stress protein Rv1636/
MT1672, Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex, Glutamine synthetase 1 and two uncharacterized pro-
teins (Rv2557 and Rv1505c). 

Keywords: 2-D Di8erential in gel electrophoresis – 2D-DIGE; Mycobacterial proteomics; Mycobacteria, Tuberculosis; Multidrug resistance. 
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;e lack of powerful diagnostic procedure, especially diag-
nosis of multidrug resistant Mtb, leads to the di>culty in the 
control of this disease. Traditional tests based on the isola-
tion and antibiotic sensitivity for diagnosis are time-
consuming [6]. Several novel methods have been investigat-
ed and developed in recent years for diagnosis of tuberculo-
sis such as nucleic acid ampliScation test, T-cell based assay, 
interferon gamma release assay and enzyme-linked im-
munospot assay [7-13]. However these methods require ex-
pensive equipments, a well-equipped and professional labor-
atory, highly trained personnel, and still time consuming. 
;e utilization of these methods is limited in the developing 
countries where having a high proportion of M. tuberculosis 
infection. Enzyme-linked immunoabsorbent assay (ELISA), 
a simple, high throughput and inexpensive method, could be 
used for detection of M. tuberculosis infection [14]. 

Diagnosis of drug resistant tuberculosis plays an im-
portant role in the e8ective treatment. Early detection of 
drug resistance is one of the priorities of tuberculosis con-
trol. It allows initiation of the appropriate treatment and 
surveillance of drug resistance. Conventional phenotypic 
method for detection of drug resistance is based on detection 
of growth of M. tuberculosis in the presence of the antibiot-
ics or indicator [2, 15-16]. However this method is time-
consuming, therefore a new approach have been established 
for detection of drug resistance based on the analysis of 
DNA. ;is method has several advantages [2]. However, not 
all molecular mechanisms of drug resistance are known. 
Furthermore, drug resistance is due to mutation of several 
positions of target genes. Molecular characterization of ri-
fampicin- and isoniazid resistant M. tuberculosis strains was 
performed and showed several mutation sites in the rpoB 
and catG gene. [17-19]. ;is method becomes more di>cult 
in detection of multidrug resistance. Discovery of drug re-
sistance consistently associated proteins of M. tuberculosis, 
especially multidrug resistance, could provide new bi-
omarkers for detection using simple methods such as ELISA, 
lateral Tow immunochromatographic assay. 

Proteomics is a powerful tool for stuying the protein 
composition of complex biological samples. ;e proteomic 
approach along with in vitro and in vivo assessment of vac-
cine candidates can be very valuable in identifying new po-
tential candidates in order to expand the antigenic repertoire 
for the development of e8ective novel vaccines against tuber-
culosis. ;e global study of the protein proSle of resistant 
and susceptible strains by proteomic approach could help in 
further revealing of resistance mechanisms and determining 
multidrug resistance-associated biomarkers. ;e obtained 
Sndings support to develop newer drugs, development of 
vaccine and rapid diagnosis tool for multidrug resistance 
tuberculosis. 

Investigations of protein expression proSles of 
Mycobacterium tuberculosis under various growth conditions, 
genetic backgrounds, geographic distribution have been 
performed [20-26]. Recently, researches on comparative 
analysis of drug resistant and suscetiple Mycobacterium 

tuberculosis by 2-DE combined with MS have been reported 
to reveal proteins associted with resistance [27-29]. 

Some studies in identiScation of biomarkers for 
serodiagnosis of drug resistant M. tuberculosis were 
performed by proteomic approach. Immunoproteome 
analysis of serum from patients infected with drug resistant 
or drug susceptible M. tuberculosis strains and heathy 
control identiSed three proteins as possible candidate 
biomarkers for use in the serodiagnosis of drug resistant 
tuberculosis infections [30]. Similarly, a proteome-scale 
identiScation of novel antigenic proteins in M. tuberculosis 
showed total of 249 proteins reacting signiScantly with the 
serum samples from patients in comparison with healthy 
cases [31]. 

;e aim of this study was the comparison of the protein 
proSles of RH resistant and susceptible clinical  M. 
tuberculosis isolates on the 2-D DIGE gel to identify RH 
resistant associated proteins. 

2. Material and Methods 

Mycobacterial growth 

;e RH resistant and sensitive M. tuberculosis clinical 
isolates (n = 3 per group to minimize genetic background 
di8erences) were obtained from National Institute of Hy-
giene and Epidemiology.  Bacteria were grown in Middle-
brook 7H12 broth at 37oC for four weeks (107-108 cfu/ml). 

Sample preparation for proteomics 

Mycobacterial cell extract was prepared according to mod-
iSed protocol of as described [28]. BrieTy, cells were washed 
three times with phosphate saline bu8er (1X PBS bu8er, pH 
7.4) and then suspended in extraction bu8er containing 8 M 
urea, 2 M thiourea, 2% CHAPS (Sigma-Aldrich, USA). ;e 
cell suspension was broken by intermittent sonication (15 
seconds ON, 15 seconds OFF) for 4 min on ice at 80% ener-
gy using sonicator (Sonics & Materials Inc, USA). Subse-
quently, the lysate was clariSed by centrifugation at 16,000 x 
g for 1 hour at 4oC. ;e supernatant was collected in a new 
eppendorf tube and protein concentration of the supernatant 
was determined using a Bradford assay kit (Sigma-Aldrich, 
USA). Sample aliquots were stored at -80oC for later use. 

Two-dimensional di�erential gel electrophoresis (2-D DIGE) 

Protein extracts (n = 3 per group) and a pooled internal 
standard containing aliquots of all isolate samples were la-
beled prior to electrophoresis with CyDyes according to the 
manufacture’ recommendation (GE Healthcare). BrieTy, 50 
µg aliquots of each protein sample derived from each group 
was minimally labeled with 400 pmol of either Cy3 or Cy5 
and the Cy2 dye was used for the labeling of the internal 
standard sample. ;e mixtures were incubated on ice for 30 
min in dark followed by adding of 1 µl of 10 mM lysine for 
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quenching. 
For 2-DE, two labeled samples (Cy3 and Cy5, each 50 µg) 

and the corresponding internal standard (Cy2, 50 µg) were 
mixed in rehydration bu8er (8 M urea, 2 M thiourea, 2% 
CHAPS, 40 mM DTT, 0.6% Biolytes, pH 3-10 and trace of 
Bromophenol blue). Isoelectric focusing (IEF) was carried 
out using the method of in-gel rehydration [32]. Immobi-
lized pH gradient strips of pH 4-7 and length 18 cm (Bio-
rad, Hercules, CA, USA) were rehydrated overnight at 20oC 
with 150 µg labeled protein mixture. Strips were then fo-
cused on an IEF unit PROTEAN i12 IEF Cell (Bio-rad, Her-
cules, CA, USA) at 20oC using the following program: 250 V 
for 30 min in rapid mode, 10000 V for 2 h in gradual mode, 
10000 V in rapid mode until 43 kVh reached and Snally hold 
at 1000 V. ;e current limit was set at 50 µA per strip. A\er 
Srst dimension electrophoresis, IPG strips were equilibrated 
in bu8er A (6 M urea, 0.375 M Tris, pH 8.8, 4% SDS, 20% 
glycerol and 1% DTT) for 15 min followed by equilibration 
in bu8er B containing 2.5% iodoacetamide instead of DTT 
for further 15 min. 

Separation of proteins on 12% SDS-polyacrylamide gels as 
the second dimension was performed [32] in a vertical elec-
trophoretic dual gel unit PROTEAN II Xi (Bio-rad, Hercu-
les, CA, USA) at constant power of 2 W for 16 hours. Images 
of the three di8erent channels were acquired using a 
PharosFX Plus laser scanner (Bio-rad) at excitation/emission 
wavelength of 488/530 nm (Cy2), 532/605 nm (Cy3), and 
635/695 nm (Cy5). 

Spot detection, quantitation and statistical analysis 

A\er scanning, analysis of the 2-D gel images was per-
formed with the PDQuest Advanced so\ware package ver-
sion 8.0.1 (Bio-rad, Hercules, CA, USA). Images were ana-
lyzed using stepwise spot detection. Spot volumes were cal-
culated based on the area and pixel intensities of spots. ;ese 
spot volumes were normalized by a two-step procedure. In 
the Srst step, interchannel and intergel di8erences (Cy3, Cy5 
and Cy2) in the intensities were corrected by dividing the 
background corrected values of the spot volumes by median 
of all spots of the channel (Cy2, Cy3 and Cy5). ;en, Tuores-
cence intensities of each spot were calibrated with the inter-
nal standard (Cy2) by dividing the median normalized spot 
volumes of the Cy3- and Cy5-channels by their correcting 
spot value of the Cy2 channel. ;e mean relative spot vol-
umes of the group were used to reveal resistant-dependent 
changes in protein spot volumes by determining the ratios of 
the mean relative spot volumes between the susceptible and 
resistant group. We predeSned stringent selection criteria in 
order to minimize the number of false positive results and 
deSned the change in the level of a protein spot as signiScant 
only when the following two criteria were fullSlled: (i) the 
change in the intensity ratio between two groups had to ex-
ceed a factor of 1.5; (ii) the p-value of the corresponding 
Student’s t-test had to be lower than 0.05. Resultant compo-
site images for susceptible and resistant isolates were manu-

ally checked for artifactual spots, merged spots and missed 
spots. 

Matrix assisted laser desorption ionization time-of-)ight tan-
dem mass spectrometry (MALDI-TOF-MS/MS) 

In order to identify proteins from spots showing signiS-
cant di8erences in intensities, spots of interest from colloidal 
coomassie brilliant blue stained gels of protein extracts 
pooled from all isolates were manually excised and subse-
quently subjected to mass spectrometry for identiScations. 
Preparation of peptide extracts and MALDI-TOF mass spec-
trometric analysis on a Proteome Analyzer 4800 (Applied 
Biosystems, Darmstadt, Germany) were carried out as de-
scribed previously [32]. IdentiScation of proteins was based 
on peptide mass Sngerprint (PMF) data conSrmed by at 
least one protein speciSc peptide fragmentation pattern. 
IdentiScation with the UniProtKB/ Swiss-Prot database for 
Mycobacterium tuberculosis using the MASCOT algorithm 
via the GPS Explorer so\ware (Applied Biosystems) were 
considered to be statistically signiScant when the protein 
and peptide ion scores exceeded 49 and 16, respectively, 
which corresponds to p<0.05. Mass tolerances for precusor 
ions and for fragment ions were 50 ppm and 0.45 Da, respec-
tively. Methionine oxidation was set as variable and carbam-
idomethylation as Sxed modiScation. 

3. Results 

Proteome reference map of Mycobacterium tuberculosis clini-
cal isolates 

In order to provide a baseline of the proteome of clinical 
Mycobacterium tuberculosis isolates and to deSne the func-
tional classes of identiSed proteins, a proteome reference 
map was constructed. Total protein extracts from RH re-
sistant and susceptible clinical Mycobacterium tuberculosis 
isolates were separated by 2-DE, visualized with a colloidal 
coomassie brilliant blue staining and 96 spots corresponding 
to the most abundant proteins were excised. A\er tryptic 
digestion, peptide mixtures were subjected to MALDI-TOF 
MS/MS for protein identiScation. A total of 79 proteins were 
identiSed (Supporting information Fig. S1 and Table S1). 
;e majority of spots (91%) contained only one protein and 
7 spots contained two proteins. Using the PANTHER 
(Protein Analysis ;rough Evolutionary Relationships at 
http://www.pantherdb.or) classiScation so\ware, the identi-
Sed proteins were assigned to biological processes (Fig. 1). 
ClassiScation of identiSed proteins showed the most promi-
nent categories belonging to metabolic process (47%), re-
sponse to stimulus (9%), immune system process (9%). 

Quantitative comparative proteome pro1ling of the suscepti-
ble and RH resistant isolates by 2-D DIGE 

In order to identify changes in protein abundance in re-
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sistant isolates with high conSdence, we employed the 2-D 
DIGE technology pioneered by Unlu et al. [33]. Representa-
tive examples of images of protein patterns generated with 
this sample set are shown in Fig. 2. A visual inspection of the 
images indicates that the protein patterns of the di8erent 
groups looked similar. QuantiScation of the spot volumes 
with the PDQuest so\ware package generated a spot set of a 
total of 458 spots, which were analyzed throughout all 2-D 
gels included in the experiment. 

For quantitative analysis, the normalized spot volumes of 
the di8erent groups of isolates were used to reveal multidrug 
resistant-dependent changes in the level of proteins by deter-
mining the ratios of mean relative spot volumes between the 
susceptible and RH resistant group. With a minimum of 1.5 
fold change in level and a p-value of the corresponding  Stu-
dent’s t-test lower than 0.05, a total of 41 protein spots was 
shown to display multidrug resistant-associated changes in 
intensity. ;e increase in spot volume in multidrug re-

sistance was more pronounced than reduction (Fig. 3). ;e 
majority of those displayed increased intensity (23 protein 
spots – 56%) and a smaller proportion (18 protein spots – 
44%) exhibited multidrug resistant-associated reduction of 
intensity (Supporting information Table S2). 

Representative magniSed regions of regulated proteins are 
showed in Fig. 4. ;ese protein spots were excised from gels 
and subjected to matrix-assisted laser desorption/ionization 
time-of-Tight (MALDI-TOF) mass spectrometry 

Identi1cation of spots displaying RH resistant-associated 
changes in intensity 

Analysis of the DIGE experiment indicated changed levels 
of proteins associated with RH resistance. In order to detect 
which proteins actually di8er in amount, the corresponding 
protein spots were excised from gels. Spots of interest were 
digested with trypsin and subjected to analysis by MALDI-
TOF MS. Twelve proteins of interest are NADH-dependent 
enoyl-[acyl-carrier-protein] reductase, 60 kDa chaperonin 2, 
Chaperone protein DnaK, 3-oxoacyl-(Acyl-carrier-protein0 
reductase, Probable acetyl-CoA acyltransferase FadA2, two 
Acetyl/propionyl-CoA carboxylase, alpha subunit, Universal 
stress protein Rv1636/MT1672, Dihydrolipoyllysine-residue 
acetyltransferase component of pyruvate dehydrogenase 
complex, Glutamine synthetase 1 and two uncharacterized 
proteins (Rv2557/MT2634 and ) (Table 1). 

4. Discussion 

Accurate quantitation of changes in protein expression 
remains one of the most important aspects of proteomics. 
Conventional 2-D PAGE with Coomassie Brilliant Blue or 
silver staining followed by image analysis is limited by the 
sensitivity and dynamic range of these detection methods 
[34,35]. 2-D Fluorescence Di8erence Gel Electrophoresis (2-
D DIGE) is a method to label proteins with CyDye Tuors 

Figure 1. Functional classiScation of proteins of the clinical 
Mycobacterium tuberculosis reference map. Proteins were assigned 
to functional categories by uploading the results of the protein 
identiScation to the PANTHER classiScation so\ware. ;e pie 
chart represents the distribution of identiSed proteins according to 
biological processes. 

Figure 2. Protein patterns of susceptible and resistant clinical isolates of Mycobaterium tuberculosis. Protein samples were subjected to 
DIGE as described in Section 2. ;e images display representative examples of protein proSles of susceptible (A) and RH resistant isolates 
(B). 
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that are subsequently separated using 2-dimensional gel 
electrophoresis. ;is technology allows the separation of up 
to three di8erent protein samples in the same 2-D gel be-
cause each of the three protein samples is labeled with one 
CyDye. ;e di8erent labeled samples will be subjected to 
exactly the same 1st and 2nd dimension running conditions so 
the same protein labeled with a CyDye will migrate to the 
same position on the 2-D gel, this helps limit experimental 
variation. ;e multiplexing ability of DIGE experiment us-
ing an internal standard ensures correct co-identiScation of 
protein spots within the gel and accurate quantitation of 
expression di8erences. ;us, the technique is highly sensitive 
with a wide dynamic range for detection of proteins and 
compatible with state-of-the-art protein identiScation tech-
niques using mass spectrometry. Comparative protein ex-
pression proSling is best performed with DIGE experiment 
[36,37]. 

In the present study we have applied the DIGE technique 
coupled with mass spectrometry for the identiScation of 
changed proteins in RH resistant M. tuberculosis isolates 
compared to RH susceptible isolates. ;e two-dimensional 
electrophoresis protein patterns of RH resistant and suscep-
tible groups of M. tuberculosis isolates were highly similar 
(approximately 91% homology). ;is observation was coin-
cided with the previous research [27,28]. A total of 17 dis-
tinct proteins of all 41 regulated protein spots were identiSed 
by mass spectrometry. 

Protein spots 1 and 2 were up-regulated in RH resistant M. 
tuberculosis isolates and identiSed as chaperone protein 
DnaK (heat shock 70 kDa protein) and 60 kDa chaperonin 2 
(GroEL-2), respectively. Chaperones in particular heat shock 

protein play an essential role in the maintenance of living 
ability of the cell. ;ey are proteins to assist nascent proteins 
to reach right fold, protect subunits from heat shock during 
the assembly of complexes, prevent protein aggregation or 
mediate targeted unfolding and disassembly. Up-regulation 
of these proteins in response to stress is a key factor in the 
health of the cell and life-span of an organism [38]. DnaK 
assists the folding of several proteins. Unfolded proteins are 
transferred to another chaperone, the barrel-shaped GroEL - 
a highly specialized folding machine. ;is complex forms a 
nano-cage in which a single protein chain is temporarily 
enclosed and allowed to fold while protected from external 
inTuences [39]. 

DnaK has characteristic peptide binding domain and 
ATPase domain, which indicate its role in active protein 
refolding and proper assembly. Functional categories of 
DnaK were related to virulence, detoxiScation and adapta-
tion [40]. Based on reference map, the distribution of DnaK 

Figure 3. Bar graphs of protein spots displaying RH resistant-
associated changes in intensity. Protein spot intensities were quan-
tiSed and normalized to the internal standard using PDQuest so\-
ware as above described. Protein display at least a 1.5 fold changes 
between the mean values of RH resistant isolate group compared 
to susceptible isolate group were considered as signiScant changed. 

Figure 4. Representative magniSed regions of 2-D gels showing 
the regulated proteins in comparison between the susceptible iso-
lates (A) and RH resistant isolates (B). 
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Spot No. 
Regulated 
(p-value) 

Accession No. Proteins identi.ed Mass (Da) pI Score Ions score 
Sequence 

coverage (%) 

No. of 
peptides 
matched 

1 1.75 ↑ 
(0.00376) 

DNAK_MYCTU 
(Rv0350) 

Chaperone protein DnaK 66831 4.59 478 377.9 36.32 15 

2 2.24 ↑ 
(0.01671) 

CH602_MYCTU 
(Rv0440) 

60 kDa chaperonin 2 56727 4.56 359 225.3 48.89 17 

3 1.67 ↑ 
(0.03186) 

INHA_MYCTU 
(Rv1484) 

Enoyl-[acyl-carrier-protein] reductase 

[NADH] 

28528 6.02 157 123 33.09 7 

4 1.56 ↑ 
(0.00822) 

L7N5J4_MYCTU 
(Rv0243) 

Probable acetyl-CoA acyltransferase 

FadA2 (3-ketoacyl-CoA thiolase) (Beta-

ketothiolase) 

46107 6.64 659 576.9 43.18 11 

5 1.85 ↑ 
(0.00975) 

O53665_MYCTU 
(Rv0242c) 

3-oxoacyl-(Acyl-carrier-protein) 

reductase 

46830 6.38 656 441.6 63.00 23 

6 1.68  ↑ 
(0.00502) 

L7N4G3_MYCTU 
(Rv3285) 

Acetyl/propionyl-CoA carboxylase, alpha 

subunit 

63783 5.51 590 375.5 58.83 26 

7 1.82 ↓ 
(0.00830) 

L7N4G3_MYCTU 
(Rv3285) 

Acetyl/propionyl-CoA carboxylase, alpha 

subunit 

63783 5.51 504 327.5 49.83 23 

8 1.63  ↑ 
(0.03373) 

ODP2_MYCTU 
(Rv2215) 

Dihydrolipoyllysine-residue 

acetyltransferase component of pyruvate 

dehydrogenase complex 

57088 4.64 237 166.2 33.27 12 

9 1.53 ↑ 
(0.02786) 

GLNA1_MYCTU 
(Rv2220) 

Glutamine synthetase 1 53570 4.84 257 173.6 41.42 13 

10  1.73  ↑ 
(0.01660) 

Y1636_MYCTU 
(Rv1636) 

Universal stress protein Rv1636/MT1672 15312 5.62 225 152.2 80.14 8 

11 1.69 ↓ 
(0.00021) 

Y2557_MYCTU 
(Rv2557) 

Uncharacterized protein 24295 4.54 296 175 72.32 14 

12 1.54 ↑ 
(0.01525) 

L0T720_MYCTU 
(Rv1505c) 

Uncharacterized protein 24056 5.97 151 95.7 42.53 7 

in the 2-D gel pattern tends to shi\ pH toward the acidic end 
of the IPG strip, suggesting that the identiSed spot was the 
result of posttranslational modiScations (Fig. 3). ;is phe-
nomena was observed with spot 2, identiSed as 60 kDa chap-
eronin 2 (GroEL-2) (Fig.3). GroEL-2 was identiSed in vitro 
as the most prominently phosphorylated proteins by PknJ 
[41] and this protein has been considered as the substrate of 
STRKs [42]. ;erefore, the pI shi\ of this protein toward the 
acidic end may be due to phosphorylation. ;is protein was 
also known as heat shock protein 60, heat shock protein 65, 
65 kDa antigen, cell wall protein A, antigen A [43]. As a 
chaperone, function of this protein was suggested to prevent 
misfolding and promote the refolding and proper assembly 
of unfolded polypeptides generated under stress conditions. 
;is protein was predicted to a specialised regulation in M. 
tuberculosis because the location of this gene in M. tuberculo-
sis genome is away from classic GroEL-Cpn10 operon [28]. 
As an antigen the M. tuberculosis heat shock protein 60 
plays also an important role in modulating immune re-
sponse of T-cell and macrophage [44,45]. Furthermore, it is 
noteworth that an increase of this protein was also found at 

the lower spot on 2-D gel. ;is observation indicated that 
the identiSed spot was a proteolytic degradation product of 
original protein. Recent study demonstrated that proteolysis 
of this protein could provide a potential source of immuno-
genic peptides in human tuberculosis [46]. A DNA vaccine 
based on this protein was demonstrated to activate human 
immune response [3]. ;erefore this protein is considered as 
a candidate antigen for development of a subunit vaccine 
against mycobacteria. Furthermore, these proteins have also 
been reported to be up-regulated in drug resistant M. tuber-
culosis strains [28,29], suggesting that overexpression of these 
proteins might be accompanied with the drug resistance of 
mycobacteria. 

;e inhA gene of M. tuberculosis has been proposed to 
encode the primary target of the antibiotic isoniazid (INH). 
Overexpression of InhA in mycobacteria results in a 20-fold 
increase in the minimum inhibitory concentration of INH 
[47,48]. Resistance to INH might the result from drug se-
questration by this protein. Furthermore, NADH-dependent 
enoyl-[acyl-carrier-protein] reductase was related to mycolic 
acid biosynthesis, an essential component of cell wall [49]. In 

Table 1. IdentiScation of regulated proteins by MALDI-TOF mass spectrometry in RH resistant Mycobacterium tuberculosis isolates. 
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this study we found that this enzyme was signiScantly in-
duced in abundance in RH resistant isolates. ;erefore, it is 
possible that the increase of this enzyme improve the integri-
ty of cell wall, ensuring the survival of mycobacteria whenev-
er exposing to INH drug. 

Another functional category of proteins that was signiS-
cantly altered in abundance was related to the lipid metabo-
lism. ;ey were acetyl/propionyl-CoA carboxylase, alpha 
subunit, Probable acetyl-CoA acyltransferase FadA2, 3-
oxoacyl-(Acyl-carrier-protein) reductase. Unlike NADH-
dependent enoyl-[acyl-carrier-protein] reductase, no evi-
dence indicated that there was direct interaction between 
these enzymes and INH adducts. However, it is possible that 
these enzymes might play a role in the construction of myco-
bacterial cell wall through lipid metabolism. Mycobacterial 
cell wall is known as the primary permeability barrier re-
sponsible for resistance to antibiotics [50] 

;e dlaT gene (Rv2215) and glnA1 genes were encoding 
for dihydrolipoyllysine acetyltransferase (DlaT) component 
of pyruvate dehydrogenase complex and glutamine synthase, 
respectively. ;ey were found to be up-regulated in RH re-
sistant isolates. DlaT was required to convert pyruvate to 
acetyl-CoA, which is central to the intermediary metabolism 
and respiration of M. tuberculosis. DlaT enzyme is together 
with AceE and Lpd enzymes to construct the pyruvate dehy-
drogenase [51] and the lack of DlaT enzyme was leading to 
the lost of pyruvate deghydrogenase activity and reduction 
of M. tuberculosis viability in the host. Furthermore, there 
was evidence indicating that the mutation of the M. tubercu-
losis dlaT gene resulted in the impossibility of signiScant pa-
thology in infected animal [52]. Similarly, GlnA1 enzyme, an 
enzyme of central importance in nitrogen metabolism, was 
demonstrated as essential factor in the pathogenicity of M. 
tuberculosis [53]. ;erefore, these enzymes are considered as 
an essential for pathogenesis of M. tuberculosis and thus 
inactivation of DlaT and GlnA1 enzymes by some ways 
might be a potential approach for tuberculosis therapy. It 
will become a potential target for development of newer 
drugs in tuberculosis treatment. Besides its essential role in 
intermediary metabolism and respiration, DlaT enzyme also 
involves in antioxidant defense of M. tuberculosis a long 
with AhpC, AhpD and Lpd, [54]. ;e increase of antioxidant 
activity in this case seems to be compensation of the lack of 
the KatG catalase-peroxidase activity reduced in many isoni-
azid resistant strains. ;ere was the existence of evidence 
indicating that antioxidant and glutamine synthetase activity 
of M. tuberculosis play an important role in suppressing host 
immune responses, suitable for pathogenesis. A modiSed 
BCG vaccine with reduction of these activities showed im-
provement in vaccine safety and e8ectiveness [55] 

In the present study a universal stress protein (Rv1636/
MT1672) was found to be up-regulated in resistant isolates. 
;is protein was belonging to iron-regulated universal stress 
protein family and also considered as a member of family of 
M. tuberculosis hypothetical proteins including Rv2005c, 
Rv2623, Rv2026c, Rv1996, with unknown function [56]. 

However, in generally the universal stress protein (Usp) is a 
small cytoplasmic bacterial protein whose expression is en-
hanced when the cell is exposed to stress agents. Usp en-
hances the rate of cell survival during prolonged exposure to 
such conditions, and may provide a general stress response 
activity. 

5. Concluding Remarks 

;is study is the Srst report applying 2-D DIGE technique 
for comparative analysis of RH resistant and susceptible clin-
ical M. tuberculosis isolates. Total of 41 proteins spots were 
found to be regulated in RH resistant isolates. IdentiSed pro-
teins from these spots were functionally classiSed into viru-
lence, adaptation and lipid metabolism. ;ese di8erentially 
expressed proteins from RH resistant isolates might be con-
sidered as candidates for development of novel vaccine and 
rapid diagnosis tool for multidrug resistant tuberculosis. 

6. Supplementary material 

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/168/0 

 
Supplementary Fig. S1 - Proteome reference map of Myco-
bacterium tuberculosis clinical isolates. Total extract of pro-
teins was separated by 2-DE DIGE gel. ;e most abundant 
spots were excised and subjected into MALDI-MS/MS for 
protein identiScation 
Supplementary table S1 - Protein identiScation of spots on 2-
D-DIGE gel by MALDI-MS for generating proteome refer-
ence map of Mycobacterium tuberculosis clinical isolates 
Supplementary table S2 -  Multiple DIGE data 
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1. Introduction 

Intermediate �laments (IFs) are found in all cells, with 
keratins particulary abundant in epithelial cells. 0ey cross-
link to microtubules, actin and myosin by accessory proteins 
such as �laggrin and plectin and bundle into strong arrays[1]. 
In contrast to micro�laments and microtubules, it is not un-

derstood how IFs remodel the cytoskeleton. By identifying 
keratins and keratin-associated protein mutations in disease, 
an insight can be provided into how they act. IFs confer rigid-
ity to epithelial cells, characterised by high visco-elasticity 
and 6exibility [2]. functioning to protect epithelial cells from 
mechanical and non-mechanical stress [3]. Interfering with 
the dynamics of IFs leads to a reduced resilience of the epi-
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Abstract 

Keratins are predominantly found in epithelial cells and form the intermediate �lament (IF) component of the cytoskeleton. Depolymerisation 
of these �laments causes the cell to collapse and become more plastic. We have previously shown that short chain fatty acids may trigger depol-
ymerisation of keratins through altered protein acetylation. Currently, there is no single functional assay for screening of the cytoskeleton. 0e 
aim of this study is to develop a high-throughput assay to quantify IF depolymerisation and to apply as a screen for IF-perturbing nutrients 
and drugs. 0ree treatments were used in a proof-of-principle study: the anti-fungal drugs griseofulvin and cordycepin (the former is known 
tosuppress microtubule growth, the latter induces abnormal mitosis by suppressing microtubule dynamics with concequent impact on IF or-
ganisation) and sodium butyrate, a histone deacetylase inhibitor which disrupts IF formation in cancer cells via post-translational modi�cation 
of keratins.  

Methods were optimised for cell �xation using methanol or formalin, permeabilising agents for Keratin (krt) 8 antibody dilution (triton-x100, 
digitonin and saponin) and blocking of non-speci�c binding prior to cell staining using BSA, aRer which High Content Analysis (HCA) was 
employed to quantify cell staining intensities by comparing co-occurrence of adjacent pixel intensities. Immunocytochemistry was used to 
identify Krt 8 intermediate �laments. Indicators of depolymerisation include Krt 8 6uorescence intensity, �lamentousness or texture intensity, 
�bre spot count and �bre spot total area. All treatments resulted in signi�cant decreases for texture intensity. Proof of Principle was established 
using a Z’calculation. Griseofulvin gave values falling between 0.5 and 1 indicating the assay is suitable for high-throughput work. 

In conclusion, a HCA assay for intermediate �lament integrity has been demonstrated, establishing proof of principle with griseofulvin, and 
cross-validating with two further treatments assayable using this method.  

Keywords: IF depolymerisation assay; Keratin 8; High content analysis; Proof of principle. 

Abbreviations 

Krt: keratin; IF: intermediate �lament; HCA: high content analysis; BSA: bovine serum albumin; K: Lysine residue; RPMI: Roswell park me-
morial institute; PBS: phosphate buUered saline; HPACC: Health protection agency culture collections; PTMs: post translational modi�cations; 
HDACi, histone deacetylase inhibitor; SCFAs short chain fatty acids. 
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thelia to mechanical stress [4].0e highly dynamic keratin 
network implicates a perpetual cycle of assembly and disas-
sembly commencing with nucleation of keratin particles at 
the cell periphery into a proto-�lament, followed by elonga-
tion towards the nucleus to form a stable network. Peri-
nuclear disassembly releases soluble oligers which diUuse 
through the cytoplasm and are recycled into new proto�la-
ments at the periphery [4]. Intermediate �laments are 
formed from polymerised coiled dimers of Type I smaller 
acidic Krt 9 to 20 and Type II larger basic Krt 1 to 8 [5], 
comprising mainly Krt 8 and Krt 18 in intestinal epithelia). . 
Keratin regulation occurs through post translational modi�-
cations (PTMs). Krt 8 has been shown to be acetylated at �ve 
lysine residues: K10, K100, K392, K471 and K482 in HCT116 
colon cancer cells [6] . Over-expression of Krt 8 has been 
implicated in several colorectal pathologies [7]suggesting 
that keratins may be essential to epithelial homeostasis and 
altered function may contribute to conditions such as in-
6ammatory bowel disease[6].  

HCA enables quanti�cation of staining intensities by use 
of computational analysis of images captured by an automat-
ed 6uorescent microscope adapted to read 96 well plates [8]. 
It is capable of measuring multiple cellular parameters sim-
ultaneously on a cell by cell basis and can also be used for 
semi-quanti�cation of antibody staining pro�les. 0e auto-
mation of acquisition and analysis means that the technique 
is high throughput and multi-parametric. We have previous-
ly employed HCA to analyse the eUects of short chain fatty 
acids on Krt 8 acetylation [9] and cytoskeletal structure [8], 
demonstrating that butyrate-induced acetylation of Krt 8 is 
associated with reduced polymerisation of IFs [9]. 0e bene-
�ts of HCA include substantial cost savings due to a reduc-
tion in the number of hours involved in performing the ex-
periment and smaller amounts of consumables being used. 
In drug development, HCA streamlines the work load re-
quired for validating drugs prior to animal and clinical test-
ing as well as supplementing systems biology [8]. 

Currently, there exists no keratin screening tool in a single 
functional assay. 0e aim of this study is to establish a viable 
assay for cytoskeletal staining of intermediate �laments, and 
to establish proof of principle for high throughput develop-
ment following perturbation with depolymerising agents. 

2. Material and Methods 

2.1 General Reagents and Solutions 

Phosphate-buUered saline Dulbecco “A” (PBS) solution 
was supplied by OXoid, Basingstoke, U.K. RPMI1640 Gluta-
MAX media was supplemented with 500 units of penicillin/
streptomycin and L-Glutamine 2 mM �nal conc (Gibco Life 
Technologies, Invitrogen, U.K) and 10 % Foetal Bovine Se-
rum (Biosera, East Sussex, U.K). 0e cell treatments griseo-
fulvin, cordycepin and sodium butyrate were supplied by 
Sigma-Aldrich, Poole, Dorset, U.K. Cells were stained with 
mouse monoclonal antibodies to Krt 8 supplied by abcam, 

Cambridge, U.K and Alexa6uor 555 donkey anti mouse anti-
body and Hoechst 33342 weresupplied by Invitrogen, U.K. 

2.2 Cell Culture protocol  

MCF-7 cells obtained from HPACC were cultured in 
RPMI media and incubated at 37 °C, 5% CO2 in humidi�ed 
air. Con6uency, viability and cell counts (stained with Try-
pan Blue, Gibco, Life Technologies, U.K,) were assessed us-
ing an optical microscope and haemocytometer (“Improved 
Neubauer” chamber). 

2.3 Protocols for High Content Analysis (HCA):  

Cell Seeding and Treatment 

MCF-7 cells were cultured in Black-sided Costar 96-well 
culture plates (Sigma-Aldrich) at 2.5 x 103 cells per 100 µl 
RPMI media. Plates were incubated at 37 °C for 24 hours to 
allow cells to adhere, aRer which media was replaced with 
fresh media containing either sodium butyrate treatment at 
0, 2.5, 5, 10, 15, 20 mM for 16 hours, n = 20 for initial pilot 
experiment to optimise staining conditions, griseofulvin in 
at 0, 2, 5, 10, 20, 50, 100, 150 and 200 µM for 48 hours (n = 
3), or cordycepin, (0, 2, 5, 10, 15, 30 and 60 µM for 15 and 30 
minutes, n = 3),the latter two containing 0.1% DMSO to aid 
solubilisation with relevant vehicle only controls.  

Optimisation of Staining 

Preliminary experiments were undertaken with 20 mM 
Sodium Butyrate to optimise staining, �xing and blocking 
protocols, as detailed below.Fixative: Cells were �xed with 
either 10 % buUered formalin (Sigma-Aldrich) for 15 
minutes at room temperature, or ice cold methanol (Fisher 
Scienti�c, Loughborough, U.K) for 5 minutes at minus 20 °
C, aRer which, they were washed twice with 100 µl PBS be-
fore a �nal addition of 100 µl PBS. Plates were sealed for 
storage at 4 °C prior to staining. 

Blocker: Prior to antibody staining, plates were blocked for 
non-speci�c protein binding with either PBS control or 2% 
BSA (made up in PBS) for 10 minutes to observe diUerences 
in background staining intensities as well as diUerences in 
texture and 6uorescence intensity. 

Permeabilisation: To facilitate entry into the cell, the anti-
body was diluted in a detergent or permeabilising agent ac-
cording to Cellomics’ HCA protocols. Mouse monoclonal 
Krt 8 antibody was diluted at a �nal concentration of 0.01 
mg/ml in PBS containing 500 µg/ml digitonin, or 1 mg/nl 
saponin or 0.1% triton X-100. 50 µl of antibody was added to 
each well and leR for 1 hour at room temperature. Wells 
were washed three times with 100 µl PBS and subsequently 
stained for 30 minutes at room temperature with 50 µl of 
0.005 mg/ml Alexa6uor red 555 donkey anti-mouse anti-
body containing 0.004 mg/ml Hoechst 33342 DNA stain. As 
before, wells were washed three times with 100 µl PBS, with a 
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�nal addition of 100 µl PBS to store the cells in. Plates were 
sealed and stored at 4 °C prior to image analysis.  

HCA Image Analysis and Quanti*cation 

Analysis was undertaken using a Cellomics Arrayscan II 
platform which employs a Compartmental Analysis algo-
rithm for measurement of total cytoplasmic 6uorescence 
intensity (arbitrary units) [8]. A morphology algorithm ena-
bles cell texture intensity measurements (arbitrary units) to 
be determined, based on the co-occurrence of adjacent pixel 
intensities. 0is is derived from the probability of pixels with 
diUerent intensities occurring next to each other. Co-
occurence measures how �lamentous the cytoskeleton is. A 
strong healthy protein is visualised as rough �laments 
whereas a broken protein causes �laments to become 
‘mushy’ with a smooth, diUused appearance,. 0is non-
�lamentousness, consistent with cellular depolymerisation, 
is characterised byuniform staining, providing a low texture 
intensity measurement .Highly varied intensities indicate 
structural staining, providing a larger value for this parame-
ter. 0e contrast measurement re6ects the strength of oc-
curences of pixels of diUering intensity being adjacent to 
each other, whereby the greater the diUerence, the stronger 
the weighting. Other parameters measured included cell 
count (per well), �bre spot count and �bre spot total area 
(arbitrary units). 0e method for �bre-spot size analysis 
identi�es which pixels belong to spots or �bres by evaluating 
the change in intensity over space within the object. A back-
ground correction is applied automatically to diUerentiate 
between spots and �bres, and intra-cellular noise [10]. 

3. Results and Discussion 

Optimisation of Intermediate Filaments Staining for HCA 

Both methanol and formalin �xation were used to assess 
the viability of developing a dual assay for keratin/tubulin or 
keratin/actin staining. Methanol is traditionally employed in 
immuno6uoresence experiments as the �xative of choice for 
microtubules and intermediate �laments since cross-linking 
reagents such as formaldehyde, though good at preserving 
cell structure, may reduce antigenicity of components [11]. 
Preliminary experiments of cells treated with sodium butyr-
ateshowed that methanol �xation provided consistently 
sharper images (Fig 1, panel 2) compared to 10% formalin 
(Fig 1, panel 1). Additionally, cells treated with increasing 
concentrations of butyrate and �xed with methanol re-
mained consistent in number compared to those �xed with 
formalin which showed a reduction in cell count, P <0.005 
(Fig 1D, expressed as percent of control population), hence 
methanol was used as a �xative of choice. 

An initial 30 minute blocking step with BSA (2 %) was 
included to block non-speci�c binding of the Krt 8 antibody 
(Fig 1A - 1C, panels 1 and 2). Visual inspection of acquired 
images showed no major diUerence between PBS control or 

BSA blocked cells. No signi�cant diUerence was observed in 
texture intensity measurement when comparing unblocked 
(PBS) cells to 2% BSA blocked cells using a students paired T 
test (PBS 1.07 ± 0.62 vs 2% BSA 1.09 ± 0.63, P = 0.86, arbi-
trary units) or Krt 8 mean total 6uorescence intensity (PBS 
3.6 x 106 ± 2 x 106 vs 2% BSA 3.3 x 106 ± 1.9 x 106, P = 0.44, 
arbitrary units). Consequently this step was omitted in fu-
ture experiments enabling mechanical manipulations to be 
kept to a minimum, thus ensuring the quality of �nal images 
would remain uncompromised. 

Intracellular epitopes require permeabilising to allow the 

Figure 1. A comparison of *xation methods on MCF-7 cells (x20 
magni�cation) treated with 20 mM sodium butyrate using (1) 10% 
formalin, (2) methanol. (A) No blocker, Krt 8 antibody diluted 
with PBS (B) No blocker, Krt 8 antibody diluted with 1mg/ml 
saponin, (C) 2% BSA blocker, Krt 8 antibody diluted with 1mg/ml 
saponin and (D) EUect of formalin (10%) vs methanol �xation on 
MCF-7 cell count per well expressed as a percent of control (n = 
20, mean ± SEM) following sodium butyrate treatment (0 – 20 
mM) 
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antibody to access the inside of the cell to detect the protein 
of interest. Low concentrations of Triton X-100 has been 
shown to remove some cortical 6uorescence from mitotic 
cells [12], where detergent-resistant material was identi�ed 
as non-�lamentous keratin aggregates. Drake et al [8] and 
Khan et al [9] diluted antibodies with a digitonin permeabil-
ising solution in accordance with Cellomics’ HCA internal 
protocols. In preliminary experiments using sodium butyr-
ate, cells stained with Krt 8 antibody at a concentration of 
0.01 mg/ml diluted in PBS (Fig 1A) or 0.1 % Triton X-100 
did not stain as well as those using the milder membrane 
solubilisers digitonin (500 µg/ml) and saponin (1 mg/ml), 
the latter two thought to produce pores su9ciently large 
enough for the antibody to pass through without dissolving 
the plasma membrane. On closer visual inspection, saponin 
showed better uniform staining of cellular architecture and 
was used in subsequent experiments (Fig 1B, 1C). 

Assay validation with intermediate *lament disrupting 
agents. 

All cytoskeletal components are co-ordinated – no part 
acts alone. Drugs aUecting actin, tubulin, or both may also 
aUect the intermediate �lament organising system. Interfer-
ence of intermediate �lament dynamics in human disease 
and transgenic mice leads to reduced resilience of the epithe-
lia to mechanical stress [4]. Gordon et al [13] demonstrated 
disruption of microtubules, but not actin, could lead to in-
termediate �lament reorganisation. EUects of the cytostatic 
drugs cytochalasin B, D and β lumicochicine and vinblastine 
on microtubules and micro�laments showed an induction of 
keratin rearrangement in Hela cells [14]. SW13 cells treated 
with latrunculin B (destroys actin) and nocozadole 
(depolymerises microtubules) completely blocked keratin 
motility, implying that this function relies both on intact 
actin micro�laments and microtubules [15]. 

Following an extensive knowledgebase review, griseofulvin 
was identi�ed as a potent trigger of intermediate �lament 
breakdown. A metabolic product of Penicillium griseofulvi-
um, griseofulvin is absorbed by the GI tract into body 6uids 
and tissues eventually reaching keratinised skin structures 
[16]. Griseofulvin-damaged mouse livers incorporated with 
32P orthophosphate showed alterations in keratin �lament 
architecture where a shiR towards acidic isoforms of Type I 
keratins was thought to be due to hyperphosphorylation 
[17], demonstrating the role PTMs play in IF homeostasis in 
vivo. 0is C-mitotic anti-fungal drug induces G2-M arrest / 
apoptosis in several cell lines, selectively killing cancer cells 
yet sparing healthy cells [18]. MCF-7 cells treated with 15 - 
90 µM griseofulvin for 24 – 48 hours stabilised microtubule 
dynamics by reducing the length and rate of growing and 
shortening phases [19]. For this reason, griseofulvin was 
chosen as an IF perturbing tool in the current studies to eval-
uate its eUect on cytoskeletal depolymerisation. 

0e adenosine analogue Cordycepin, deriving from cul-
ture �ltrates of Cordyceps militaris and Aspergillus nidulans, 

was the �rst naturally occurring nucleotide (3’-
deoxyadenosine) to be isolated [20]. Zeive et al [21] demon-
strated rapid collapse of intermediate �laments in keratino-
cytes treated with cordycepin where microtubules were de-
polymerised to small stumpy asters. MCF-7 cells treated with 
cordycepin suggested the initial eUect on cell cycle was due 
to changes in polyadenylate polymerase activity prior to 
apoptosis [22]. OEC-M1 cells treated with cordycepin and 
stained with annexin V for early apoptosis appeared round-
ed up aRer 3 hours but were still adherent to the matrix 
(longer treatments of up to 48h re6ected an apoptotic trend 
thought to be cordycepin inducing G2/M cell arrest [23]). 
Low doses have been shown to decrease cell proliferation 
whereas high doses aUect cell adhesion and indirectly reduce 
protein synthesis [24]. Inhibition of MCF-7 cell proliferation 
by cordycepin has been attributed to autophagy rather than 
apoptosis [25]. As a result of these �ndings, cordycepin was 
identi�ed as a potential candidate for IF disruption in this 
proof of principle study.  

0e short chain fatty acid sodium butyrate was chosen for 
preliminary experiments. 0e most biologically potent of the 
SCFAs, it has previously been shown to strongly eUect cellu-
lar depolymerisation prior to apoptosis [8], making it an 
ideal candidate for optisation of staining protocols. It is nat-
urally produced in the colon by fermentation of dietary �bre 
and is a fuel for colonocytes. Colon carcinoma cell prolifera-
tion is inhibited via early G1 phase arrest at concentrations 
of 1 -5 mM sodium butyrate with no impact on cell viability 
(proliferation is stimulated in normal colonic epithelium) 
[26] and induces apoptosis in vitro. Hela cells incubated with 
1 – 5mM butyrate increased histone acetylation by inhibiting 
histone deacetylase, paralleling changes seen in H3 phos-
phorylation [27]. Multiple sites of acetylation in Krt 8 and 
Krt 18 have been identi�ed by our group [8] in HCT116 and 
CaCo2 cells, where butyrate-induced acetylation of Krt 8 was 
associated with breakdown of the cytoskeleton via reduced 
polymerisation of IFs [9]. Immuno blots of intermediate 
�laments isolated from butyrate treated HCT116 cells treat-
ed further con�rm Krt 8 is acetylated, thus conveying the 
HDACi status of butyrate as a post translational modi�er of 
cytokeratins [6].  

Proof of Concept as a high-throughput assay 

Assay e9cacy was established and validated by using the 
proof of principle Z’ calculation to acertainwhether the re-
sponse was su9cient enough to warrant further investiga-
tion. Acceptable Z’ values fall between 0.5 and 1.0, with per-
fect assay values approaching 1.0 [28]. 

MCF-7 cells treated with 100 µM griseofulvin for 48 hours 
(n = 3) show altered morphology, becoming multi-nucleated 
when compared to controls (Fig 2A (1) and (2)). 0is is re6ect-
ed in the measurements of �lamentousness (Fig 2A (5-7) arbi-
trary units) where signi�cant decreases in texture intensity 
(4.4 ± 0.47 vs 2.2 ± 0.03, P<0.05), �bre spot count (16.4 ± 
0.64 vs 10.7 ± 2.1, P<0.01), �bre spot total area (1368 ± 51 vs 



JIOMICS | VOL 4 | ISSUE 1 | JUNE 2014 | 37-43 

37-43: 41 

555 ± 23, P=0.0005) as well as cell count per well were ob-
served (646 ± 186 vs 288 ± 103, P<0.05, Fig 2A (3)) A signi�-
cant increase in Krt 8 mean total 6uorescence intensity 
(202632 ± 60337 vs 97262 ± 23343, P<0.05, arbitrary units, 
Fig 2A (4)) was observed when comparing treated cells to 
controls. Acceptable Z’values (Fig 2B) were obtained for 
�bre spot count (0.95) and �bre spot total area (0.73), 
demonstrating suitability for high throughput development 
(Fig 2B). 

Two further treatments aUecting intermediate �laments; 
sodium butyrate and cordycepin, are assayable using the 
described methods.  

Following 16 hours treatment with 20 mM sodium butyr-
ate (n = 20), cells showed similar morphology, with contrast 
between the cytoplasm and the nuclear staining more pro-
nounced when compared to untreated cells. 20 mM butyrate 
(Fig 3A (3-5)) signi�cantly reduced texture intensity (3.06 ± 
0.38 vs 2.41 ± 0.39, P< 0.001), �bre spot count (5.78 ±0.85 vs 
5.23 ± 0.6, P<0.02) and �bre spot total area (144.8 ± 11.8 vs 
134.9 ± 8.3, P<0.005, all arbitrary units, paired students T 
test). A non-signi�cant reduction in cell count per well was 
observed when comparing control to treated cells (670 ± 171 
vs 627 ± 50, Fig 3A (1)) emphasising the suitability of butyrate 
as a depolymerising agent without causing a disruption in 

cell number. As with griseofulvin, an increase in mean total 
Krt 8 6uorescence intensity was observed, though this was 
not signi�cant (161983 ± 51982 vs 165148 ± 42567, arbitrary 
units, Fig 3A (2)). Higher concentrations may be required to 
cause su9cient depolymerisation prior to cell death. 

Visual inspection of cells treated for 15 minutes with 60 
µM cordycepin (n = 3) con�rmed that keratin �bres do re-
tract to form a peri-nuclear ring, as observed by its eUects on 
microtubules (Zieve et al [4]). 0is may explain the signi�-
cant decrease in mean total Krt 8 6uorescence intensity 
(arbitrary units, Fig 3B (2)) from 385698 ± 9862 vs 353452 ± 
3297, P<0.05, in contrast to the increase observed with grise-
ofulvin, P<0.05, and sodium butyrate (not signi�cant). As 
with griseofulvin and sodium butyrate, texture intensity was 
also signi�cantly decreased (Fig 3B (3), 2.39 ± 0.18 vs 1.57 ± 
0.07, P<0.05, arbitrary units) indicating depolymerisation 
and a loss of �lamentouness when compared to controls, 
though no signi�cant diUerences were observed for measure-
ments of �bre spot count (Fig 3B (4), 10.39 ± 1.15 vs 11.23 ± 
1.98), �bre spot total area (Fig 3B (5), 733 ± 13 vs 653 ± 70, 
arbitrary units) and cell count per well (Fig 3B (1), 124 ± 12 vs 
145 ± 60) when comparing controls to treated cells. 0is 
could possibly be attributed to the shorter treatment time 
with cordycepin (15 minutes) compared to griseofulvin (48 

Figure 2. Assay Development and proof of Principle. (A) EUect of Griseofulvin (n =3) on indicators of intermediate �lament staining 
(arbitrary units). (1) PBS control 48h, x20 magni�cation, (2) 100µM Griseofulvin 48h, x20 magni�cation, (3) Cell count per well, (4) Mean 
total Krt 8 Fluorescence, (5) Texture Intensity, (6) Fibre spot count and (7) Fibre spot total area. (B) Statistical analysis of 0µM vs 100µM 
treatment using a Z prime calculation and paired students T-test. *Z prime values between 0.5 and 1 indicate suitability for high throughput 
development. †P values <0.05 are statistically signi�cant. 



Chowdry et al., 2014 | Journal of Integrated Omics 

37-43: 42 

hours) and sodium butyrate (16 hours) leading to a lower 
overall cell population by the end of the experiment (higher 
cordycepin doses around 200µM have been found to aUect 
cell adhesion [26]). 

0e results indicate that a functional assay for the direct 
assessment of IF-perturbing drugs has been developed, opti-
mised by the directed and informed combination of existing 
technologies. Keratins are emerging as potentially important 
targets in colorectal pathologies [7] and therefore may be-
come the target for development of new therapeutics. As 
such, assays need to be in place for such applications. Gen-
eral cytoskeletal biology indicates that the various cytoskele-
tons are interlinked and collapse of one may impact upon 
another [4, 14, 15, 16]. 0is assay has the potential to be 
combined with a chemical stain (phalloidin) or antibody 
from another species to form a duplex or triplex assay for 
integrity of the microtubular, micro�lamentous and IF cyto-
skeletons and thereby determine hierarchicality of impact of 
chemotherapeutics at the cellular level. 
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