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Proteomics is the study of the proteome, the entirety of 
proteins, their spatial and temporal expression patterns, 
their modi*cations, interactions, and of course their func-
tions. To elucidate the proteome of any higher eukaryote is 
currently a futile endeavor but subsets thereof can be investi-
gated. Mass spectrometry (MS) has become the tool of 
choice in proteomics [1] and is used to establish protein se-
quence, quantity, and modi*cation.  

6e output of any mass spectrometer is a list of mass to 
charge ratios (m/z) of the peptides in a sample. To derive 
further information additional stages of MS can be employed 
following a fragmentation of the peptide precursor for which 
many methods are available [2]. Tandem-MS (MS/MS, MS2) 
spectra contain a list of m/z values of the fragmented pep-

tide.  
6ere are basically two ways to assign a peptide sequence 

to an MS/MS spectrum from an unknown precursor. One 
method, termed database search, depends on the availability 
of a database of either sequences or reference tandem-MS 
spectra [3]. In contrast to that, de novo sequencing derives 
the sequence solely form the MS/MS spectrum [2]. For both 
database search and de novo sequencing many algorithms 
have been developed for computational analysis of MS2 spec-
tra.   

An abundance of di=erent mass spectrometers are now 
available, which can further be coupled with a large number 
of fragmentation methods. 6is leads to a large number of 
possible measurement methodologies. According to the ‘no 
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Abstract 

1. Introduction 

Proteomics is a quickly developing *eld. New and better mass spectrometers, the platform of choice in proteomics, are being introduced 
frequently. New algorithms for the analysis of mass spectrometric data and assignment of amino acid sequence to tandem mass spectra are 
also presented on a frequent basis. Unfortunately, the best application area for these algorithms cannot be established at the moment. Fur-
thermore, even the accuracy of the algorithms and their relative performance cannot be established. 6is is due to the lack of proper bench-
mark data. 6is letter *rst introduces the *eld of mass spectrometry-based proteomics and then de*nes the expectations of a well-designed 
benchmark dataset. 6ereaOer, the current situation is compared to this ideal. A call for the creation of a proper benchmark dataset is then 
placed and it is explained how measurement should be performed. Finally, the bene*ts for the research community are highlighted.  

Keywords: Mass spectrometry; Proteomics; Benchmark data; Database search; De novo sequencing; Fragmentation analysis.  

Abbreviations:   

MS, Mass Spectrometry; MALDI, Matrix Assisted Laser Desorption Ionization; Da, Dalton; m/z, Mass to charge ratio; TOF, Time of Flight; 
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free lunch’ theorem, there is no one algorithm which is best 
for all instances of a problem [4,5] let alone for all problems 
posed by varying combinations of mass spectrometers and 
fragmentation methods. 6is seems to be a problem widely 
ignored in biological sciences where a tool if it works on a 
small number of instances of the general problem will be 
quickly adopted to solve even problems well beyond its do-
main [6]. In mass spectrometry this can be exempli*ed by 
the ubiquitous usage of Mascot [7] for many types of MS 
measurements while it was initially intended to be used for 
peptide mass *ngerprinting on matrix assisted laser desorp-
tion ionization - time of Right (MALDI-TOF) mass spec-
trometers. Admittedly, Mascot has since been extended to 
include fragmentation spectra but it is still targeted towards 
MALDI. It seems clear that any of the algorithms in database 
search or de novo sequencing perform di=erently on diverse 
data. 

Unfortunately, it is unclear which algorithm is best for 
which combination of mass spectrometer and fragmentation 
method. Some studies have investigated the performance of 
database search algorithms [3,8–10] and other studies the 
accuracy of de novo sequencing algorithms [11–13]. A mere 
review of the relevant publications is in this case not possible 
since all new algorithms are usually developed on di=erent 
mass spectrometric data sets. 6erefore, it is essential to em-
ploy the algorithms to be compared on the same dataset be-
fore comparing their performance.  

Only few benchmark datasets have been published in mass 
spectrometry-based proteomics which would allow such a 
comparison. Whether these can truly be called benchmark 
datasets will be investigated below (Section 3), but before 
that a general description of a proper benchmark dataset will 
be given (Section 2).   

In order to further the *eld of mass spectrometry and to 
develop useful algorithms, this letter is also a call to action. 
Anyone having access to synthetic peptides should partici-
pate in the development of a *rst benchmark dataset and 
provide a few hundred spectra per synthetic peptide so that a 
comprehensive benchmark dataset, based in ground truth, 
can be created.  

2. Benchmark Data 

In the widest sense of the word a benchmark is a standard-
ized performance test. In mass spectrometry-based prote-
omics a benchmark would thus measure the performance of 
algorithms to assign a sequence to an MS/MS spectrum. A 
benchmark dataset for mass spectrometry-based proteomics 
must thus consist of MS/MS spectra and their correct se-
quence annotation. Additionally, the mass spectrometer 
used, the fragmentation method, and the measurement set-
tings should be speci*ed.  

Aniba and colleagues de*ned six measures for well-
constructed benchmark datasets [14] which will be discussed 
in respect to mass spectrometry-based proteomics in the 
following.  

2.1. Relevance 

In mass spectrometry-based proteomics and in accordance 
with the ‘no free lunch’ theorem, a benchmark dataset could 
target a combination of a particular mass spectrometer and 
fragmentation method. 6is platform should be used to gen-
erate enough spectra from enough di=erent peptides so that 
the scope of the benchmark dataset can be ful*lled. In prac-
tice that means that if the benchmark dataset is targeted to 
test the performance of database search algorithms, it should 
consist of spectra similar to the ones that may be expected in 
experimental studies. For mass spectrometry this is diUcult 
since the peptide sequence seems to have a strong inRuence 
on fragmentation [15] and therefore the resulting spectrum. 
6erefore, measurements from all MS platforms are needed. 

2.2. Solvability 

6e benchmark dataset needs to be solvable. It should be 
neither too hard nor too easy for existing algorithms so that 
the benchmark can be used to di=erentiate performance 
among algorithms. In practice this disquali*es all existing 
benchmark datasets since all of them present the same 
“chicken or egg” problem: 6e MS/MS spectra are usually 
derived from a protein digest and are then assigned sequenc-
es using a database search algorithm. Unfortunately, in many 
cases algorithms do not agree on the sequence and thus the 
correctness of the sequence cannot be guaranteed. Since in 
existing datasets this is unaccounted for, they are not cor-
rectly solvable as they are not correct in themselves. Hence, 
current algorithms are presented with an insurmountable 
challenge. 

2.3. Scalability 

A benchmark dataset should present problems at various 
level of diUculty so that it can scale with the maturity of al-
gorithms. Current datasets might contain examples of di=er-
ent diUculty, but they are not properly annotated and thus 
not applicable for benchmarking. In mass spectrometry, 
datasets are exceedingly diUcult to solve and more simple 
datasets like repeated measurements of synthetic peptides 
are needed to present less perplexing problems and establish 
the accuracy of the foundation of more advanced methodol-
ogies. Later, problems like larger tolerances in the m/z meas-
urement, increasing noise level (i.e.: unexplained peaks from 
currently poorly understood fragmentation pathways such as 
sequence scrambling [16], and precursor ions of higher 
charge can be addressed. Peptides, which lead to fewer frag-
ments than expected, can present a diUcult challenge for 
algorithms following successes on simple benchmark da-
tasets. Even more diUculty can be created by measuring co-
eluting and co-fragmenting peptides, somewhat rare, but yet 
signi*cant problems. 

2.4. Accessibility 
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6e benchmark dataset needs to be accessible so that algo-
rithm developers or users can benchmark the tools they de-
velop or want to use. Mass spectrometric data may have an 
intrinsic problem since proper benchmark datasets will like-
ly have large *le sizes (several gigabytes) which may be diU-
cult to host and/or transfer. Nonetheless, several platforms 
for data sharing have been established (see Section 3). 

2.5. Independence 

Aniba and colleagues [14] make a very important point: 
“6e methods or approaches to be evaluated should not be 
used to construct the gold standard tests. Otherwise, the de-
velopers could be accused of ‘cheating’, i.e. designing the 
benchmark to suit the soOware”. 6is seems to be obvious 
but many new algorithms in mass spectrometry-based prote-
omics are published alongside with their own datasets. 6is 
is obviously due to the fact that no proper benchmark da-
taset is available and should not be used to accuse developers 
of cheating in this case. 

2.6. Evolution 

6e benchmark dataset needs to be modi*ed constantly to 
prevent researchers from optimizing their algorithms to 
solve it. New suitable datasets should thus be published fre-
quently to test the performance of existing algorithms. 6e 
need for scalability must be taken into account and subse-
quent datasets should be gradually more challenging. 

 
Currently, none of the available mass spectrometric da-

tasets adhere to more than one of these six requirements. 
Nonetheless, they are being used as benchmark datasets with 
all the negative consequences that entail such as low or un-
known accuracy of commonly used algorithms. 

3. Mass Spectral Data 

Although it is not mandatory for most journals publishing 
in the area of proteomics, some journals and funders make it 
mandatory that raw data be made publicly available [17]. 
Currently, not enough is being done to ensure that raw data 
is made available and a suitable incentive for researchers to 
comply is yet to be found [18]. Nonetheless, an abundance of 
mass spectrometric measurements have been made available 
in a number of public repositories. 6e major repositories, in 
no particular order, are Global Proteome Machine Database 
[19], PeptideAtlas [20], Proteomics IDEnti*cations Database 
[21], Proteome Commons’ Tranche (https://
proteomecommons.org/tranche/), and NCBI’s Peptidome 
[22]. Other smaller or more targeted collections are also 
available and have been reviewed in Mead and colleagues 
[23]  and RiXe and Eng [24].  

Proteomics repositories provide large amounts of raw 
mass spectrometric data which may also be annotated 
through database search and may be useful for research [17]. 

However, there is a hidden “chicken or egg” problem pre-
sent. MS/MS spectra are usually identi*ed using the database 
search engine of choice of the laboratory that made the 
measurements. And these assignments are then used to train 
new algorithms. An example for this is the benchmark da-
taset created by Keller and colleagues who used Sequest [25] 
to assign a sequence to the tandem-MS spectra [26]. Later it 
was shown that the data set contains additional possible as-
signments [27] which were not given in the initial publica-
tion. It is also likely that many assignments for the Keller et 
al. dataset are wrong since we were not able to reproduce 
them with other database search engines or de novo se-
quencing tools (data not shown). 6is leads to the serious 
problem that new algorithms are trained on a dataset with 
assignments of another algorithm. 6us all new trained algo-
rithms will likely duplicate errors done by the algorithm 
used to assign peptides to spectra during the creation of the 
dataset.  

6e *eld of mass spectrometry-based proteomics is large 
and interfaces with many instruments other than just mass 
spectrometers. 6is fact is mirrored in the approaches used 
to develop benchmark datasets. For example the Keller et al. 
dataset closely mirrors standard high throughput studies. 
Two more recent datasets do the same and although they are 
more elaborate still present the same “chicken or egg” prob-
lem. Wessels et al. present a very comprehensive dataset 
based on the Escherichia coli proteome with additional 
spiked in known protein digests as a real life challenge [28]. 
Beasley-Green and colleagues also chose a model organism 
(Saccharomyces cerevisiae) to design their dataset [29]. An-
other approach for designing benchmark datasets is based 
on simulation [30], but this approach, while o=ering a 
ground truth, is synthetic and should itself be benchmarked 
on real data. All mentioned datasets aim to benchmark the 
overall process and neglect the fact that each individual pro-
cess should be properly benchmarked before integration 
testing can be performed. 6erefore it is necessary to develop 
more targeted and well-designed benchmark datasets to 
prove the e=ectiveness of all modules of the overall mass 
spectrometry-based proteomics workRow. 

4. Call for Action 

As detailed above, there is no publicly available dataset 
which is solvable and thus at least two of the measures for 
well-constructed benchmark datasets are violated. It is the 
aim of this letter to engage the mass spectrometric commu-
nity in creating a compliant benchmark dataset.  

As current datasets are not solvable due to the “chicken or 
egg” problem, it is necessary to assure the assigned sequence 
by a di=erent means than any of the current database search 
or de novo sequencing algorithms. 6e simplest way that the 
sequence assignment can be guaranteed is by directly inject-
ing/spotting pure synthetic peptides. 6e resulting dataset 
will be solvable in theory and thus would enable true bench-
marking of current algorithms and would enable developers 
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to benchmark their new algorithms. 
6is letter urges anyone with access to synthetic peptides 

and mass spectrometers to measure them in the following 
way: 

1. Measure the synthetic peptide at high concentration 
(10-50 MS/MS spectra) 

2. Decrease the concentration (e.g.: lower the Row rate) 
and measure 10-50 MS/MS spectra 

3. Keep decreasing the concentration and measure 10-
50 MS/MS spectra  

4. Stop measuring when the signal is disappearing in the 
noise. 

Please submit the measurements for individual synthetic 
peptides in mzXML [31] or mzML [32,33] *le format to the 
author. A comprehensive dataset will be created and deposit-
ed in Proteomics IDEnti*cations Database [21] and NCBI’s 
Peptidome [22]. For this dataset an additional website will be 
created, crediting anyone submitting data, making available 
the data, and providing additional information about the 
dataset. A preliminary version of this website can be reached 
at http://msbenchmark.biolnk.com.  

6e dataset is relevant as MS/MS spectra are measured as 
they would be measured in current experimental procedures 
although the fact that usually mixtures are investigated is 
ignored. Additional problem due to liquid chromatography 
are also ignored. It is the aim to have undisturbed MS/MS 
measurements of known precursors and varying quality that 
is solvable in the domain of assigning sequence to MS/MS 
spectra. As di=erent spectral qualities are created it is to 
some degree scalable. All benchmark datasets created will be 
accessible but their relevance will decrease with time when 
more challenging datasets will be prepared. 6us the dataset 
will evolve and make optimization targeting the dataset only 
possible for older benchmarks. Finally, as this is a communi-
ty e=ort, the independence of the data is guaranteed. 6e 
resulting dataset thus adheres to all features of proper bench-
mark datasets.  

5. Community Bene*ts 

Some of the bene*ts that the mass spectrometric commu-
nity can gain from proper benchmark datasets are quite ob-
vious. For experimentalists it would be important to know 
which algorithms are best for their mass spectrometer and 
fragmentation method combination. 6ere is no silver bullet 
among algorithms so no one algorithm can perform best on 
all measurement platforms. Currently, it is not possible to 
compare algorithms but given a comparison the best suited 
computational analysis strategy can be pursued. 6is in turn 
leads to more accurate data entering public repositories, 
again bene*ting experimentalists even outside of the *eld of 
mass spectrometry-based proteomics. It has also been point-
ed out by Noble and MacCoss that a critical assessment for 
algorithms in the *eld is lacking [34] which further under-
lines the issue raised above. 

Clearly, developers of new database search or de novo se-

quencing algorithms will be enabled to *nd out for which 
platform their algorithm is best suited and how it compares 
to the performance of other algorithms on a publicly availa-
ble well annotated and solvable benchmark dataset presented 
in a standard format. 

6e benchmark dataset is not limited to the benchmarking 
of algorithms; it can also be used in novel ways that cannot 
be foreseen now. However, some additional bene*ts are for 
instance the ability to employ data mining on the benchmark 
dataset to learn general parameters about for example pep-
tide fragmentation [24]. A large number of synthetic pep-
tides measured with a variety of mass spectrometric plat-
forms will enable theoretical chemists to develop new frag-
mentation models. 6is in turn will enhance peptide identi*-
cation when these models are integrated into database search 
or de novo sequencing algorithms. 

Finally, the associated web page which credits laboratories, 
researchers, and their measurements may foster the ex-
change of measurements or samples within the resulting 
community (http://www.biolnk.com/msbenchmark). 

6. Concluding Remarks 

6is letter was meant to prove that there is a current lack 
of benchmark data for assigning sequence to MS/MS spectra. 
6is inRuences the speed of development of the *eld of mass 
spectrometry-based proteomics. Furthermore, it forces ex-
perimentalists to work with computational analysis tools of 
unknown accuracy. 6e bene*ts of making benchmark data 
available have been brieRy mentioned. It will help increase 
the accuracy of sequence assignments and in turn the accu-
racy of conclusions from experimental data in literature and 
in public databases. 

6is letter is a call for the submission of MS/MS measure-
ments of synthetic peptides and intends to create an initia-
tive to develop a *rst proper benchmark for the *eld of mass 
spectrometry-based proteomics.  
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Sjögren's syndrome (SS), which was *rst described in 1933 
by the Swedish physician Henrik Sjögren [1], is a chronic au-
toimmune disorder clinically characterized by xerostomia and 
keratoconjunctivitis sicca. :e disease may occur alone as pri-
mary SS or present as secondary SS, which is associated with 
other autoimmune diseases such as rheumatoid arthritis (RA) 
or systemic lupus erythematosus (SLE). SS has an estimated 
prevalence of ~ 4 million patients in the US. It primarily 
a?ects women, with a ratio of 9:1 over the occurrence in men.  

Histologically, SS is characterized by in*ltration of exocrine 
gland tissues with predominantly T lymphocytes, leading to 
signi*cant reduction of saliva and tear production (dry eyes 
and mouth). At the molecular level, glandular epithelial cells 
express high levels of HLA–DR, which has led to the specula-
tion that these cells are presenting antigen (viral antigen or 
autoantigen) to the invading T cells. Cytokine production fol-
lows, with interferon-γ and interleukin-2 being especially im-
portant. :ere is also evidence of B cell activation with autoan-
tibody production and an increase in B cell malignancy. SS 
patients exhibit a 40-fold increased risk of developing lympho-
ma than the general population, and the most common forms 

are mucosa-associated lymphoid tissue (MALT) lymphomas 
that remain localized to the salivary glands [2-4]. 

2. Discovery of saliva biomarkers for SS 

Current diagnosis of SS requires an invasive salivary gland 
tissue biopsy and a long delay from the start of the symptoms 
to *nal diagnosis has been frequently observed. :ere has been 
increasing interest in developing saliva biomarkers for simple 
and early diagnosis of the disease. Saliva is the secreted Cuid 
from three pairs of major salivary glands (parotid, submandib-
ular, and sublingual), and multiple minor salivary glands that 
lie beneath the oral mucosa [5]. It harbors a wide spectrum of 
analytes - such as proteins, mRNAs, DNAs and metabolites—
that may be informative for diagnosis of human diseases. To 
date, over 1000 distinct proteins in human whole saliva and 
1100 proteins from parotid and submandibular/sublingual 
secretions have been identi*ed [6-10].  

Saliva is an attractive medium for disease diagnostics be-
cause it is simple to collect and process saliva samples and 
particularly because salivary testing is non-invasive safe and 

*Corresponding authors:  Jiye Ai, E-mail Address: jiyeai@gmail.com; Shen Hu,  E-mail Address: shenhu@ucla.edu, Phone: number: (+1) 310-206-8834, Fax 
number: (+1) 310-794-7109  

REVIEW ARTICLE | DOI: 10.5584/jiomics.v2i2.97 

Integrated Omics Analysis of Sjogren’s Syndrome   

Jiye Ai*, Sizhe Feng, Kaori Misuno, Shen Hu*  

Division of Oral Biology and Medicine, School of Dentistry, University of California, CHS 63-070  10833 Le Conte Ave  Los Angeles, CA 
90095-1668 USA  

Received: 25 July 2012 Accepted: 30 August 2012 Available Online: 01 September 2012  

Abstract 

1. Introduction 

Sjögren's syndrome (SS) is a chronic autoimmune disorder clinically characterized by dry mouth and eyes. :e pathogenic mechanism of SS 
is inadequately understood and a long delay from the start of the symptoms to *nal diagnosis has been frequently observed. In this paper, we 
aim to provide an overview about using omics technologies to discover biomarkers for SS diagnosis and understand potential pathways un-
derlying SS pathogenesis. Omics databases relevant to SS such as Sjögren’s Syndrome Knowledge Base,  Saliva Ontology and SDxMart are 
also discussed  
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inexpensive. Saliva diagnostics is especially preferred under 
circumstances where it is diYcult to obtain blood samples or 
repeated sample collection is needed for monitoring a disease. 
:e biologic Cuid has been used for the survey of general 
health and for the diagnosis of diseases in humans, such as 
human immunode*ciency virus, periodontal diseases, and 
autoimmune diseases [5, 11-14]. In patients with SS, signature 
biomarkers from the a?ected salivary glands may be shed into 
the lumen and secreted with saliva, which can be identi*ed 
using modern omics technology. :is notion - combined with 
the inherent advantages of saliva testing - created the emerg-
ing interest of developing saliva biomarkers for SS diagnosis, 
and triggered multiple studies on globally searching for saliva 
biomarkers of SS.  

Proteomics is a powerful approach for global study of the 
structure and function of all proteins expressed in a biological 
system. Mapping proteomes from disease tissues and body 
Cuids, has been used to identify new disease biomarkers for 
clinical and diagnostic applications. By using surface-
enhanced laser desorption/ionization time-of-Cight mass spec-

trometry and two-dimensional di?erence gel electrophoresis, 
Ryu et al. pro*led proteins in parotid saliva from primary SS 
and revealed multiple candidate protein biomarkers for SS, 
including β-2-microglobulin, lactoferrin, immunoglobulin 
kappa (κ) light chain, polymeric Ig receptor, lysozyme C and 
cystatin C in all stages of SS. :e study suggested that the 
salivary proteomic pro*le of SS is a mixture of increased 
inCammatory proteins and decreased acinar proteins when 
compared with non-SS saliva [15]. Hu et al. found that 16 
whole saliva (WS) proteins were down-regulated and 25 WS 
proteins were up-regulated in patients with primary SS com-
pared with matched healthy control subjects. :ese proteins 
reCected the damage of glandular cells and inCammation of 
the oral cavity system in SS patients. In addition, microarray 
analysis revealed that 27 mRNA in saliva samples were  signi*-
cantly up-regulated in the primary SS patients, most of which 
are interferon-inducible or related to lymphocytic in*ltration 
and antigen presentation known to be involved in the patho-
genesis of primary SS [5]. A panel of these biomarkers has 
been successfully validated in independent patient population 

Figure 1. Validation of protein biomarkers, 
cathepsin D (A), alpha-enolase (B) and B2M (C), 
in independent patient (primary  Sjögren's syn-
drome (SS), primary SS (pSS)) and control 
(systemic lupus erythematosus (SLE) and healthy 
control) populations (n=34 for each group). B2M 
was validated by ELISA and mean±SEM is plot-
ted. Cathepsin D and alpha-enolase were validat-
ed by western blotting, and the bar *gures indi-
cate the normalized levels of cathepsin D and 
alpha-enolase among three groups (mean±SEM). 
Reprinted from [16].  
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suggesting that they can discriminate primary SS from both 
SLE and healthy controls (Figure 1). If further validated in 
patients with primary SS and those with sicca symptoms but 
no autoimmune disease, these biomarkers may lead to a sim-
ple yet highly discriminatory clinical tool for diagnosis of 
primary SS [16]. 

Rigante et al. performed the proteomic analysis of the sali-
vary peptide complex in SS patients’ salivary Cuid near diag-
nosis and a^er 6 months of pharmacological therapy. :e 
analysis revealed that clinical and functional changes of the 
salivary glands driven by non-steroidal antinCammatory 
drugs might be reCected in di?erent proteomic patterns of 
the salivary Cuid [17]. Using a proteomic approach, Giustil 
et al. characterized the WS proteins of primary SS patients 
and revealed a set of di?erentially expressed proteins in pa-
tients with primary SS, which are related to acute and chron-
ic inCammation while some others were involved in oxida-
tive stress injury. :ese *ndings are in line with the systemic 
immuno-inCammatory aspects of primary SS and open the 
possibility for a systematic search of diagnostic biomarkers 
and targets for therapeutic intervention in primary SS [18]. 
Peluso et al. investigated the e?ect of pilocarpine on the sali-
vary peptide and protein pro*le in patients with primary SS 
and found that pilocarpine partially restored the levels and 
numbers of identi*able proteins in saliva from patients with 
primary SS. Higher levels of alpha-defensin1 and the pres-
ence of beta-defensin 2 in the saliva of patients with primary 
SS could be markers of oral inCammation in this patient 
group [19].  

Using immune-response protoarrays to pro*le saliva auto-
antibodies from patients with primary SS or SLE and healthy 
control subjects, Hu et al. identi*ed salivary autoantibody 
biomarkers that are highly speci*c to primary SS . A panel of 

24 autoantibody biomarkers was found to be signi*cantly 
over-produced in primary SS patients compared to both SLE 
patients and healthy individuals (Figure 2). Four saliva auto-
antibody biomarkers, anti-transglutaminase, anti-histone, 
anti-SSA, and anti-SSB, were further tested in independent 
primary SS (n=34), SLE (n=34), and healthy control (n=34) 
subjects and all were successfully validated with ELISA. :is 
study has demonstrated the potential of a high-throughput 
protein microarray approach for the discovery of autoanti-
body biomarkers. :e validated saliva autoantibody bi-
omarkers could well discriminate patients with primary SS 
from both SLE patients and healthy individuals [20]. 

3. Systems biology analysis of Sjogren’s syndrome 

Hu et al. conducted a systems biology analysis of parotid 
gland tissues obtained from patients with primary SS, pa-
tients with primary SS/MALT lymphoma, and subjects with-
out primary SS (non-primary SS controls) (Figure 3). :e 
tissue samples were assessed concurrently by gene-
expression microarray pro*ling and proteomics analysis 
followed by weighted gene-coexpression network analysis 
(WGCNA) to identify activated pathways and target genes in 
respective disease phenotypes. WGCNA is a systems biologic 
analysis method that has been successfully used to identify 
disease pathways and their key constituents. It basically 
identi*es gene co-expression modules based on unsuper-
vised clustering of microarray data and explore both gene 
signi*cance (di?erential expression) and connectivity for 
each gene. Gene-coexpression modules related to primary SS 
or primary SS/MALT lymphoma were signi*cantly enriched 
with genes known to be involved in the immune/defense 
response, apoptosis, cell signaling, gene regulation, and oxi-

Figure 2. A heatmap of 24 saliva autoantibodies between primary Sjögren’s syndrome (pSS) and SLE groups based on the protein mi-
croarray  pro*ling. Reprinted from [20].  
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dative stress. Detailed functional pathway analyses indicated 
that primary SS-associated modules were enriched with 
genes involved in proteasome degradation, apoptosis, signal 
peptides of the class I major histocompatibility complex 
(MHC), complement activation, cell growth and death, and 
integrin-mediated cell adhesion, while primary SS/MALT 
lymphoma-associated modules were enriched with genes 
involved in translation, ribosome biogenesis and assembly, 
proteasome degradation, class I MHC signal peptides, the 
G13 signaling pathway, complement activation, and integrin
-mediated cell adhesion. Combined analyses of gene expres-
sion and proteomics data implicated 6 highly connected 
"hub" genes for distinguishing primary SS from non-primary 
SS, and 8 hub genes for distinguishing primary SS/MALT 
lymphoma from primary SS. :e identi*ed gene modules/
pathways provide further insights into the molecular mecha-
nisms of primary SS and primary SS/MALT lymphoma 
whereas the  identi*ed disease-hub genes represent promis-
ing targets for therapeutic intervention, diagnosis, and prog-
nosis [21]. 

4. Bioinformatics 

State-of-the-art omics technologies, including proteomics 

and transcriptomics, are being implemented widely in stud-
ies of human disease including SS. Bioinformatics approach-
es such as mining the data from multiple omics studies can 
provide deeper insights into the entire systems than can be 
obtained from any single omics study.  :is section intro-
duces several bioinformatics infrastructures relevant to SS. 

:e Sjögren’s syndrome knowledge base [22] (SSKB http://
sskb.umn.ed) is a database that collects and organizes gene 
and protein expression data from the existing literature for 
comparative analysis with future gene expression and prote-
omic studies of SS. :e SSKB is generated from PubMed 
using text mining of over 7,700 abstracts and listing approxi-
mately 500 potential genes/proteins. :e SSKB can be used 
for literature reviews and literature-based validation of iden-
ti*ed genes, functional gene enrichment studies, protein-
protein interaction networks and other bioinformatics anal-
yses. 

Saliva Ontology (SALO) is a consensus-based controlled 
vocabulary of terms and relations dedicated to the omics 
domain and to saliva-related diagnostics. SALO is tested 
speci*cally in light of its capacity to meet the ontology needs 
for managing data derived from research on the use of a sali-
vary marker for SS. SS-relevant portion of the ontology is to 
be validated through the work on annotation of representa-

Figure 3. Module and hub gene detection based on gene expression analysis of primary SS (pSS) patients and controls. (A) Hierar-
chical cluster tree used for module detection. Modules correspond to branches of the tree and are assigned the same color as indicated by 
the color-band underneath the tree. Grey denotes genes outside proper modules; (B) Disease-related gene co-expression modules identi-
*ed by WGCNA. Module signi*cance is de*ned as average gene signi*cance and the gene signi*cance measure is de*ned as the absolute 
value of the Student T statistic for di?erential expression between pSS and control groups. Note that the Turquoise, Brown, and Red mod-
ules are comprised of highly di?erentially expressed genes (average absolute T-test > 2). (C) Heatmap of the gene expression data of the 
Turquoise module genes (rows) versus array samples (y-axis). :e columns on the le^ hand side correspond to controls and those on the 
right hand side to pSS subjects. Note the Turquoise module genes tend to be highly over expressed in pSS patients. (D) Heatmap of the 22 
most signi*cant genes from the Turquoise module which can well segregate pSS and control groups. (E) Scatter plot of gene signi*cance 
versus intramodular connectivity in the Turquoise module. While highly connected intramodular hub genes tend to be di?erentially ex-
pressed, connectivity (module membership) and gene signi*cance are complementary gene screening variables. (F) One particularly prom-
ising hub gene in the Turquoise module, apoptotic peptidase activating factor 1 (APAF1), encodes a cytoplasmic protein that initiates 
apoptosis. Reprinted from [21].  
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tive research literature on the SSKB as well as our research 
on the salivary protein biomarkers[23].  

SDxMart is a BioMart[24] data portal that hosts saliva 
omics data and o?ers access to the data by using the BioMart 
interface and querying environment. :e SDxMart is de-
signed to provide a variety of queries to facilitate saliva bi-
omarker discovery including complex queries that integrate 
omics, clinical and functional information. :e SDxMart 
holds data from projects of oral diseases and systemic diseas-
es including SS. :e types of omics datasets are proteomics, 
transcriptomics, microRNA and metabolomics[25]. 
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Cardiovascular disease (CVD) is the most common cause 
of death worldwide. It was estimated that around 23.6 mil-
lion people will die from CVDs by 2030 and approximately 
half of these occurrences are directly related to coronary 
heart disease (CHD)[1,2]. CHD is the consequence of ather-
osclerosis with accumulation of atheromatous plaques with-
in walls of coronary arteries that supply myocardium with 
oxygen and nutrients. 5e progress of CHD is characterized 
by its chronicity. It is particularly insidious in initial stages. 
Several risk factors such as cigarette smoking, hypercholes-
terolemia, hypertension, hyperglycemia and work stress have 
been demonstrated to be closely related to the processing of 
CHD. Acute myocardial infarction, arrhythmia, angina pec-
toris and heart failure are major clinical manifestation of 
CHD.  

In the formation of atherosclerosis and CHD, endothelial 
cells (ECs), vascular smooth muscle cells (VSMCs), macro-
phages, T leukomonocytes, monocytes, mast cells, dendritic 

cells, platelets and cadiocytes interact with each other to 
damage normal functions of coronary artery and heart mus-
cle [3-10]. Multiple intracellular and extracellular signal 
pathways containing hundreds of proteins participate in 
these interactions. A total of 413 CHD associated proteins 
were listed in Supplementary Table 2. Some of these pro-
teins, such as 3-hydroxy-3-methylglutaryl-coenzyme A re-
ductase (HMG-CoA reductase), angiotensin-convertion 
enzyme (ACE), and angiotensin (Ang Ⅱ) receptor, have 
been identi=ed as drug targets. Drugs designed according to 
these targets have been playing important roles in the treat-
ment of CHD. 

In this review, we summarized CHD related signal path-
ways, drug targets and pharmacological interventions 
(including combination therapy) in clinic through searching 
in multiple bibliographic sources. By doing so, a comprehen-
sive knowledge of ligands and targets relevant to CHD can 
be shown and further facilitate the drug discovery. 
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Abstract 

1. Introduction 

Coronary heart disease (CHD), the most common form of cardiovascular disease, is a chronic, multifactorial disease. With signi=cant ad-
vances in our understanding of the pathophysiological process of CHD in recent years, more and more drug targets have been identi=ed and 
adopted in drug discovery for CHD. In this review, a comprehensive perspective of pathological and pharmacological development of CHD 
was introduced through searching in multiple bibliographic sources. CHD related signal pathways (including 409 proteins), drug targets 
(including 101 proteins) and pharmacological interventions were summarized and visualized. 5e knowledge of these signal pathways and 
drug targets may facilitate new drug discovery and medicine intervention for CHD in the future.  
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2. Cells, pathways and proteins related to CHD  

CHD is a chronic disease in which blood Row is obstructed 
through coronary arteries that supply heart with oxygen-rich 
blood. As shown in Fig. 1, this obstruction is caused by ath-
erosclerosis, whose development is a lifelong process. Ac-
cording to “response to injury” hypothesis of atherosclerosis, 
endothelial dysfunction is the =rst step in atherosclerosis
[11]. Subsequently, monocytes gather at the site of the injury 
and in turn provoke an inRammatory immune response that 
causes further damage to arterial wall. Over time, low densi-
ty lipoprotein (LDL) penetrates into arterial wall and is mod-
i=ed by oxidasis, then combining with the monocytes de-
rived macrophages to form foam cell. Simultaneously, T 
lymphocytes, dendritic cells, mast cells and platelets can en-
ter the intima of arterial wall through injured endothelial 
layer and induce the releasing of cytokines. With the partici-
pation of these cytokines such as matrix metalloproteinases 
(MMPs) and platelet-derived growth factors (PDGF), 
VSMCs can proliferate and migrate through intermediate 
lesion via the degradation of extracellular matrix compo-
nents, thus promoting the formation of atherosclerosis 
plaque. Once plaque ruptures, some pieces of the plaque can 

travel through arteries until causing a blockage. 5en, myo-
cardial infarction happens and leads to dysfunction of cadio-
cytes. Finally, injured vascular and heart muscle lead to the 
occurrence of CHD. 

In this section, we mainly introduce the functions of relat-
ed cells in the formation of CHD, including ECs, VSMCs, T 
lymphocytes, dendritic cells, monocytes, macrophage, mast 
cells, platelets and cadiocytes. 

2.1 ECs  

ECs are inert barriers that separate Rowing blood from 
underlying tissue. 5ey play important roles in regulating 
hemostasis, cellular and nutrient traUcking. Under normal 
conditions, ECs are well aligned, tight junction with very low 
rates of death and permeable to some macromolecules such 
as LDL. ECs can produce numerous vasoactive factors, such 
as nitric oxide (NO), prostaglandin, endothelin (ET-1) and 
Ang Ⅱ. Vascular dysfunction due to endothelial cell injury 
alters these normal homeostatic properties. For example, the 
synthesis of NO is reduced, whilst the expression of vasocon-
strictive molecules such as ET-1, is up-regulated [12, 13]. 

Hyperlipidemia, hypertension, hyperglycemia and smok-

Fig. 1 Interaction of diVerent cells in the formation of ischemic heart. All proteins were signed by rectangles. Drug targets were marked 
by diVerent colors (the same as Table. 1) according to their diVerent roles.  
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ing are main causes for ECs injury. As the increased permea-
bility of ECs induced by injury, atherogenic matter LDL 
transmigrates through the endothelial layer and transforms 
into ox-LDL[14]. As shown in Fig. 2, once ox-LDL enters the 
intima, oxidized low-density lipoprotein receptor 1 (LOX) 
can be activated, thus inducing NF-Кb activation and lead-
ing to the up-regulation of adhesion molecules such as E-
selectin, P-selectin, platelet-endothelial cell adhesion mole-
cule (PECAM), intercellular adhesion molecule (ICAM) and 
chemotatic factors such as C-C motif chemokine 2 (MCP-1) 
and macrophage colony-stimulating factor 1 (M-CSF). In 
fact, except ox-LDL, HSP 60 and cytokines such as arachi-
donic acid (AA), protein geranylgeranyltransferase type-1 
(GGTase), advanced glycation endoproducts (AGEs), immu-
noreactive =bronectin-γ (IFN-γ) and interleukin-1 (IL-1) 
can also promote ECs to secrete adhesion molecules and 
chemotatic factors. With the help of these adhesion mole-

cules and chemotatic factors, the atherosclerotic cells like 
monocytes, lymphocytes, dendritic cells, mast cells and 
platelets begin to accumulate and enter intima, thus increas-
ing the likelihood of plaque formation [14-16]. 

Apoptosis of ECs is an important event in ECs injury. As 
Fig. 2 shows, ox-LDL not only promotes the accumulation of 
atherogenic cells, but also participates in the apoptosis of 
ECs by activating caspase pathway. Oxidative stress and tu-
mor necrosis factor-α(TNF-α) are also important factors 
leading to the apoptosis of ECs through regulating caspase 
pathway. 

2.2 VSMCs  

VSMCs are essential for vascular contraction and relaxa-
tion. 5ey alter luminal diameter and enable blood vessels to 
maintain an appropriate blood pressure. 5e increased vas-

Fig. 2 5e intracellular signal pathway of endothelial cell in CHD. All proteins were signed by rectangles. Drug targets were marked by 
diVerent colors (the same as Table. 1) according to their diVerent roles.  
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cular contractility, migration, proliferation and apoptosis of 
VSMCs are all important factors for the formation of athero-
sclerotic plaque. 

(1) Contractility: 5e activation of renin-angiotensin sys-
tem (RAS) is an important event for contractility of VSMCs. 
Once RAS is activated, the level of renin in blood is evaluat-
ed, thus promoting the production of Ang Ⅱ. By 
combinding with Ang Ⅱ receptors (AgtR1 and AgtR2), the 
contraction of vascular increase signi=cantly (shown in Fig. 
3) [17]. ET-1, the strongest vasoconstrictor peptide secreted 
by impaired ECs, also can stimulate contraction of VSMCs 
[18]. In addition, as shown in Fig. 3, 5-hydroxytryptamine (5
-HT) and AA metabolites such as hydroxy-eicosatetraenoic 
acids (HETEs) also make a contribution to the contraction of 
VSMCs. 

(2) Migration and proliferation: As shown in Fig. 3, PDGF 
secreted by foam cells and activated platelets is the most im-
portant factor for migration and proliferation of VSMCs 
[19]. MMPs which can digest the extracellular matrix (ECM) 
in the intima also supply convenient condition for migration 
of VSMCs. In addition, urokinase-type plasminogen activa-
tor (U-PA) and leukotriene B4 receptor 1 (BLT1) also can 
aggravate the migration of VSMCs through activating focal 
adhesion kinase 1 (FAK) and up-regulating the production 
of MMPs (shown in Fig. 3)[20, 21]. 

In the aspect of proliferation of VSMCs, except PDGF, 
Ang Ⅱand ET-1 are also important factors for the prolifera-
tion for VSMCs (shown in Fig. 3). In recent years, some 
studies demonstrated that urotensin Ⅱcan also inducing the 
proliferation of VSMCs [22, 23]. 

 (3) Apoptosis: Proliferation and apoptosis of SMCs are 
coincidence events which not only contribute to vessel re-
modeling but also lead to destabilization of =brous cap in 
arteriosclerotic lesions[24, 25]. Various stimuli, including 
oxidized lipoproteins, altered hemodynamic stress and free 
radicals, can precipitate macrophage and T lymphocytes to 
secrete apoptosis factors. TNF-a and IFN-γ are typical fac-
tors which contribute to the apoptosis of VSMCs and ECs
[24] (shown in Fig. 2). T lymphocytes can also induce apop-
tosis of VSMCs via releasing perforin and granzyme B 
(shown in Fig. 1). In addition, Fas mediated apoptosis of 
VSMCs could be another important pathway as reported[26] 
(shown in Fig. 3). 

2.3 Monocytes and macrophages 

Monocytes can enter intima and diVerentiate into macro-
phages in the formation of atherogenesis. As shown in Fig. 1, 
with the continuing expression of adhesion molecules on 
injured ECs, monocytes are initially attracted to lesion-prone 
sites. 5e initial adhesion involves selectins, which mediate a 
rolling interaction, and is followed by =rmer attachment by 
means of integrins. Adherent monocytes migrate into intima 
with the help of chemoattractant molecules MCP-1[4, 27]. 
A\er migrating into the subendothelial space, monocytes 
diVerentiate into activated macrophages via the existence of 

M-CSF[28]. Once diVerentiation is =nished, scavenger re-
ceptors such as scavenger receptor class A (SRA) and platelet 
glycoprotein 4 (CD36) on surface of macrophages will phag-
ocytose ox-LDL or other modi=ed LDL, thus inducing the 
formation of foam cells and fatty streak in atherosclerosis. 

Macrophages are considered to be major inRammatory 
mediators during atherosclerosis progression. As shown in 
Fig. 1 and Fig. 4, through combination of CD40 ligand with 
its receptor, macrophages can express amount of chemo-
kines and cytokines such as MCP-1, RANTES, IL-1, IFN-γ, 
MMPs, TNF-α and tissue factor[29]. Once macrophages 
develop into foam cells, they also secret amount of cytokines. 
5ese factors continually augment inRammatory reaction in 
vessels and promote the development of atherosclerosis[5, 
15] (Fig. 1). Except playing an important role in inRamma-
tion, macrophages also mediate the immunity reaction in 
atherosclerosis. Macrophages which contain phagotrophic 
ox-LDL particles act as antigen-presenting cells to T-cells [6] 
(Fig. 1).  

Besides, a number of recent studies have demonstrated 
that macrophages also play an important role in reverse cho-
lesterol transport [30, 31]. Ox-LDL can be decomposed into 
cholesterol and oxysterol in macrophages. Cholesterol is 
further modi=ed into cholesterol ester with the help of acyl-
CoA cholesterol acyl transferase (ACAT) and this leads to 
the formation of foam cells. Oxysterol can activate liver X 
receptor (LXR) in macrophages, thus promoting cholesterol 
e]ux through apolipoprotein A-1 (ApoAI). By up-
regulating ATP-binding cassette transporter 1 (ABCA1) and 
ApoAI, retinoic acid X activated peroxisome proliferator-
activated receptor (PPAR) also participates in reverse 
transport of cholesterol in macrophages. In addition, nuclear 
receptor ROR, farnesoid X receptor (FXR) and ADP-
ribosylation factor-related protein 1 (ARP1) in macrophages 
can also regulate the transportation of cholesterol through 
activating or inhibiting ApoAI.  

2.4 T lymphocytes  

T lymphocytes are the most important immune cells in 
atherosclerosis plaque. 5e trans-endothelial process of lym-
phocytes is similar to that of monocytes except using diVer-
ent chemoattractants. Known chemoattractants for T lym-
phocytes include inducible protein-10 (IP-10), monokine 
induced by IFN-γ (Mig) and IFN-inducible T-cell α-
chemoattractant (I-TAC) [15, 32]. 5ese chemokines bind to 
C-X-C chemokine receptor type 3 (CXCR3) which is ex-
pressed by T lymphocytes in atherosclerotic lesion and facili-
tate the migration of T lymphocytes (Fig.1). 

Once residence in the arterial intima, T lymphocytes have 
chances to interact with antigen-presenting cells (APCs) 
such as macrophages. More and more studies demonstrated 
that CD40 ligand (CD40L) and its receptor CD40, which can 
be expressed in macrophages and T cells, play an important 
role in antigen presentation and autoimmunity as co-
stimulatory factors [33, 34]. Except macrophages, VSMCs 
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Fig. 3 5e intracellular signal pathway of vascular smooth muscel cell in CHD. All proteins were signed by rectangles. Drug targets 
were marked by diVerent colors (the same as Table. 1) according to their diVerent roles.  
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are another kind of APCs which can be recognized by T 
cells. By binding to a HLA class II histocompatibility antigen 
(DR5) which is expressed by VSMCs, T cells are activated, 
and then secrete granzyme B and perforin, both of which can 
induce apoptosis of VSMCs [8, 26](Fig.1). In some studies, 
oxidized LDL and heat-shock protein 60 (HSP60) also have 
been identi=ed as antigens for T lymphocytes [35, 36].  

As can be seen in Fig. 1, activated T cells also predomi-
nates the production of pro-inRammatory cytokines such as 
IFN-γ, TNF α and β and chemokines like C-C chemokine 
receptor type 5 (CCR5). 5ese cytokines can augment the 
inRammatory and immune response [37].  

2.5 Mast cells  

Mast cells, an inRammatory cell type, contain highly en-
riched proteases, tryptase and chymase in intracellular gran-
ules. 5ey have been found to participate in the inRammato-
ry reaction of atherosclerotic lesions. 

As shown in Figure 1, the trans-endothelial migration of 
mast cells is mediated by a chemoattractant named eotaxin 
which interacts with the chemokine receptor CXCR3 ex-
pressed on the surface of mast cells[32]. A\er entering inti-
ma and then being activated by complement system compo-
nents such as complement C3a, complement C5a and chem-
okines such as MCP-1 [38, 39], mast cells become degranula-
tion and release a number of inRammatory mediators in-
cluding histamine, tryptase, chymase and a variety of cyto-
kines, which can promote vascular inRammation, endotheli-
al dysfunction and foam cell formation[40]. 5e subendo-
thelial LDL can be modi=ed by binding to the granule rem-

nants from activated mast cells. 5ese binding particles can 
be phagocytosed by macrophages more likely than LDL 
alone, thus promoting the formation of foam cells [41] (Fig. 
4). A study has demonstrated that granules from stimulated 
mast cells can also degrade the capability of removing cho-
lesterol from macrophages [42]. 5erefore, mast cells not 
only promote LDL aggregation but also interfere with cho-
lesterol removal, both of which contribute to foam cell for-
mation. 

Mast cells can also weaken the =brous cap in diVerent 
ways as follows (Fig. 1). (1) Activated mast cells may release 
MMPs, such as MMP-1 and MMP-9, both of which directly 
cause matrix degradation [43, 44]. (2) Secreted tryptase and 
chymase precipitate the pro- MMPs to form active MMPs 
[40, 45]. (3) Stimulated mast cells can express TNF-α which 
is able to enhance the apoptosis of VSMCs, macrophages 
and ECs, and subsequently weaken and rupture the athero-
sclerotic plaques [46]. (4) Chymase released from mast cells 
is reported to activate caspase-8 and caspase-9, two key 
eVector molecules in apoptotic cascade[47].  

2.6 Dendritic cells  

DCs are also antigen-presenting cells with the unique abil-
ity to initiate a primary immune response by activating naive 
T lymphocytes. 5ough, DCs are typically localized in the 
subendothelial space as indigenous residents of healthy ar-
teries, circulating DCs in blood can evade into injury sites 
with the help of chemokines and adhesion molecules in the 
progress of atherosclerosis[48]. As shown in Fig. 1, adhesion 
molecules such as P-selectin, E-selectin and VCAM-1 and 

Fig. 4 5e intracellular signal pathway of macrophage in CHD. All proteins were signed by rectangles. Drug targets were marked by 
diVerent colors (the same as Table. 1) according to their diVerent roles. 
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chemokines such as C-X-C motif chemokine 3 (CXCL3) and 
C-C motif chemokine 5 (CCL5) are all potential candidates 
for recruiting DCs to trans-endothelium[49, 50]. Granulo-
cyte/macrophage colony-stimulating factor (GM-CSF), 
which may facilitate the transformation of trans-endothelial 
monocytes into DCs, is another factor to increase the num-
ber of DCs in atherosclerotic area [51]. 

Subendothelium DCs express toll like receptors (TLRs) to 
recognize dangerous signals and phagocytize antigens such 
as oxidized LDL and heat-shock proteins. Once =nishing the 
process of phagocytosis, DCs become activated and produce 
vast amounts of cytokines such as IFN-α and interleukin-12 
(IL-12). IFN-α can up-regulate the expression of the 
proapoptotic protein TRAIL on T lymphocytes thereby mul-
tiplying their ability to kill plaque resident cells [8, 52]. IL-12 
can up-regulate the expression of chemokine receptor CCR5 
on T lymphocytes, which in turn leads to the accumulation 
of T lymphocytes in the atherosclerotic plaque [53]. 

2.7 Platelets  

Platelets play an important role in hemostatic process and 
thrombus formation, as well as in the inRammation reaction 
in atherosclerotic plaque.  

A\er the injury of ECs, the endothelial cells’ barrier is lost. 
Extracellular matrix leaks from intima and triggers the for-
mation of a hemostatic thrombus. In this event, platelets 
participate in three successive and closely integrated biologi-
cal process, i.e., adhesion, activation and aggregation [54] 
(Fig. 5).  

(1) At impaired vascular lesions, extracellular matrix com-
ponents like von Willebrand factor (vWF) and collagen are 
exposed to the blood. Platelets can detect these changes in 
blood circulation and adhere to collagen via the membrane 

adhesion receptor GPVI (platelet glycoprotein VI) which 
lead to further combination of vWF with integrin receptors 
GpIb-Ⅸ-Ⅴ(platelet glycoprotein IX-Ⅴ) and collagen with 
α2β1(integrin alpha-2) in platelets, thus resulting in the fast 
adhesion [55-58]. 

(2) Once adhesive receptors combine with their ligands on 
extracellular matrix components, the activation of platelets 
will start. 5is process can be further strengthened by 
thrombin, adenosine diphosphate (ADP), epinephrine and 
thromboxane A2 (TXA2), all of which are synthesized by 
stimulated platelets [54, 59-61].  

(3) Aggregation is mediated by adhesive substrates bound-
ing to membranes of activated platelets. Among adhesive 
substrates, activated GPIIb/IIIa (integrin beta-3/integrin 
alpha-IIb) is one of the most important factors contributing 
to the stable adhesion and recruiting more platelets [54, 62]. 

Platelets are also mediators of inRammation involved in 
the development of atherosclerosis. As shown in Fig. 1, (1) 
activated platelets can release P-selectin, which promote 
monocytes recruitment via platelet-monocyte interactions 
and deliver platelets’ proinRammatory factors to monocytes; 
(2) activated platelet surface also express CD40L, which fur-
ther binds to CD40 on the surface of ECs to up-regulate the 
expression of adhesion molecules and chemokines in ECs
[63]; (3) Activated platelets can release amount of pro-
inRammatory cytokines, chemokines, growth factors and 
blood coagulation factors, thus promoting leukocytes re-
cruitment and proliferation of VSMCs 17 (Fig. 2).  

2.8 Cadiocytes  

Once obstruction happens in coronary vessels, myocardial 
ischemia takes place and disturbs the normal function of 
cadiocytes including dysfunction of myocardial energy me-

Fig. 5 5e intracellular signal pathway of platelet in CHD. All proteins were signed by rectangles. Drug targets were marked by diVerent 
colors (the same as Table. 1) according to their diVerent roles.  
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tabolism, abnormal intracellular Ca2+ handling, cadiocytes 
hypertrophy and apoptosis.  

(1) Dysfunction of energy metabolism 
During ischemia, cardiac energy metabolism is dramati-

cally altered, resulting in the occurring of fatty acid oxida-
tion as the dominant source of oxidative metabolism at the 
expense of glucose oxidation [68]. As shown in Fig. 6, the 
proteins in AMPK (5'-AMP-activated protein kinase) path-
way such as carnitine palmitoyl tranferase 1 (CPT-1), acetyl 
CoA carboxylase (ACC) and malonyl CoA decarboxylase 
(MCD) are important modi=er factors in the energy metabo-
lism of fatty acid [69]. 

Except with the imbalance of energy metabolism between 
fatty acid and glucose in ischemic heart, the other proteins 
related to energy such as F1F0 ATPase also become abnor-
mal [70]. F1F0 ATPase is a critical enzyme to release ATP 
from catalytic F1 domain. But under ischemic conditions, 
this enzyme become an ATP hydrolase leading to an unde-
sirable hydrolysis of ATP in ischemic heart [71, 72].  

To overcome myocardial ischemia, endogenic reimburse-
ment mechanism is activated. Hypoxia-inducible factor 1-
alpha (HIF-α) may function as a master regulator of oxygen 
homeostasis [73, 74] By enhancing the transport of glucose, 
HIF-α increases the oxidation of pyruvate participating in 
the production of ATP in mitochondrion.  

(2) Abnormal intracellular Ca2+ handling  
Once heart ischemia happens, the concentration of nora-

drenaline/adrenaline, Ang Ⅱ, ET-1, dopamine, acetylcho-
line and histamine in circulation signi=cantly increases. By 
binding to their receptors on cadiocytes, these factors induce 
abnormal intracellular Ca2+ handling. In cadiocytes, both 
calcium release channel ryanodine receptor (RyR) and sarco-
plasmic reticulum Ca2+-ATPase (SERCA2) can mediate 
Ca2+ releasing into the sarcoplasmic reticulum, thus induc-
ing the decrease of intracellular Ca2+ concentration. L-type 
Ca2+ channels (LTCC) is a Ca2+ inRow channel which may 
induce the increase of intracellular Ca2+ concentration [75, 
76] (Fig.6). 5e dysfunction of these proteins will directly 
result in abnormal Ca2+ handling. 

(3) Hypertrophy of cadiocytes 
Hypertrophy is another signi=cant pathological change as 

the result of ischemia. Elevated Ca2+ concentration is an 
important factor for cadiocytes hypertrophy. High levels of 
Ang Ⅱ and ET-1 a\er ischemia can seriously aVect Ca2+ 
concentration in cadiocytes (Fig. 6). 5ere are some other up
-regulated cytokines contribute to cadiocytes hypertrophy. 
For example, both transforming growth factor beta-1 (TGF-
β) and urotensin Ⅱcan combine with their receptors on the 
surface of cadiocytes and then induce hypertrophy (Fig. 6).  

 (4) Cell apoptosis in ischemic heart 
Except that the dysfuction of energy metabolism and ab-

normal intracellular Ca2+ handling can induce the apoptosis 
of cadiocytes, some other factors can also contribute to this 
process. As Fig. 6 shows, with the help of monoamine oxi-
dase, 5-HT can produce H2O2. H2O2 and another noxious 
substances reactive oxygen species (ROS) both can lead to 

DNA strand-breakage [77, 78]. Subsequently, poly(ADP-
ribose) polymerase (PARP) induces ineUcient cellular meta-
bolic cycle and promote cadiocytes’ death [79, 80]. 

On the other side, some endogenous factors such as thy-
roid hormone and adenosine are bene=cial to cadiocytes in 
hypoxia condition. For example, adenosine is released by 
ischemic cadiocytes and subsequently reduces cellular injury 
and restores energetic homeostasis by binding to its recep-
tors [81, 82]. 5e single pathway of adenosine and thyroid 
hormone are showed in Fig. 6. 

3. Targets and corresponding medicines for CHD treat-

ment 

Proteins involved in the important CHD related pathways 
may be speculated as potential drug targets for CHD. Nowa-
days, more and more CHD targets have been identi=ed and 
their corresponding medicines have received satisfactory 
eVects for the treatment of CHD in clinic. 5ese targets and 
their corresponding medicines are summarized in this sec-
tion (Supplementary Table 2).  

3.1 Anti hyperlipidemia  

As the relationship between elevated plasma lipids and the 
development of atherosclerotic plaques has been well estab-
lished, dyslipidemia has been considered as a major contrib-
utor to atherosclerosis-associated conditions such as CHD 
[83]. Nowadays, the most widely used medicine in clinic for 
anti hyperlipidemia is statins which is able to give a curative 
eVect by inhibiting HMG-CoA reductase. As shown in Fig. 
4, HMG-CoA reductase is an important enzyme for the for-
mation of cholesterol. By inhibiting HMG-CoA reductase, 
the synthesis pathway of cholesterol can be blocked, thus 
decreasing the amount of LDL. Except statins, HMG-CoA 
synthase inhibitors, which is also in the pathway of choles-
terol formation, is another important modi=er for the down-
regulation of LDL-c level [84] (Fig. 4). In addition, LDL-c 
can transform into ox-LDL in intima with the help of oxi-
dases (Fig. 1). To decrease the eVects induced by ox-LDL, 
some antioxidation medicines such as the inhibitors of xan-
thine oxidase (XO) [85, 86], NADPH oxidase [87] and 
myeloperoxidase (MPO) [88] have been discovered.  

5ere are overwhelming evidences showing that a low 
plasma level of HDL is an important independent risk factor 
for CHD [83, 89]. 5erapeutic intervention aimed at raising 
HDL has become a strategy increasingly adopted by Adult 
Treatment Panel III (ATP III) guidelines [90]. Niacin which 
stimulates ABCA1 to elevate the level of HDL has been wide-
ly used in clinic [91]. From pathways of HDL formation 
showed in Fig. 4, it can be seen that some other related pro-
teins may be identi=ed as potential drug targets. For exam-
ple, several evidences have demonstrated that irritating the 
activity of LXR [30,92], PPAR [91,93] and scavenger recep-
tor class B member 1 (SR-BI) [94] or inhibiting the activity 
of FXR and ARP1 [95, 96] can increase the level of HDL and 



JIOMICS | VOL 2 | ISSUE 2 | DECEMBER 2012 | 11-26 

11-26: 19 

Fig. 6 5e intracellular signal pathway of cadiocyte in CHD. All proteins were signed by rectangles. Drug targets were marked by diVer-
ent colors (the same as Table. 1) according to their diVerent roles. 
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decrease the incidence of CHD obviously.  
Decreasing the formation of cholesterol is another eVec-

tive method for anti dyslipidemia. Bile acid sequestrants 
cholestyramine and colestipol promote the bile acid trans-
formation from cholesterol, thus decreasing the LDL level 
and the morbidity of CHD [97]. 5e application of bile acid 
sequestrant in dyslipidemia has been recommended in ATP 
Ⅲ. Cholesterol absorption inhibitor ezetimibe is another 
important anti hyperlipidemia medicine and widely used in 
clinic. By inhibiting the absorption of cholesterol, ezetimibe 
can eUciently control the level of LDL[83]. In addition, es-
trogen or hormone replacement therapy has been demon-
strated their eVects in favorable changes in lipid pro=les, but 
its therapeutic eVects are skeptical now because of the in-
creased risk of thromboembolic events [98, 99]. 

3.2 Anti hypertension 

Hypertension is another major risk factor involved in 
CHD. In ESH-ESC practice guidelines, =ve major classes of 
antihypertensive agents including ACE-inhibitors, angioten-
sin receptor blockers, ß- adrenoreceptor inhibitors, calcium 
antagonists and thiazide diuretics are recommended for the 
initiation and maintenance of anti hypertensive treatment 
[100]. 

In the development of atherosclerosis and ischemic heart 
formation, RAS and sympathetic nervous system (SNS) are 
excited [101], thus increasing contractility of heart muscle 
and vascular smooth muscle and leading to high blood pres-
sure. Inhibiting the activated RAS and SNS is an eVective 
way to restrain the hemodynamic disturbance. Proteins play-
ing important roles in the RAS pathway, such as ACE, AgtR 
and rennin, have been identi=ed as drug targets (Fig. 3) and 
their corresponding medicines have received satisfactory 
eVects in the treatment of hypertension [102-104]. Beta-
adrenergic receptor kinase 1 (βAR kinase) and β-
adrenoceptor (ADRβ) in SNS pathway also have been identi-
=ed as drug targets for inhibiting the contraction of cardiac 
muscle. ADRβantagonists also have been extensively adopt-
ed in clinic to inhibit the activity of SNS [105, 106].  

As can be seen in Fig 6, inhibiting the elevated concentra-
tion of intracellular Ca2+ will be another eVective method to 
decrease the contractility of heart muscle. Several important 
proteins involved in this biological process have been identi-
=ed as drug targets, such as LTCC (L-type calcium channel), 
calmodulin (CaM), RyR2, SERCA2a, sodium/hydrogen ex-
changer 1 (NHE1) and NCX (sodium/calcium exchanger 1) 
[75,107-111]. 5e representative Ca2+ handling medicines 
have been shown in Supplementary Table 1. 

Except regulating drug targets directly related to the path-
ways of hypertension, using diuretics to down-regulate high 
blood pressure indirectly is another eVective method. Diu-
retics can inhibit the reabsorption of sodium at diVerent 
segments of the renal tubular system. 5rough their eVects 
on sodium and water balance, diuretics decrease ventricular 
stroke volume and cardiac output, =nally leading to a fall in 

arterial pressure. Diuretics have been used in the manage-
ment of hypertension for approximately ninety years, and it 
is still widely applied in clinic now[112, 113]. 

In addition, ET-1 secreted by ECs a\er endothelial injury 
also induce the dysfunction of contractility [114] (Fig. 1 and 
Fig. 3). Endothelin receptor antagonists such as bosentan 
and tezosenta have been applied in clinic and received satis-
=ed eVects [115, 116]. Endothelin converting enzyme (ECE), 
a key enzyme for ET-1 formation (Fig. 2), is also considered 
as a potential drug target [117, 118]. 

3.3 Anti platelet treatment 

Platelets play an important role in thrombus formation as 
well as in inRammatory reaction. American College of Chest 
Physicians (ACCP) evidence-based clinical practice guide-
lines (8th Edition) has supplied the intimate therapeutic 
methods for anti platelet in patients with CHD [119]. Altep-
lase, aspirin, clopidogrel, abciximab and vitamin K antago-
nist are main recommended medicines for CHD related con-
dition. By regulating the diVerent pathways in the process of 
platelet activation and aggravation (Fig. 5), these medicines 
receive therapeutic eVects in clinic. 

As shown in Fig. 5 and Supplementary Table 1, aspirin is 
the most representative anti platelet medicine through inhib-
iting cycloxygenase. Clopidogrel and abciximab block the 
activation of platelet through inhibiting P2Y12 receptor and 
GP IIb/IIIa, respectively. If patients have symptom of myo-
cardial infarction, alteplase (plasminogen agonist) or vita-
min K antagonist (thrombin/Factor II, Fator Ⅶ, Factor Ⅸ, 
and Factor Ⅹinhibitor) is available for thrombolysis therapy. 
In addition, some other medicines such as platelet-activating 
factor (PAF) acetylhydrolase agonists [120], proteinase acti-
vated receptor 1 (PAR-1) inhibitors [121] were also devel-
oped and some of them have been used in clinic.  

3.4 Inhibiting in�ammatory and immune reaction 

As can be seen in Fig. 1, inRammatory and immune reac-
tion coexisted in all stages of atherosclerosis. 5e develop-
ment of inhibitors for inRammatory and immune reaction 
will be bene=cial for the treatment of CHD. Some chemotat-
ic factors such as MCP-1 and CCR2 have been identi=ed as 
potential drug targets for inhibiting the inRammation in 
atherosclerosis. In immune reaction of atherosclerosis, com-
plement system is activated. Complement C3/C5 convertase 
and complement C5 have been identi=ed as drug targets and 
their corresponding medicines have been used in clinic[122]. 

Except the targets in extracellular, there are a lot of im-
portant intracellular targets contributing for the inRamma-
tion and immunity, such as NF-Кb [123] and RAGE [124, 
125]. For example, as shown in Fig. 1, RAGEs bind the circu-
lating AGEs, resulting in the generation of reactive oxygen 
species (ROS) and further activation of NF-κB. To decrease 
the damage induced by AGEs, blocking the combination of 
AGE and RAGE becomes a new way to control CHD. RAGE 
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antagonist like ALT711 have showed their therapeutic eVec-
tiveness in clinic [126, 127]. Some other inRammation relat-
ed drug targets and their representative medicines have been 
shown in Table. 1. 

3.5 Inhibiting the apoptosis of ECs, VSMCs and cadiocytes 

5e apoptosis of ECs leads to the loss of integrity of endo-
thelial monolayer and facilitates the migration and deposi-
tion of lipids or monocytes, thus propagating the atheroscle-
rotic plague development. 5e particles of apoptosis VSMCs 
not only are major components in atherosclerotic plaque but 
also contribute to destabilize the plaque. 5e apoptosis of 
cadiocytes, which is induced by heart ischemia, lead to the 
development of myocardial damage. 5erefore, the treat-
ment of apoptosis of ECs, VSMCs and cadiocytes are im-
portant ways to inhibit the process of CHD.  

As inhibiting the activities of glutathione peroxidase and 
heme oxygenase can decrease the formation of ROS, thus 
avoiding injury of ECs, these proteins are considered as po-
tential targets for the prevention of CHD in the future [128-
130]. In addition, as eNOS agonists or NO donors such as S-
nitrosothiols [131, 132], NONOates [133, 134] and tetrahy-
drobiopterin [135] can participate in NO formation, some of 
them have been used in clinic. As shown in Fig.2 and 3, TNF
-α and some proteins in caspase pathway play a central role 
in the apoptosis of ECs and VSMCs, the inhibitors of caspa-
ses and TNFα have been under investigated and attained 
therapeutic eVects through many years’ clinic trails [136-
138]. 

As Fig. 6 shows, proteins related to cadiocytes apoptosis 
have been summarized. Some of them have been identi=ed 
as drug targets, such as adenosine receptor, PARP and mon-
oamine oxidase A (MAO-A) [139-141]. In addition, 5yroid 
hormone can decrease the anaerobic glycolysis and inhibit 
the acidosis and apoptosis of cadiocytes. In clinic, the homo-
log of thyroid hormone such as DIPTA, GC-1 and its agonist 
desethylamiodarone have exhibited their therapeutic eVects 
for the treatment of CHD [142-144].  

Regulating proteins related to energy metabolism of cadio-
cytes is another way to restrain the apoptosis of cadiocytes. 
As Fig. 6 shows, CPT-1 and MCD, two important enzymes 
related to metabolism of fatty acid, have been identi=ed as 
drug targets [145-147]. In addition, the activation of F1F0 
ATP synthase can elevate content of ATP in myocardium, 
decrease energy consume and protect ischemic heart [70, 
148, 149]. So F1F0 ATPase maybe a new potential drug tar-
get for controlling CHD. 

Other drug targets and their representative medicines for 
inhibiting apoptosis of ECs, VSMCs and cadiocytes were 
listed in Table. 1. 

3.6 Anti migration and proliferation of VSMCs 

5e proliferation and migration of VSMCs play an im-
portant role in the formation of atherosclerotic plaque. Fac-

tors like PDGF and MMPs are the most important cytokines 
which can directly induce proliferation and migration of 
VSMCs (Fig.1 and Fig. 3), while their antagonists such as 
trapidil (an antagonist of PDGF) [107] and doxycycline (an 
inhibitor of MMPs) [150] have been used as anti atheroscle-
rotic medicines. Additionally, antagonists of serine/
threonine-protein kinase mTOR (mTOR) [151, 152], arachi-
donate 5-lipoxygenase-activating protein (FLAP) [153] and 
urotensin-2 receptor (UT receptor) [154] also can inhibit 
migration and proliferation of VSMCs (Fig. 3). Other drug 
targets and their representative medicines for inhibiting mi-
gration and proliferation of VSMCs were listed in Table. 1. 

3.7 Inhibiting the activity of CHD related kinases 

Protein kinases play connective roles to transmit external 
stimuli to evoke intracellular biochemical reaction. 5eoreti-
cally, they have comprehensive ability to regulate intracellu-
lar pathway and obtain desirable clinic eVects. Kinases like 
protein kinase A (PKA), protein kinase C (PKC), phospho-
inositide 3-kinase (PI3K), mitogen-activated protein kinase 
(JNK) and tyrosine protein kinase JAK (JAK) are the most 
common kinases related to CHD. Some kinases’ inhibitors 
such as ruboxistaurin (a PKC-β inhibitor) [155] and wort-
mannin (a PI3K inhibitor) [156, 157] have been applied in 
clinic for the treatment of CHD. 5ough diVerent therapeu-
tic eVects were received in clinic trials, the method searching 
for inhibitors of kinases to treat CHD still become a hot spot 
in drug discovery.  

4. Medicine combination therapy for CHD 

With the accumulation of experience in medicine applica-
tion for the treatment of CHD, it has been found that mono-
therapy using only one compound can’t make a satisfactory 
result because of complex pathogenesis of CHD. To over-
come shortcomings of monotherapy, medicine combination 
therapy was adopted. Clinic studies have demonstrated that 
polytherapy using two or more medicines can obviously 
ameliorate therapeutic eVects and elevate patients’ quality of 
life. 

4.1 Combination therapy for anti hyperlipidemia 

Ezetimibe (a cholesterol absorption inhibitor) and statins 
(HMG-CoA reductase inhibitors) are both used to decrease 
LDL level. Coadministration oVers an eVective treatment 
option for patients with hypercholesterolemia, compared to 
statins monotherapy [158-160]. Colestipol, a bile acid se-
questrant, is also used in combination therapy with statins. 
Trials have demonstrated that treatment with lovastatin and 
colestipol for 2-2.5 years slowed or reversed the progression 
of atherosclerosis, as assessed by angiography [161].  

Combination therapy which can simultaneously decrease 
LDL level and elevate HDL level also used in clinic [162-
164]. Combined therapy by statins and niacin (ABCA1 ago-
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nist), which is recommended in ATP Ⅲ guidelines, provides 
an option to help patients to attain their low-density lipopro-
tein cholesterol (LDL-C) goals and HDL goals [165, 166]. 
Monontherapy of probucol (SR-BI agonist) or =brate (PPAR
-α agonists) can raise HDL level. Actually, in clinic, the com-
bination of probucol or =brate with statins is used more 
o\en for the treatment of angina in CHD patients with hy-
percholesterolemia. 

4.2. Combination therapy for anti hypertension 

Diuretic, β-ADR antagonist, calcium antagonist, ACE in-
hibitor and Ang Ⅱ receptor inhibitor are =ve mainly used 
medicines for anti-hypertension in clinic. According to 2007 
ESH-ESC Practice Guidelines, any two categories can be 
simultaneously administrated [100]. 

ACE inhibitors are the =rst line medicines for the treat-
ment of hypertension in the guideline of ESH/ESC. By coad-
ministration with other anti-hypertension medicines, ACE 
inhibitors can receive a better therapeutic eVect with lower 
toxicity [167-169]. 5e combined therapy with a diuretic and 
a β-ADR antagonist is also important in anti-hypertension. 
5eir combination has been shown highly eVective in reduc-
ing cardiovascular events in both diabetic and nondiabetic 
patients [170, 171]. 5e combination medicine including 
these two medicines has been proved by FDA as the =rst line 
anti-hypertension medicine. Except coadministration with 
an ACE inhibitor, Ca2+ channel antagonists can also simul-
taneously administrate with a β-ADR antagonist, an angio-
tensin receptor inhibitor or a diuretic. All the combined 
therapies have been demonstrated their therapeutic eVects in 
clinic [172-174]. 

4.3. Combination therapy for anti platelet  

 Combination therapy for anti platelet in CHD treatment 
has been widely adopted in ACCP-8 guidelines [119]. Aspi-
rin is a representative medicine for anti platelet therapy. It is 
usually coadmintrated with other anti platelet medicines 
such as clopidogrel (P2Y12 receptor antagonist) to control 
the development of CHD in clinic [175, 176]. On the other 
side, ATP Ⅲ guidelines also recommend the combination 
therapy of aspirin and statins for CHD patients to reduce 
prothrombotic state [90, 177, 178]. Five major clinical stud-
ies have demonstrated that the combination of pravastatin 
and aspirin was signi=cantly more eVective than each agent 
alone in reducing the relative risk of key cardiovascular end-
points including MI and ischemic stroke [158].  

4.4. Other combination therapy in CHD treatment  

High blood pressure combined with high cholesterol level 
constitutes a serious risk for CHD. Hence, decreasing LDL-C 
level and high blood pressure through coadministration of 
an antihypertensive and a statin has potential bene=t in 
management of CHD [179, 180]. It was found that coadmin-

istration of valsartan and simvastatin was well tolerated and 
associated with signi=cant reductions from baseline in blood 
pressure and LDL-C [181]. 

In the end stage of CHD, heart failure is a common event. 
To reverse this pathological processing, many combination 
therapies have been recommended. Published guidelines for 
the treatment of heart failure support the combination thera-
py by using an ACE inhibitor with a β-ADR inhibitor  [182-
184]. 

To simplify the eVective treatment of CHD, pollypill or 
=xed dose combinations (FDCs) have attracted the manufac-
tures’ favor [185]. In recent years, more and more FDCs 
such as Coveram (containing perindopril and amlodipine), 
Caduet (containing amlodipine and atorvastatin) and 
Vytorin (containing ezetimibe and simvastatin) have ap-
peared on the market for the treatment of CHD [186-189]. 
Trials of a polypill containing a statin, three blood pressure 
lowering agents, aspirin and folic acid have been undertaken 
and shown exciting result in decreasing the incidence of 
CVDs by more than 80% a\er phase Π clinical trial [190, 
191].   

5. Conclusion 

CHD is a chronic and multifactorial disease. As hundreds 
of complex signal pathways containing in the CHD for-
mation, it is important to construct biological network and 
protein database about CHD. In this review, we not only 
compiled CHD related signal pathways and protein data-
base, but also provide a comprehensive knowledge of drug 
targets and their application in clinic for the treatment of 
CHD. As protein database include potential drug targets for 
the treatment of CHD, it may convenient the drug discovery 
in the future. With the development of drug discovery, it can 
be anticipated that more and more eUciently medicinal solu-
tions would be applied in clinic for the treatment of CHD. 

 

6. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/105/0  
Supplementary material includes: Supplementary Table 1 

showing CHD related targets and their corresponding medi-
cines ; Supplementary Table 2 listing 413 CHD proteins par-
ticipating in multiple intracellular and extracellular signal 
pathways.  
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Comparative proteomics presents one of the most power-
ful analytical tools to determine global changes in distinct 
protein constellations, including the establishment of altera-
tions in protein abundance, isoform expression patterns, 
protein interactions and post-translational modi/cations [1]. 
3is makes proteomic datasets a fundamental part of mod-
ern systems biology and network analysis of biological pro-
cesses [2], as well as the discovery of disease biomarkers [3]. 
Mass spectrometry is now the method of choice for swi5 and 
reliable protein identi/cation in almost all high-throughput 
biochemical surveys of biological or pathological processes 
[4-6]. However, the routine proteomic investigation of crude 
tissue extracts can be complicated by sample complexity. 
Physicochemical properties of individual protein isoforms 

can di:er considerably within a given proteome [7]. 3us, 
the identi/cation and characterization of thousands of pro-
teins by standard separation techniques, such as liquid chro-
matography [8] or gel electrophoresis [9], o5en only 
achieves the coverage of the near-to-complete tissue proteo-
me. Di:erences in size, charge, hydrophobicity and density 
seriously hamper the comprehensive identi/cation of all 
protein species in a dynamic cellular system. 

Organelle proteomics attempts to overcome these tech-
nical limitations by reducing sample complexity [10] using 
sophisticated pre-fractionation steps prior to proteomic 
analysis [11-13]. 3e analysis of membrane-associated pro-
teins is especially challenging in large-scale proteomic stud-
ies [14-16] and is mostly due to the limited solubility, dy-
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Abstract 

1. Introduction 

3e cell biological pro/le of skeletal muscle tissues is highly complex and variable due to the molecular heterogeneity and cellular plasticity of 
contractile /bres and their supportive structures.  Mass spectrometry-based proteomics has been used to study global changes in muscle dur-
ing maturation, di:erentiation and physiological adaptations, as well as following pathological insults. However, due to the dynamic protein 
expression range of contractile cells, the /ndings from large-scale biochemical surveys of crude tissue extracts were limited to mostly soluble 
and abundant protein species. To overcome this technical problem, organelle proteomics was applied to study distinct subcellular fractions 
from skeletal muscle preparations. Tissue pre-fractionation procedures signi/cantly reduce sample complexity and thus allow a more com-
prehensive cataloging of highly complex protein mixtures. 3is article reviews the impact of recent subproteomic studies of skeletal muscle 
and discusses /ndings from changes in the proteome of mitochondria, surface membranes, sarcoplasmic reticulum, cytosol and the contrac-
tile apparatus in normal, transforming and pathological muscle.  

Keywords: Contractile apparatus; Mitochondria; Muscle proteomics; Sarcolemma; Sarcoplasmic reticulum.  
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namic properties and relative low abundance of integral pro-
teins in most biological systems [17-19]. Skeletal muscles 
contain a diverse range of protein constituents making the 
application of organelle proteomics an essential part of basic 
and applied myology. Voluntary contractile /bres exhibit a 
large dynamic range of proteins, a unique set of extremely 
high-molecular-mass proteins, numerous supramolecular 
membrane complexes and an extremely diverse isoform ex-
pression pattern of proteins involved in excitation-
contraction coupling, contractile functions, muscle relaxa-
tion, ion homeostasis and metabolic pathways [20]. 3is 
review discusses the impact of recent subproteomic studies 
of normal, adapting and pathological skeletal muscle. 

2. De#ning the skeletal muscle proteome 

Extensive mass spectrometry-based cataloging of the skel-
etal muscle proteome has resulted in the identi/cation of 
thousands of /bre-associated protein isoforms, as well as the 
degree of crucial post-translational modi/cations, such as 
glycosylation, phosphorylation, tyrosine nitration and car-
bonylation [21]. Liquid chromatography, one-dimensional 
gels or two-dimensional gels using isoelectric focusing in the 
/rst dimension and slab gel electrophoresis in the second 
dimension are routinely employed to separate muscle pro-
teins. 3e majority of /bre-associated proteins identi/ed by 
proteomics belong to the class of contractile proteins of the 
thick and thin /laments (myosin light chains, myosin heavy 
chains, actins), regulatory proteins of the contractile appa-
ratus (troponins and tropomyosins), enzymes of anaerobic 
metabolism (glycolytic enzymes), enzymes of oxidative me-
tabolism (mitochondrial proteins), metabolic transportation 
(fatty acid binding proteins, albumin, myoglobin), as well as 
proteins responsible for detoxi/cation and the cellular stress 
response (heat shock proteins). 3ese studies included vari-
ous muscles from humans [22] and animals that play a key 
role in biomedical research [23], as well as muscle samples 
crucial for the meat industry [24]. 3e proteomic compari-
son of fast versus slow muscles has revealed clear di:erences 
in protein expression patterns, showing altered levels and 
isoform distribution of key regulatory, functional and struc-
tural proteins belonging to the contractile apparatus, excita-
tion-contraction coupling, ion homeostasis, cell signaling, 
stress response and muscle metabolism [25-27].  

3e proteomic characterization of human vastus lateralis 
muscle revealed that mitochondrial proteins accounted for 
22% of the accessible skeletal muscle proteome [28]. 3is 
emphasizes the importance of mitochondria for muscle me-
tabolism and shows that global proteomic studies can make 
an important contribution to our overall understanding of 
muscle physiology and bioenergetics. It also implies that 
organelle proteomics will play a key role in future studies of 
the skeletal muscle proteome during physiological adapta-
tions or pathological insults. 3us, proteomic cataloguing 
studies are crucial for the establishment of comprehensive 
protein databanks for skeletal muscles in health and disease. 

Besides the establishment of extensive proteomic maps of 
skeletal muscle based on gel electrophoretic studies, the ap-
plication of shotgun proteomics to the biochemical charac-
terization of human skeletal muscle has identi/ed a large 
number of muscle-associated proteins. 3e proteomic analy-
sis of biopsy specimens from 31 individuals has identi/ed 
more than 2,000 protein species [29]. 3ese databanks can 
now be employed as references for large-scale comparative 
studies of skeletal muscle samples. Whole tissue proteomics 
has investigated the e:ects of physical exercise, weight loss, 
muscular atrophy, muscle growth and /bre transitions, as 
well as the pathological impact of nerve damage, diabetes, 
sepsis, hypoxia, muscular dystrophy, inclusion body myo-
sitis, myotonia, age-related muscle wasting and motor neu-
ron disease, as critically examined in several recent reviews 
[21, 22, 30-32]. 

3. Subproteomics of skeletal muscle tissues 

Since all current large-scale biochemical separation meth-
ods have technical limitations with respect to properly sepa-
rating all components within complex mixtures of heteroge-
neous proteins, routine proteomic studies of crude extracts 
do not usually cover the entire protein constellation of a giv-
en biological sample [33]. Although body liquids, such as 
saliva, urine or plasma with their almost exclusively soluble 
components, present exceptions and have been cataloged in 
their entirety by standard proteomics [34-36], the mass spec-
trometric identi/cation of all proteins present in biological 
tissues is technically more challenging [37]. 3e extensive 
dynamic expression range of proteins in complex tissues and 
the diversity in charge, size and post-translational modi/ca-
tions of soluble proteins versus membrane proteins makes a 
reduction in sample complexity a prerequisite for inclusive 
proteomic studies. 3e subproteomes of distinct fractions 
from skeletal muscle have been described for nuclei [38], 
mitochondria [39-43], the contractile apparatus [44], sarco-
lemma [45], sarcoplasmic reticulum [46] and the cytosol [38, 
47, 48], as described in detail in the below subsections.  

3.1 Subcellular fractionation of skeletal muscle tissues 

Muscle organelle proteomics attempts the cataloging and 
characterization of discrete subcellular fractions or supramo-
lecular protein assemblies from contractile tissues, employ-
ing pre-fractionation steps prior to /nal protein separation. 
3is may include micro-dissection approaches, di:erential 
centrifugation schemes, density gradient centrifugation, 
aSnity isolation methods based on ligand or antibody tech-
nology, the usage of narrow pH ranges during the isoelectric 
focusing of low-abundance proteins, o:gel electrophoresis 
for investigating proteins with extreme pI-values, detergent 
phase extraction or di:erential detergent fractionation tech-
niques for studying integral proteins, and immobilization 
and blotting methods using on-membrane digestion for 
identifying extremely high-molecular-mass or very hydro-
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phobic proteins [7, 11-13, 37, 49]. Emerging separation tech-
niques are free-Tow electrophoresis and Tuorescent-assisted 
organelle sorting [50], which have not yet been widely ap-
plied to skeletal muscle biology. 3e Towchart of Figure 1 
summarizes routine pre-fractionating steps for the isolation 
of major organelles, membrane systems and functional units 
from skeletal muscle homogenates. 3is includes the prepa-
ration of the contractile apparatus, nuclei, mitochondria, 
sarcoplasmic reticulum, transverse tubules, sarcolemma, 
extracellular matrix, cytoskeleton and the cytosolic fraction.  

Standardized protocols for the subcellular fractionation of 
skeletal muscle homogenates consist of repeated centrifuga-
tion steps at progressively higher speeds and longer centrifu-
gation periods. Distinct fractions enriched in nuclei, the con-
tractile apparatus, mitochondria and microsomes are rou-
tinely achieved by centrifugation for 10 minutes at 1,000g, 10 
minutes at 10,000g, 20 minutes at 20,000g and 1 hour at 
100,000g, respectively. A5er high-speed centrifugation, the 
/nal supernatant contains almost exclusively components 
from the cytosolic fraction. Since myosins constitute one of 
the most abundant classes of proteins in muscle homoge-
nates, myosin heavy and light chains o5en cross-

contaminate subcellular fractions following di:erential cen-
trifugation. However, trapped or adsorbed myosin molecules 
can be easily removed from membrane preparations by mild 
salt washes [51]. 3e heterogeneous content of the microso-
mal fraction can be further separated by density gradient 
centrifugation. If a suSciently high g-force is employed, sur-
face membranes can be separated from the highly abundant 
sarcoplasmic reticulum, which usually divides into fractions 
enriched in longitudinal tubules, terminal cisternae and triad 
junctions [51]. 3e sarcolemma and transverse tubules can 
be further separated by aSnity puri/cation methods, such as 
di:erential lectin agglutination [52]. 

Subcellular marker proteins for distinct fractions from 
skeletal muscle tissue are represented by laminin for the ba-
sal lamina, the Na+/K+-ATPase for the sarcolemma, dystro-
phin for the sub-sarcolemmal membrane cytoskeleton, vi-
mentin for the cytoskeleton, the dihydropyridine receptor 
for transverse tubules, the ryanodine receptor Ca2+-release 
channel for triad junctions, SERCA-type Ca2+-ATPases for 
longitudinal tubules of the sarcoplasmic reticulum, calse-
questrin for the terminal cisterna region, sarcalumenin for 
the lumen of the sarcoplasmic reticulum, galactosyl transfer-

Figure 1. Overview of routine pre-fractionating techniques used for the isolation of major organelles, membrane systems and functional 
units from skeletal muscle. 3e Towchart summarizes the various experimental approaches employed to prepare fractions highly enriched in 
distinct organelles or large cellular structures, including micro-dissection methods, aSnity isolation techniques, detergent extraction, protein 
blotting techniques and centrifugation-based subcellular fractionation protocols.  
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ase for the Golgi apparatus, histones for nuclei, ribosomal 
proteins for ribosomes, succinate dehydrogenase for mito-
chondria, acid phosphatase for lysosomes, catalase for pe-
roxisomes, myosin heavy chains for the contractile apparatus 
and lactate dehydrogenase for the cytosol. For the subfrac-
tionation of intact organelles, the application of consecutive 
swelling, shrinking and sonication steps yields usually dis-
tinct membrane species. For example, mitochondrial sub-
fractions can be identi/ed by the enrichment of marker en-
zymes, such as succinate dehydrogenase of the inner mem-
brane, glutathione transferase of contact sites and monoam-
ino oxidase of the outer membrane.  

3.2 Contractile apparatus 

3e distribution of myosin heavy chains, myosin light 
chains and /bre type-speci/c enzymes is indicative of the 
main /bre types I, IIa, IIx/d and IIb of skeletal muscles [53]. 
Since contractile proteins are extremely abundant in muscle 
/bres, comparative proteomic studies using crude tissue 
extracts routinely identify myosins, actins, troponins and 
tropomyosins by mass spectrometry [22]. Alterations in the 
abundance of speci/c contractile protein isoforms have been 
shown to occur during muscle adaptations, muscular atro-
phy and the natural aging process, as well as in a variety of 
neuromuscular diseases [21]. Previous biochemical studies 
have demonstrated that chronic low-frequency stimulation 
causes myosin light and heavy chains, as well as regulatory 
troponin subunits, to undergo a stepwise replacement from 
fast to slow isoforms [54]. Electrostimulation-induced mus-
cle transformation has been con/rmed by mass spectrometry
-based proteomics and shown rapid fast-to-slow transitions 
due to enhanced neuromuscular activity [55, 56]. However, 
the detailed study of changed protein expression levels and/
or isoform switching usually requires enriched preparations 
of the contractile apparatus. 

Fractions enriched in myo/brillar proteins can be easily 
isolated from tissue homogenates by di:erential centrifuga-
tion [57, 58]. 3e proteomic characterization of isolated my-
o/brils from young adult versus senescent skeletal muscle 
has established a drastic increase in the abundance of slow 
myosin light chain MLC-2 during aging [44]. Phosphoprote-
omics could furthermore show that this contractile protein 
exhibits the highest change in phosphorylation during aging 
[44, 59].  3e MLC-2 isoform of myosin light chain is an 
excellent indicator of /bre transformation in skeletal muscle 
[54] and its abundance changes and post-translational modi-
/cations establish this protein as an excellent candidate for 
being a suitable biomarker of sarcopenia of old age [60]. 
Comparative immunoblot analysis and immunoTuorescence 
microscopy were used to verify proteomic data and con-
/rmed a switch between fast and slow myosin heavy chains 
in aged muscle /bres [44]. Hence, these proteomic /ndings 
support the pathophysiological concept of an age-related 
shi5 to a slower-twitching /bre population that expresses 
predominantly slow isoforms within myosin hexamers [61]. 

In the long-term, the proteomic identi/cation of altered con-
centration levels of individual muscle protein species may be 
useful in the biochemical evaluation of novel pharmacologi-
cal or nutritional treatment options to counter-act age-
related muscle wasting, as well as improved exercise regimes 
to prevent sarcopenia and frailty in the elderly. 

3.3 Skeletal muscle mitochondria 

Global changes in mitochondrial proteins are intensively 
studied [62, 63]. A recent review by Silvestri et al. [64] has 
described in detail the importance of various analytical ap-
proaches, including two-dimensional gel electrophoresis, 
blue native polyacrylamide gel electrophoresis, Tuorescence 
di:erence in-gel electrophoresis, shotgun proteomics and 
stable isotope labeling analysis, mitochondrial protein arrays 
and mitochondrial protein databanks. 3e mammalian mi-
tochondrial proteome consists of over 1,000 di:erent pro-
teins [65-67], which are distributed throughout the inner 
matrix region, a heavily folded inner membrane structure, a 
smooth outer membrane and contact sites between the two 
membranes, as well as an inter-membrane space that is con-
tinuous with the cytosol [68, 69]. While a small number of 
mitochondrial proteins are encoded by a unique mitochon-
drial genome [70], a large population of proteins is imported 
into mitochondria via sophisticated transport mechanisms 
[71, 72]. Mitochondria represent one of the most diverse 
class of organelles in the body with respect to multiple meta-
bolic functions and manifold involvements in regulatory 
processes. Having originated as endosymbionts of a primor-
dial eukaryote, highly evolved mitochondria play a key meta-
bolic role as the primary site for energy generation via oxida-
tive phosphorylation [68]. 3ey are furthermore involved in 
the integration of intermediary metabolism, protein 
transport, the production of heme and iron-sulfur clusters, 
cell cycle progression, calcium ion signaling and the regula-
tion of apoptosis [69]. 3e proteome of mitochondria exhib-
its considerable tissue heterogeneity [39, 40] and the protein 
constellation of skeletal muscle mitochondria can be distin-
guished by their subsarcolemmal versus intermyo/brillar 
location [73]. Interestingly, proteomics has shown that the 
mitochondrial oxidative phosphorylation system is associat-
ed with sarcolemmal lipid ra5s during myogenesis [74] and 
that muscle mitochondria are closely coupled to lipid drop-
lets probably promoting metabolic channeling [75]. 

Proteomic pro/ling of human vastus lateralis muscle has 
identi/ed 823 distinct mitochondrial proteins [41], making 
mitochondria one of the most extensively catalogued orga-
nelle from voluntary contractile tissue [29]. Post-
translational modi/cations have also been extensively stud-
ied in isolated muscle mitochondria by mass spectrometry 
[76, 77]. Since altered numbers of mitochondria, functional 
alterations within this crucial organelle and/or changed ex-
pression levels within the mitochondrial proteome play a 
central role in various disorders [67, 78] and especially dur-
ing the natural aging process of skeletal muscles [79-81], 
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numerous subproteomic studies have targeted mitochondria 
and their involvement in senescence of the neuromuscular 
system [82]. In agreement with comparative studies of total 
tissue extracts from adult versus aged muscle [21, 22], orga-
nelle proteomics identi/ed a large number of changed mito-
chondrial proteins during aging [42, 43]. Proteomic pro/ling 
in combination with Blue Native PAGE analysis, which has 
been widely applied to de/ning the mitochondrial protein 
population [83], revealed interesting age-related changes in 
the abundance of mitochondrial complexes involved in oxi-
dative phosphorylation [43]. 3e mitochondria-enriched 
fraction from senescent rat muscle was shown to exhibit 
drastically increased levels of NADH dehydrogenase, succin-
ate dehydrogenase, creatine kinase and ubiquinol cyto-
chrome-c reductase [42]. In addition, the o:gel electropho-
retic analysis of basic proteins could also show increased 
levels of mitochondrial creatine kinase and ubiquinol cyto-
chrome-c reductase in aged muscle [84]. 3ese /ndings 
agree with the pathobiochemical concept of a drastic meta-
bolic shi5 during /bre aging [61]. Skeletal muscle tissues 
appear to perform a higher degree of aerobic-oxidative me-
tabolism in a slower-twitching /bre population during age-
dependent /bre degeneration [60]. However, this process is 
probably not an adaptive mechanism during aging, but ra-
ther a pathological consequence of the selective denervation 
and preferential loss of type II /bres in senescent muscles 
[85]. 3e progressive loss of muscle mass and function in the 
elderly has now been termed sarcopenia and is believed to 
play a major pathophysiological role in the overall functional 
decline of the senescent organism [86-88]. 

Regular physical activity and a healthy lifestyle play a cru-
cial role in preventative medicine, including the avoidance of 
an early onset of certain forms of diabetes, obesity or sarco-
penia of old age. 3us, studying the e:ects of endurance ex-
ercise versus disuse atrophy by proteomics can give crucial 
molecular and cellular insights into global mechanisms of 
muscle adaptation [31]. Changed functional demands have 
profound e:ects on protein expression levels and proteomic 
studies have shown that on the one hand chronic neuromus-
cular activity triggers fast-to-slow transitions [56, 89] and on 
the other hand muscular atrophy is clearly associated with 
slow-to-fast transformation processes [90-92]. 3e fact that 
endurance training triggers extensive modi/cations of the 
mitochondrial protein constellation was recently con/rmed 
by organelle proteomics. Egan et al. [93] have shown that a 
large number of mitochondrial markers are increased in 
human vastus lateralis muscle following endurance exercise, 
including creatine kinase, ATP synthase and malate dehy-
drogenase. 3ese proteomic /ndings support the idea of 
skeletal muscle tissue being highly plastic in its physiological 
response and that the neuromuscular system can quickly 
adapt to new physical challenges. 

In contrast to physical training, muscular disuse and obe-
sity has been linked to a higher susceptibility to type 2 diabe-
tes. Diabetes mellitus does not only a:ect the heart in a ma-
jor way, but also triggers contractile weakness and metabolic 

disturbances in skeletal muscles [94]. Muscle proteomics has 
shown major changes in the protein pro/le of patients with 
insulin resistance [95], whereby an oxidative-to-glycolytic 
shi5 appears to occur in diabetic /bres [96]. 3e proteomic 
pro/ling of isolated mitochondria from diabetic skeletal 
muscle has shown a generally perturbed protein expression 
pattern with a reduction in NADH dehydrogenase, cyto-
chrome b-c1 complex and isocitrate dehydrogenase. 
Isoforms of ATP synthase and pyruvate dehydrogenase 
showed di:erential changes in their expression levels [97]. 
Mitochondrial abnormalities probably cause a diabetes-
related impairment of oxidative phosphorylation and may 
thus be crucial for metabolic disturbances and the develop-
ment of insulin resistance [32]. 

3.4 Surface membranes 

3e highly complex arrangement of the sarcolemma and 
its membranous invaginations, the transverse tubular sys-
tem, is involved in a plethora of cellular functions in skeletal 
muscle /bres. 3is includes synaptic transmission, propaga-
tion of action potentials, excitation-contraction coupling, the 
essential stabilization of the /bre periphery during contrac-
tion-relaxation cycles, indispensable nutrient uptake, metab-
olite transportation, the maintenance of cell signaling sys-
tems, the provision of natural repair mechanisms following 
membrane rupturing, the regulation of ion homeostasis and 
general structural support for the preservation of /bre integ-
rity [98]. Since the sarcolemma and transverse tubules are 
relatively low in abundance as compared to the intricate 
membrane system of the sarcoplasmic reticulum, the bio-
chemical isolation of distinct surface membrane vesicles 
from skeletal muscle homogenates without cross-
contaminations is a diScult task. However, an important 
prerequisite of meaningful muscle organelle proteomics is 
the biochemical purity of the starting material for protein 
analysis [7, 37]. Hence impurities due to non-speci/c protein 
adsorption and/or cross-contaminations due to membrane 
entrapments during isolation procedure have to be kept to a 
minimum. Ideally suited for such applications are aSnity 
isolation methods that exploit distinct cellular, immunologi-
cal or physicochemical properties of subcellular fractions 
and their constituents. 

ASnity isolation of plasmalemma vesicles in combination 
with one-dimensional gradient gel electrophoresis and on-
membrane digestion has been used to determine the protein 
composition of highly puri/ed sarcolemma vesicles from 
rabbit skeletal muscle [45]. 3is novel approach has over-
come several technical limitations of standard gel electro-
phoresis-based proteomics that routinely employs two-
dimensional gel electrophoresis and subsequent in-gel diges-
tion for mass spectrometric studies. Two-dimensional gel 
electrophoresis is an excellent method for the large-scale 
separation of urea-soluble and abundant proteins that fall 
into a molecular mass range of approximately 10 to 200 kDa. 
However, proteins with a low copy number, very high mo-
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lecular mass, mostly hydrophobic properties, extensive post-
translational modi/cations and/or extreme pI-values are 
poorly represented by this electrophoretic technique. 3us, 
for studying integral proteins of high molecular mass it is 
advantageous to pre-fractionate tissue samples to reduce 
sample complexity and then use large one-dimensional gra-
dient gels for protein separation. In addition, since high-
throughput proteomic surveys using in-gel digestion proce-
dures are sometimes complicated by an ineScient trypsi-
nation of certain protein species, on-membrane digestion 
with superior protein sequence coverage can be used as an 
alternative [99-101]. 

When studying highly enriched sarcolemma vesicles from 
skeletal muscle, the combination of lectin aSnity puri/ca-
tion, one-dimensional gradient gel electrophoresis and on-
membrane digestion has resulted in the comprehensive cata-
loguing of major protein bands representing the plasmalem-
ma [45]. Mass spectrometric screening of sarcolemma-
associated proteins identi/ed a number of very large muscle 
components, including the membrane cytoskeletal element 
dystrophin of 427 kDa. 3e Dp427 isoform, the absence of 
which causes x-linked muscular dystrophy, had not previ-
ously been identi/ed in numerous proteomic studies of nor-
mal versus dystrophic muscles due to its very high molecular 
mass [30]. Hence, aSnity organelle isolation and on-
membrane digestion were shown to be highly appropriate 
for the proteomic identi/cation of high-molecular-mass pro-
teins that would otherwise not be properly recognized by 
standard two-dimensional gel electrophoresis.  

3.5 Sarcoplasmic reticulum 

3e specialized endoplasmic reticulum of skeletal muscles, 
the sarcoplasmic reticulum, is a highly abundant organellar 
structure and acts as a crucial physiological controller of Ca2+

-cycling throughout the muscle interior [102]. 3e sarcoplas-
mic reticulum thus plays a key role in the regulation of the 
excitation-contraction-relaxation cycle of muscle /bres 
[103]. Since the contractile status of muscles is determined 
by cytosolic Ca2+-levels, the spatiotemporal organization of 
Ca2+-release versus energy-dependent Ca2+-uptake by the 
sarcoplasmic reticulum regulates excitation-contraction cou-
pling and /bre relaxation. A large number of Ca2+-channels, 
Ca2+-ATPases, Ca2+-exchangers and Ca2+-binding proteins 
are involved in the highly complex maintenance of Ca2+-
homeostasis in skeletal muscle tissues [104]. Transient open-
ing of the nicotinic acetylcholine receptor by neurotransmit-
ter binding triggers the massive inTux of Na+-ions into mus-
cle /bres at the neuromuscular junction, which in turn caus-
es the propagation of an action potential along the sarcolem-
ma via voltage-dependent Na+-channel activation. Within 
the transverse tubular membrane, the voltage-sensing α1S-
subunit of the dihydropyridine receptor interacts with the 
ryanodine receptor complex by direct physical means 
through its II-III loop domain and triggers the opening of 
the Ca2+-release channel at the triad junction [105]. Passive 

eWux of Ca2+-ions along a steep gradient raises the level of 
this second messenger in the cytosol and initiates muscle 
contraction by binding to the troponin TnC subunit. Fibre 
relaxation is caused by the active re-uptake of Ca2+-ions into 
the lumen of the sarcoplasmic reticulum by slow SERCA2 
and fast SERCA1 Ca2+-ATPase complexes. Ion shuttling 
within the organelle is provided by sarcalumenin and ion 
storage and channeling to the ryanodine receptor is mediat-
ed by the high-capacity Ca2+-binding protein calsequestrin 
[106]. 

As already outlined in above section on sarcolemma prote-
omics, standard gel electrophoresis-based proteomics does 
not cover all protein species present in crude extracts or sub-
cellular fractions. 3is is especially problematic in the case of 
very large integral proteins of which the sarcoplasmic reticu-
lum contains many examples, such as the ryanodine receptor 
Ca2+-release channel monomer of 565 kDa [107]. In order to 
be able to identify this hydrophobic protein of the sarcoplas-
mic reticulum by mass spectrometry, a combination of sub-
cellular fractionation, gradient gel electrophoresis, protein 
blotting and on-membrane digestion had to be employed 
[46]. 3e proteomic survey of the sarcoplasmic reticulum 
revealed the presence of 31 distinct protein species, includ-
ing all major Ca2+-regulatory proteins involved in the excita-
tion-contraction-relaxation cycle, such as Ca2+-ATPase, 
calsequestrin, sarcalumenin and the Ca2+-release channel. 
Previous ultrastructural studies had localized glycolytic en-
zymes on sarcoplasmic reticulum vesicles [108]. 3e bio-
chemical concept of a close physical coupling between the 
energy-dependent sarcoplasmic reticulum and the ATP-
producing glycolytic pathway was con/rmed by proteomics. 
Mass spectrometry clearly identi/ed the presence of the gly-
colytic enzymes phosphofructokinase and aldolase in the 
puri/ed sarcoplasmic reticulum [46]. 3us, organelle prote-
omics using on-membrane digestion methodology is an ex-
cellent way for studying high-molecular-mass proteins and 
hydrophobic proteins. 

3e cationic carbocyanine dye ‘Stains-all’ labels most gel-
bound proteins with a light pinkish colour, but stains Ca2+-
binding proteins with a characteristic dark purple colour 
whereby dye-protein complexes absorb maximally at 615 nm 
[109]. 3is property of ‘Stains-all’ dye, in combination with 
mass spectrometry and immunoblotting, was exploited in a 
subproteomic study of the fate of Ca2+-binding proteins in 
dystrophic muscle [110]. Duchenne muscular dystrophy is 
an x-linked inherited muscle wasting disease and due to pri-
mary abnormalities in the membrane cytoskeletal protein 
dystrophin [111]. Micro-rupturing of the dystrophin-
de/cient sarcolemma and ineScient repair mechanisms are 
believed to cause irregular ion handling, which is probably a 
key pathophysiological factor that renders skeletal muscle 
/bres more susceptible to necrosis [112]. Comparative sub-
proteomics demonstrated that the reduced Ca2+-bu:ering 
capacity of the sarcoplasmic reticulum from dystrophic /-
bres is caused by drastically decreased levels of the main lu-
minal Ca2+-reservoir protein calsequestrin [110]. Proteomic 
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analyses have also established that the luminal Ca2+-shuttle 
protein sarcalumenin is reduced in dystrophin-de/cient 
muscle [113]. Hence, a reduction in essential luminal Ca2+-
binding proteins probably plays a key role in the molecular 
pathogenesis of x-linked muscular dystrophy. With respect 
to potential therapeutic implications, it is important to men-
tion that the proteomic evaluation of experimental exon-
skipping treatment has shown a reversal of calsequestrin 
reduction in treated /bres [114]. 3ere appears to be a direct 
connection between the re-establishment of the sub-
sarcolemmal membrane cytoskeleton and the Ca2+-handling 
apparatus of the sarcoplasmic reticulum in muscle following 
reversal of the primary defect in dystrophinopathy [30]. 

3.6 Muscle cytosol 

3e sarcoplasm provides the aqueous environment within 
a muscle /bre and supports and surrounds organelles with 
its semi-Tuid material containing water, anions, cations, 
organic molecules, nutrients and numerous metabolic and 
signaling enzymes. 3e cytoplasm functions as a polar sol-
vent for soluble cellular constituents and facilitates the trans-
portation of essential metabolites and messenger molecules 
within the contractile /bre. A key anaerobic pathway for 
energy production and metabolic integration is glycolysis, 
which occurs almost exclusively in the cytosol of muscle 
/bres. 3e enzyme hexokinase is the only exception and its 
activity levels are regulated by binding to the mitochondrial 
outer membrane for metabolic channeling purposes. Sub-
proteomic studies have con/rmed the high abundance and 
central metabolic position of glycolytic enzymes in skeletal 
muscle tissues. Proteomic analysis has clearly established 
that the most abundant protein species present in the di:usi-
ble fraction of the skeletal muscle proteome are the 10 glyco-
lytic enzymes [47]. 3e high density and solubility of the 
enzymes that mediate the core glycolytic pathway makes 
them ideal biomarker candidates to be evaluated by standard 
biochemical separation methods and mass spectrometry, 
which has been covered in an extensive review [115]. 

A subproteomic study by Vitorino et al. [38] of the nucle-
ar, mitochondrial and cytosolic fractions from fast versus 
slow muscles has established a considerable number of cyto-
sol-associated proteins. Although the application of conven-
tional subcellular fractionation methods results in a consid-
erable degree of cross-contaminations between individual 
fractions, these kinds of proteomic maps may become useful 
in future comparative studies for evaluating the e:ects of 
physiological adaptations or pathological insults on the mus-
cle cytosol. Previously, cytosolic protein changes were stud-
ied in the mdx animal model of Duchenne muscular dystro-
phy [116, 117] and atrophying mouse skeletal muscle [48] by 
subproteomics. 3e proteomic comparison of 3-month old 
dystrophic mdx muscles versus age-matched normal con-
trols revealed the di:erential expression of approximately 40 
proteins from the cytosolic fraction [116, 117]. Abnormal 
levels of adenylate kinase isoform AK1 and creatine kinase 

indicate disturbed regulation of nucleotide ratios and energy 
metabolism in dystrophin-de/cient muscle tissue [116] and 
these altered protein levels were also shown to exist in the 
severely dystrophic mdx diaphragm muscle [118, 119]. 

3.7 Skeletal muscle secretome 

3e proteins secreted by cells and tissues have a great po-
tential to be exploited as disease- and stage-speci/c bi-
omarkers of a variety of pathological conditions [120]. 3e 
entirety of molecules secreted from living muscle /bres are 
referred to as the muscle secretome, whereby released pro-
teins are involved in myogenesis, cellular signaling, cell-cell 
communication, proliferation and cell migration [121]. 3is 
makes the cataloguing of the /bre secretome an important 
aspect of studying autocrine and paracrine signaling mecha-
nisms of the neuromuscular system. For proteomic studies 
of the muscle secretome, the collection of the released pro-
tein fraction under controlled conditions is challenging and 
o5en hampered by cross-contamination and/or interference 
by experimentally uncontainable cellular events other than 
true protein secretion. Besides these technical problems, 
initial proteomic studies focusing on the muscle secretome 
have identi/ed interesting groups of extracellular factors that 
may be involved in the triggering and regulation of intracel-
lular events involved in development, muscle repair and /-
bre adaptations [122-126]. Secretome proteomics has been 
especially applied to understanding the role of external fac-
tors during myogenesis, including myoblast proliferation, 
myoblast di:erentiation and myotube formation [121]. 

3e proteomic survey of cultured C2C12 muscle cells that 
were grown in a serum-free medium resulted in the identi/-
cation of a large number of secretory proteins involved in 
extracellular matrix remodeling, cellular proliferation, mi-
gration, and cellular signaling [122]. Quantitative proteomic 
analysis of the dynamic muscle secretome at di:erent time 
points of myoblast di:erentiation identi/ed over 600 re-
leased proteins, including cytokines, growth factors and 
metallo-peptidases [123]. 3e proteomic identi/cation of 
changes in the human myotube secretome due to exposure 
to insulin or tumor necrosis factor TNF-α revealed several 
new mediator candidates that are being secreted at lower or 
higher levels following insulin stimulation or during insulin 
resistance [125, 126]. 3is indicates that skeletal muscle is a 
prominent secretory organ that produces a considerable 
amount of extracellular factors that mediate signaling to the 
highly complex contractile system and surrounding tissues.  

3.8 Proteomics of select protein populations and protein com-
plexes 

Comparative biochemical studies are ideally performed 
with crude total tissue extracts in order to avoid potential 
artifacts due to extensive subcellular fractionation proce-
dures. Extensive tissue manipulation and numerous prepara-
tive steps in the enrichment of a particular organelle or sub-
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cellular fraction may cause uncontrolled protein release, 
protein adsorption, protein entrapment or non-speci/c pro-
tein loss. Preparation of tissue homogenates and the subse-
quent isolation of membrane fractions o5en result in the 
production of mixed vesicle populations, including mem-
brane sheets, leaky vesicles, inside-out vesicles, right-side-
out vesicles and smaller vesicles entrapped in larger mem-
brane assemblies. 3us, in comparative organelle studies 
these technical complications have to be taken into account 
and may seriously limit the proper evaluation of protein lev-
els in physiologically challenged or pathologically damaged 
muscle preparations. In order to reach a high degree of va-
lidity, subproteomic studies have to use highly puri/ed sam-
ples with a minimum of impurities from other cellular com-
partments. An alternative to organelle proteomics is the bio-
chemical isolation of distinct protein populations or the 
preparation of the entire protein complement from a given 
tissue sample. 

Filter-aided sample preparation is a method that exploits a 
combination of detergent solubilization of the entire protein 
constellation of a cell, retention and concentration of the 
sample on an ultra-/ltration device, detergent removal, ex-
change with urea bu:er, chemical modi/cations and /nally 
controlled protein digestion for mass spectrometric analysis 
[127]. 3is procedure covers theoretically the entire proteo-
me of a given sample. If a proteomic analysis focuses on sol-
uble versus hydrophobic proteins, detergent phase extrac-
tion would be the method of choice. 3is separation tech-
nique exploits the principle of temperature-dependent phase 
extraction with the detergent Triton X-114. Phase separation 
occurs at temperatures above 22oC using Triton X-114. A 
detergent phase with predominantly hydrophobic proteins 
and an aqueous phase enriched in hydrophilic proteins oc-
curs reproducible at an experimental temperature setting of 
37oC [128]. As can be seen with most separation methods, 
detergent phase transition approaches also cause a certain 
degree of cross-contamination between integral and soluble 
protein species. 3e Tuorescence di:erence in-gel electro-
phoretic analysis of aging skeletal muscle proteins using 
nonionic detergent phase extraction revealed alterations in a 
large number of muscle-associated proteins involved in en-
ergy metabolism, metabolic transportation, regulatory pro-
cesses, the cellular stress response, detoxi/cation mecha-
nisms and /bre contraction [129]. 

Skeletal muscle tissues contain several extremely large 
membrane-associated protein complexes, such as the nico-
tinic acetylcholine receptor of the post-synaptic membrane 
folds, the ryanodine receptor Ca2+-release channel of the 
triad junctions and the dystrophin-glycoprotein complex 
that encompasses the membrane cytoskeleton, the sarcolem-
ma and the extracellular matrix. Proteomics has been used to 
characterize the supramolecular dystrophin-associated com-
plex and con/rmed the composition of this protein assembly 
by mass spectrometry [45, 130]. Immunoprecipitation was 
used to isolate sarcolemmal β-dystroglycan and its tightly 
associated members of the dystrophin-glycoprotein complex 

from detergent-solubilized skeletal muscle [130]. Another 
proteomic approach used biochemically puri/ed dystrophin 
and its associated glycoproteins and identi/ed individual 
components by mass spectrometry following gradient gel 
electrophoresis and on-membrane digestion [45]. Proteins 
from digitonin-solubilized muscle membranes were separat-
ed by ion exchange chromatography, lectin binding and su-
crose gradient centrifugation. 3e mass spectrometric analy-
sis clearly established a tight linkage between dystrophin of 
427 kDa and integral glycoproteins of the sarcolemma [45]. 
3is demonstrates that mass spectrometry-based proteomics 
can be successfully applied to the identi/cation and charac-
terization of relatively low-abundance and membrane-
associated muscle protein complexes. 3ese new isolation 
and detection methods can be extremely useful for detailed 
future studies into the pathobiochemical role of the dystro-
phin complex in muscular dystrophy. 

3.9 Proteomic markers of muscle organelles 

Skeletal muscle proteomics has both con/rmed the useful-
ness of established subcellular markers in high-throughput 
studies and identi/ed novel candidates for the characteriza-
tion of organelles and membrane systems in large-scale bio-
chemical surveys. 3e diagram of Figure 2 gives an overview 
of select subcellular markers of skeletal muscle /bres. As 
listed in Table 1, this includes proteins associated with the 
contractile myosin-containing /laments (myosin heavy 
chains, myosin light chains), contractile actin-containing 
/laments (various actin isoforms), regulatory complexes of 
the contractile apparatus (tropomyosins TM, troponin subu-
nits TnT, TnI, TnC), the sarcolemma membrane (dysferlin, 
Na+/K+-ATPase, β-dystroglycan), the sub-sarcolemmal 
membrane cytoskeleton (full-length dystrophin isoform 
Dp427), the cytoskeleton (vimentin, desmin), the extracellu-
lar matrix (laminin, collagen), the transverse tubular mem-
brane system (voltage-sensing dihydropyridine receptor 
complex), the extracellular space (albumin), the longitudinal 
tubules membranes of the sarcoplasmic reticulum (SERCA-
type Ca2+-ATPases), the terminal cisternae region of the sar-
coplasmic reticulum (Ca2+-binding protein calsequestrin), 
the lumen of the sarcoplasmic reticulum (Ca2+-shuttle pro-
tein sarcalumenin), the triad junction membrane (ryanodine 
receptor RyR1 Ca2+-release channel complex), the outer 
membrane of mitochondria (VDAC porin), the inner mem-
brane of mitochondria (Complex I, NADH dehydrogenase; 
Complex II, succinate dehydrogenase; Complex III, cyto-
chrome b-c complex; Complex IV, cytochrome c oxidase; 
and Complex V, ATP synthase), and the mitochondrial ma-
trix (isocitrate dehydrogenase), as well as cytosolic compart-
ments that provide metabolite transportation (myoglobin, 
fatty acid binding protein), the cellular stress response 
(molecular chaperones) and metabolic pathways (glycolytic 
enzymes). 
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Subcelluar muscle fraction Muscle-associated marker proteins 

Contractile apparatus 

Myosin /lament 

Myosin heavy chains: MHC I, IIa, IIdx, IIb 

Myosin light chains: MLC 1f, 2f, 3f, 1s, 2s 

Contractile apparatus 

Actin /lament 
Actins: various a isoforms 

Contractile apparatus 

Tropomyosin /lament 
Tropomyosins: TM as, af, b 

Contractile apparatus 

Troponin complex 
Troponin subunits: TnT (1f-4f), TnI (f, s), TnC (f, s) 

Sarcolemma membrane Dysferlin, Na+/K+-ATPase, β-dystroglycan 

Sub-sarcolemmal membrane  

cytoskeleton 
Dystrophin (full-length isoform Dp427) 

Cytoskeleton Vimentin, desmin 

Transverse tubular membrane Dihydropyridine receptor complex 

Extracellular space Albumin 

Extracellular matrix Collagen, laminin 

Sarcoplasmic reticulum  

longitudinal tubules membrane 
SERCA-type Ca2+-ATPases (SERCA1, SERCA2) 

Sarcoplasmic reticulum 

terminal cisternae region 
Calsequestrin Ca2+-binding protein (CSQf, CSQs) 

Sarcoplasmic reticulum lumen Sarcalumenin Ca2+-binding protein (SAR) 

Triad junction membrane Ryanodine receptor Ca2+-release channel complex (Muscle isoform RyR1) 

Mitochondria - outer membrane VDAC porin (VDAC1 isoform) 

Mitochondria - inner membrane  

Complex I 
NADH dehydrogenase 

Mitochondria - inner membrane  

Complex II 
Succinate dehydrogenase 

Mitochondria - inner membrane 

Complex III 
Cytochrome b-c complex 

Mitochondria - inner membrane  

Complex IV 
Cytochrome c oxidase 

Mitochondria - inner membrane  

Complex V 
ATP synthase 

Mitochondria - matrix Isocitrate dehydrogenase 

Cytosol – metabolite transportation Myoglobin, fatty acid binding protein FABP3 

Cytosol - molecular chaperones Small heat shock proteins (αB-crystallin, cvHsp) 

Cytosol - glycolytic particle Glycolytic enzymes 

Table 1. List of marker proteins representative of distinct subcelluar fractions and pathways that are routinely identi/ed by muscle pro-
teomics  
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4. Future perspectives 

3e determination of global cellular mechanisms and pro-
teomic biomarker identi/cation are now at the forefront of 
many large-scale biochemical surveys of normal, adapting 
and pathological skeletal muscles. However, the dynamic 
expression range of muscle proteins and the extremely di-
verse biochemical properties of individual proteins with re-
spect to size, charge, hydrophobicity and extent of post-
translational modi/cations seriously complicate the compar-
ative proteomic analysis of whole tissues. 3us, in the fore-
seeable future the usage of subproteomics for studying iso-
lated organelles and distinct cellular fractions will be a neces-
sity for covering the majority of constituents in a tissue pro-
teome.  In order to improve the analytical impact of orga-
nelle proteomics, it will be essential to utilize more precise 
mass spectrometric approaches even for the identi/cation of 
proteins of very low abundance, but also develop superior 
subcellular fractionation techniques that exhibit a minimum 
degree of cross-contamination and employ wide-ranging 
separation schemes that coalesce the technical advantages of 
gel electrophoresis, liquid chromatography and optimum 
protein digestion for identifying a maximum number of pro-
teins. 3e miniaturization of isolation methods, especially in 
the preparation of individual muscle /bres with an intact 

morphology and the microscopical dissection of cellular 
domains, promises to have a considerable impact on orga-
nelle proteomics. Once more comprehensive databanks of 
muscle organelle proteomes have been established, it will be 
crucial to use sophisticated bioinformatics to better integrate 
/ndings from genomics, transcriptomics, proteomics, 
metabolomics and cytomics for the systems biological evalu-
ation of fundamental aspects of muscle biology and neuro-
muscular pathology. 
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Abstract 

Cork Harbour, the second-busiest commercial port in the 
Republic of Ireland, is one of the world’s largest natural har-
bours with a semi-enclosed area of approximately 25 km2 [1] 
(Fig. 1). Re harbour accepts anthropogenic inputs from 
industry, shipping, agricultural run-oS and human sewage 
from the surrounding catchment of some 400,000 inhabit-
ants and the underlying geology makes the water-body espe-
cially susceptible to pollution [2]. Re intertidal area is an 
internationally-important wetland site for wintering water-
fowl and is designated as a special protection area under the 
EU Birds Directive [3]. Although not extensively polluted by 
international standards [4], there is some localised build-up 
of PAHs, especially at Douglas estuary [5, 6, 7]. Rere is in-

tense local and national concern that industrial activities 
pose an ongoing threat to the quality of the aquatic environ-
ment of the harbour and a former steel plant on Haulbow-
line Island is the site of a major industrial remediation pro-
ject. We have previously used protein biomarkers such as 
glutathione transferases (GSTs) [8, 9] and heat shock pro-
teins [9] to assess the environmental stress-status of Mytilus 
edulis sampled from the harbour. Comet assays revealed PAH
-mediated genotoxicity from sediment sampled around the 
harbour in turbot and clam [10]. More recently, we have 
used proteomic methods [11, 12] to extend these studies [13-
16]. In the present investigation we have explored a novel 
redox proteomic method based on oxidation of protein thi-

1. Introduction 

Oxidative stress produces reactive oxygen species which can modify proteins and thiols of cysteines are especially susceptible. Mytilus edulis 
was sampled from three stations in Cork Harbour, Ireland and from an out-harbour control site in Bantry Bay, Ireland. A variety of tradi-
tional biomarkers were benchmarked against thiol oxidation. Lysosomal membrane stability diminished in haemocytes from the three Cork 
harbour sites, although a stronger eSect was observed in two in-harbour stations of environmental concern (Douglas and Haulbowline Is-
land). Catalase and glutathione transferase (GST) activities were decreased in digestive gland extracts of animals from in-harbour sites espe-
cially the in-harbour control (Ringaskiddy) showed lower GST than Bantry. Mussels collected at Haulbowline Island showed elevated lipid 
peroxidation (p<0.05) compared to the other three stations and decreased levels of protein thiols which is consistent with oxidative stress at 
this site. Protein proVles for thiol-containing protein sub-proteomes trapped on activated thiol sepharose for each site were obtained by two 
dimensional electrophoresis and revealed diSerences between stations. Selected thiol-containing proteins were also identiVed by in-gel tryp-
tic digestion and mass spectrometry; endoglucase, aginine kinase, creatine kinase 1 and endo-1,4-beta-glucanase. Our Vndings conVrmed 
that protein thiols are therefore sensitive novel biomarkers to oxidative stress. 

Keywords: Protein thiols; biomarkers; remediation; oxidative stress; proteomics; Mytilus edulis. 
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ols due to oxidative stress benchmarked against traditional 
biomarkers to assess the quality of mussels at sites adjacent 
to Haulbowline Island. We compared these to a reference 
site within the harbour (Ringaskiddy) and in Bantry Bay, a 
deep near-pristine inlet further along the West Cork coast. 
Our Vndings suggest that mussels from the two in-harbour 
test sites are under some environmental stress. 

2. Materials and methods  

2.1 Site selection and animals 

M. edulis were collected from four sites in Ireland: Bantry 
Bay (9° 30’W, 51°40’N) and three sites within Cork Harbour; 
(Fig.1): Douglas (8° 23’W, 51°52’N), Haulbowline (8°17’W, 
51°50’N), Ringaskiddy (8°18’W, 51°49’N). Bantry Bay is a 
clean area considered an appropriate control [17] which is 
an important site for commercial mussel aquaculture. Re 
three Cork Harbour sites were chosen, respectively, because 
of presence of PAHs [Douglas; 5-7], the presence of large 
amounts of iron and other pollutants at a former steel plant 
presently undergoing remediation (Haulbowline) and previ-
ous history as an appropriate in-harbour control 
(Ringaskiddy; [9]). Rirty mussels (5-6 cm in length) were 
collected on a single day from the intertidal zone at low tide 
at the four sampling sites. Haemolymph was withdrawn us-
ing a 21 Gauge syringe from the adductor muscle of 10 ani-
mals for each site on the day of collection to measure lysoso-
mal membrane stability in the haemocytes [18]. Digestive 
gland tissues were dissected, pooled (5 organisms per repli-
cate), frozen in liquid nitrogen and stored at  -80 °C. 

2.2 Chemicals 

Acetonitrile, bovine serum albumin (BSA), 1-chloro-2,4-
dinitrochlorobenzene (CDNB), dimethyl sulfoxide (DMSO), 
5,5’-dithiobis (2-nitrobenzoic acid) (DTNB), 5’-

iodoacetamide Zuorescein (IAF), 1-methyl-2-phenylindole, 
neutral red, phenyl-methylsulphonylZuoride (PMSF), re-
duced glutathione (GSH), 1,1,3,3- tetramethoxypropane, and 
triZuoroacetic acid (TFA) were obtained from Sigma Chemi-
cal Co. (Poole, Dorset, UK). Activated thiol sepharose (ATS) 
was purchased from GE Healthcare (Little Chalfont, Bucks, 
UK). 

2.3 Sample preparation 

Digestive glands were homogenized in a motor-driven 
TeZon Potter-Elvejhem homogenizer in 10 mM Tris H-Cl, 
pH 7.2, containing 500 mM sucrose, 1 mM EDTA and 1 mM 
PMSF. Supernatants were collected by centrifugation at 
20,000 ×g and stored at -70 °C until required for analysis. 
Protein content was calculated by the method of Bradford 
using BSA as a standard [19].  

2.4 Lysosomal membrane stability 

Lysosomal membrane stability was measured by the neu-
tral red retention time assay [NRRT; 18]. Haemocytes from 
the adductor muscle were incubated on a glass slide with a 
freshly-prepared neutral red (NR) working solution (2 μl/ml 
saline from a stock solution of 20 mg neutral red dye dis-
solved in 1 ml of DMSO) and microscopically examined at 
15 min intervals to determine the time at which 50% of cells 
had lost to the cytosol the dye previously taken up by lyso-
somes. 

2.5 Antioxidant enzymes 

Catalase activity (CAT) was measured according to the 
method of Aebi [20]. Ris method is based on measuring 
decrease in absorbance at 240 nm due to the consumption of 
hydrogen peroxide (H2O2). Activity was expressed as U/min/
mg protein ε = -0.04 mM -1 cm -1). GST activity was deter-
mined using CDNB as substrate [21]. Re reaction rate was 
detected at 340 nm, and expressed as nmol CDNB conjugate 
formed/ min/mg protein ε = 9.6 mM-1 cm-1). 

2.6 Lipid peroxidation 

Lipid peroxidation was measured by determining 
malondialdehyde (MDA), a decomposition product of poly-
unsaturated fatty acids. It was determined in samples ho-
mogenized (1:3 w/v) in 20 mM Tris–HCl pH 7.4, centrifuged 
at 3,000 × g for 20 min and then derivatized in a 1 ml reac-
tion mixture containing 10.3 mM 1-metyl-2-phenylindole 
(dissolved in acetonitrile/methanol 3:1), HCl 32%, 100 μl 
water and an equal volume of sample or standard (standard 
range 0–6 μM 1,1,3,3-tetramethoxypropane, in 20 mM Tris–
HCl, pH 7.4). Re tubes were vortexed and incubated at 45 °
C for 40 min. Samples were cooled on ice, centrifuged at 
15,000 × g for 10 min and read spectrophotometrically at 
586 nm; levels of MDA were calibrated against an MDA 

Figure 1. Sampling sites for Mytilus edulis around Cork har-
bour, Ireland: (1) Bantry Bay (out-harbour control site), (2) Doug-
las, (3) Haulbowline, (4) Ringaskiddy (in-harbour control site). 
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standard curve and expressed as nmol/g wet weight [22].  

2.7 Labelling protein thiols 

Protein thiols present in protein extracts were labelled by 
adding IAF in DMSO to a Vnal concentration of 800 µM and 
incubating at room temperature for 2 h in the dark. IAF re-
acts speciVcally with reduced thiols (-SH) but not with oxi-
dised variants such as sulphenic acid (-SOH) or disulphides 
(-S-S-) which might be expected to form on oxidative stress 
[23].  

2.8 Protein electrophoresis 

Proteins were resolved using one-dimensional electropho-
resis (1DE) in 12% polyacrylamide gels [24]. Samples were 
diluted in buSer lacking β-mercaptoethanol, to avoid reduc-
tion of disulphide bridges. Gels were scanned in a Typhoon 
9400 scanner (GE Healthcare, UK; excitation, 490-495 nm; 
emission, 515-520 nm) and were subsequently stained with 
Coomassie G250. Equal amounts of protein were loaded in 
12 wells (3 replicates for each treatment) and repeated at 
least 3 times. Two-dimensional SDS PAGE electrophoresis 
(2DE) analysis was performed on protein extracts trapped by 
covalent disulphide exchange on ATS [25-27]. Protein sam-
ples were precipitated with TCA/acetone and re-suspended 
in rehydration buSer containing 5M urea, 2 M thiourea, 2% 
CHAPS, 4% ampholyte (Pharmalyte 3-10, Amersham-
Pharmacia Biotech, Little Chalfont, Bucks., UK), 1% 
Destreak reagent (Amersham-Pharmacia Biotech) and trace 
amounts of bromophenol blue. A Vnal volume of 125 µl was 
loaded on 7cm IPG strips pH 3-10NL on the bench over-
night. Proteins were focused on a Protean IEF Cell (Biorad) 
with linear voltage increases: 250 V for 15 min: 4000 V for 2 
h; then up to 20,000 Vh. Ader focusing, strips were equili-
brated for 15 min in equilibration buSer (6 M urea, 0.375 M 
Tris, pH 8.8, 2% SDS, 20% glycerol) containing 2% DTT and 
then for 15 min in equilibration buSer containing 2.5% io-
doacetamide. Equilibrated strips were electrophoresed on 
12% SDS-PAGE gels at a constant voltage (150 V) at 4 °C. 
2D gels were scanned by calibrated densitometer (Bio-Rad 
Laboratories) of gels visualized by Colloidal Coomassie 
staining [28]. 

2.9 Quanti cation of proteins 

For each 1DE gel, bands detected by the Typhoon 9400 
scanner, were subsequently analyzed by Quantity One image 
analysis sodware (Bio-Rad, Hercules, CA, USA) measuring 
the total intensity for each lane, quantiVed as arbitrary units 
(A.U.). 1DE gels stained with Coomassie blue G250 were 
scanned in a GS-800 calibrated densitometer and total opti-
cal density of each lane measured by Quantity One image 
analysis sodware. Total optical densities for each lane were 
normalized with those from coomassie staining for the same 
gel track.  

2.10 In-gel digestion and MALDI-TOF/TOF analysis 

Proteins were excised from gels and cleaved with trypsin 
by in-gel digestion. Re protein spot digestion was per-
formed in OMX-S devices according to the manufacturer’s 
instructions (OMX, Munich, Germany). BrieZy, 20 µl of 
modiVed trypsin (10 ng/μL in 50mM ammonium bicar-
bonate) were added to the device and centrifuged brieZy at 
3,800 x g. Re digestion procedure was carried out at 50°C 
for 45 minutes with gentle agitation. Re peptide solution 
was removed from the reactor compartment by centrifuga-
tion at 1,000 x g for 3 min. Peptide solutions were desalted 
and concentrated with chromatographic microcolumns us-
ing GELoader tips packed with POROS R2 (Applied Biosys-
tems, Foster City, California, USA; 20 µm bead size) and 
then directly eluted onto the MALDI target plate using 0.5 µl 
of 5 mg/ml α-ciano-4-hydroxy-trans-cinnamic acid (α-
CHCA) in 50% (v/v) ACN with 2.5% (v/v) formic acid and 
air-dried. 

Tandem mass spectrometry analysis was performed using 
a MALDI-TOF/TOF 4800plus mass spectrometer (Applied 
Biosystems). Re equipment was calibrated using angioten-
sin II (1,046.542 Da), angiotensin I (1,296.685 Da), Neuro-
tensin (1,672.918 Da), adrenocorticotropic hormone 
(ACTH) (1-17) (2,093.087 Da), and ACTH (18-39) 
(2,465.199) (Peptide Calibration Mixture 1, LaserBio Labs, 
Sophia-Antipolis, France). Each reZector MS spectrum was 
collected in a result-independent acquisition mode, typically 
using 750 laser shots per spectra and a Vxed laser intensity of 
3,200V. Re Vdeen strongest precursors were selected for 
MS/MS, the strongest precursors being fragmented Vrst. MS/
MS analyses were performed using collision induced dissoci-
ation (CID) assisted with air, with collision energy and gas 
pressure of 1 kV and 1 x 106 torr, respectively. Each MS/MS 
spectrum collected consisted of 1,200 laser shots using a 
Vxed laser intensity of 4,300V. 

2.11 Protein identi cation  

Protein identiVcation was performed using MASCOT 
(version 2.2; Matrix Science, Boston, MA) search engine. 
Searches were performed using combined analysis of the 
intact masses of the tryptic peptides (MS) and tandem mass 
data (MS/MS). Search parameters were set as follows: mini-
mum mass accuracy of 50 ppm for the parent ions, an error 
of 0.3 Da for the fragments, two missed cleavages in peptide 
masses, and carbamidomethylation (C), oxidation (M), de-
amidation (NQ), Gln->pyro-Glu (N-term Q) were set as 
variable amino acid modiVcations and a non-redundant 
NCBI database (released 2012_01) was used. Peptides were 
only considered if the ion score indicated extensive homolo-
gy (p<0.05). Proteins were considered if having signiVcant 
MASCOT score and at least one peptide with extensive se-
quence homology. Automated GO annotation was per-
formed using the GO categories of the best hit derived from 
the BLASTp results (BLASTp minimal expectation value set 
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to 1x10-3) for additional information on functional pathway. 

2.12 Statistical analysis 

All data are means ± standard deviation (SD) of triplicate 
determinations on three independent extracts for each treat-
ment studied. Statistical analyses of data were performed 
using the Sodware Statistica 7.0 (Stat Sod, Tulsa, Oklahoma, 
USA). Samples were tested using one-way ANOVA, homo-
geneity of variance was tested by Cochran C and mathemati-
cal transformation applied if necessary; post hoc comparison 
(Newman–Keuls) was used to discriminate between means 
of values. DiSerences were considered statistically signiVcant 
when p<0.05. 

3. Results 

3.1 Lysosomal membrane stability 

Lysosomal membrane stability measured in freshly-
sampled haemocytes showed lower NRRT at all three sta-
tions compared to the out-harbour control site, Bantry Bay. 
Re NRRT observed in mussels from Douglas and Haulbow-
line were less than half that for Bantry while Ringaskiddy 
was approximately 80% of Bantry (Fig.2). 

3.2 Antioxidant enzymes 

CAT activity was signiVcantly lower (p<0.05) in mussels 
collected from the three in-harbour stations compared to 
Bantry Bay (Fig.3).  

SigniVcantly lower GST activity was found in mussel di-
gestive glands at the three in-harbour stations compared to 
Bantry Bay (Fig.4). 

3.3 Lipid peroxidation 

Re highest MDA levels were determined in digestive 
gland of mussels collected at Haulbowline, showing higher 
lipid peroxidation (p<0.05) compared to the out-harbour 
control site, Bantry Bay (Fig.5). 

3.4 Protein thiols  

1DE separation of IAF-labelled proteins revealed a de-
crease in total thiol-containing proteins in samples from 

Figure 2. Lysosomal membrane stability measured as neutral 
red retention time (NRRT; min) in haemolymph from M. edulis 
collected in Bantry Bay (out-harbour control site), Douglas and 
Haulbowline (polluted sites) and Ringaskiddy (in-harbour control 
site). Data are expressed as mean ± SD. Superscripts of diSerent 
letters are signiVcantly diSerent from each other at **p<0.01; 
***p<0.005. 

Figure 3. Catalase activities (CAT; U/min/mg prot) in digestive 
gland of M. edulis collected in Bantry Bay (out-harbour control 
site), Douglas and Haulbowline (polluted sites) and Ringaskiddy 
(in-harbour control site). Data are expressed as mean ± SD. Super-
scripts of diSerent letters are signiVcantly diSerent from each oth-
er at *p<0.05. 

Figure 4. Glutathione transferase activities (GST; nmol CDNB 
conjugate formed/min/mg prot) in digestive gland of M. edulis 
collected in Bantry Bay (out-harbour control site), Douglas and 
Haulbowline (polluted sites) and Ringaskiddy (in-harbour control 
site). Data are expressed as mean ± SD. Superscripts of diSerent 
letters are signiVcantly diSerent from each other at *p<0.05; 
**p<0.01; ***p<0.005. 
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Haulbowline (p=0.03) and Douglas (p=0.052) compared to 
Bantry Bay (Fig.6).  

Riol-containing proteins were trapped on ATS [25-27] 
and separated by 2DE (Fig. 7). Ris revealed diSerences in 
spot patterns which we attribute to oxidation of thiols in 
speciVc proteins supporting the results obtained by 1DE. 
Taken together, these data suggest that protein thiols de-
creased strongly in digestive gland of mussels collected in 
Haulbowline followed by Douglas.  

 3.5 Identi ed proteins 

Re weakened or missing spots from 2DE of samples col-

lected in Haulbowline and Douglas were selected for protein 
identiVcation (Fig.7). Re reason is that these thiol-
containing proteins were unable to be selected by ATS due to 
oxidation of cysteines. Because of the lack of a full genome 
sequence for Mytilus species it was necessary to search other 
species for matches with peptides derived from in-gel diges-
tion of selected spots. Four of the selected proteins were suc-
cessfully identiVed in this way showing signiVcant MASCOT 
scores and at least one peptide with extensive sequence ho-
mology (Table 1). 

Re MS results conVrmed that all selected spots were thiol-
containing proteins but only one of them, endo-1,4-beta-
glucanase (spot 4), was found to correspond to an M. edulis 
sequence. Spot 1 was identiVed as another endoglucanase 
but from Mizuhopecten yessoensis, a scallop belonging to 
the family of Pectinidae but to the same class of Bivalvia as 
M. edulis. Spot 2 matched well with arginine kinase from Co-
nus novaehollandiae, a marine gastropod mollusc belonging 
to the same Phylum (Mollusca) as M. edulis. Spot 3 was sim-
ilar to creatine Kinase 1 of Lethenteron camtschaticum, a 
freshwater Vsh not taxonomically similar to the blue mussel 
but included because of its high MASCOT score and good 
expectation value (Table 1).  

4. Discussion 

Cysteine is the second least-abundant residue in proteins 
and is the main point of crosstalk between redox status and 
cell signalling [29]. Both in controlled exposure experiments 
with pro-oxidants in holding tanks [30] and in the Veld [31], 
we have previously shown that mussels change aspects of 
their thiol chemistry in response to oxidative stress. Because 
of their roles in buSering transient increases in ROS [32] and 
in cellular redox signaling pathways [29], protein thiols are 
especially attractive targets as possible novel biomarkers for 
oxidative stress. A multiplexing approach allowed simultane-
ous determination of total thiols and total protein in electro-
phoretic separations by exploiting the speciVcity of IAF for 
reduced thiols. Ris was performed in this study and de-
creased IAF labeling is attributed to thiol oxidation [23]. Re 
Haulbowline site showed decreased total thiols suggesting 
that proteins, as well as lipids, experienced attack by ROS at 
this site. Ris observation was extended by trapping thiol-
containing proteins on ATS and analyzing the thiol-
proteome by 2DE [26-28]. Ris revealed closely-comparable 
separations in samples from each site but with individual 
spot diSerences, consistent with diSerences in thiol status 
across the sub-proteomes. M. edulis is a sentinel species 
widely-used in surveillance of environmental quality with 
particular relevance to marine estuaries [33, 34]. A number 
of biomarkers useful for assessing environmental quality 
have been developed in mussels [35, 36] but we are interest-
ed in identifying novel protein biomarkers that may comple-
ment these traditional indices and possibly yield greater in-
sights to toxicity mechanisms [9, 13-17]. In the present case 
study, two sites of environmental interest within Cork Har-

Figure 5. Lipid peroxidation measured as malondialdehyde 
(MDA) levels (nmol/g wet weight tissue) in digestive gland of 
M.edulis collected in Bantry Bay (out-harbour control site), Doug-
las and Haulbowline (polluted sites) and Ringaskiddy (in-harbour 
control site). Data are expressed as mean ± SD. Superscripts of 
diSerent letters are signiVcantly diSerent from each other at 
*p<0.05. 

Figure 6. 1DE of thiol-containing proteins (normalized by total 
protein amounts) in digestive gland of M. edulis collected in 
Bantry Bay (out-harbour control site), Douglas and Haulbowline 
(polluted sites) and Ringaskiddy (in-harbour control site). Data are 
expressed in A.U. as mean ± SD. Superscripts of diSerent letters 
are signiVcantly diSerent from each other at *p<0.05. 
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bour, Ireland, were compared to in-harbour and out-
harbour reference sites by measuring physiological and bio-
chemical indices of stress, mainly in digestive gland, a key 
site of enzymatic detoxiVcation [37]. Haemocyte NRRT was 
decreased in the two in-harbour test sites while lipid peroxi-
dation was signiVcantly increased in the Haulbowline site. 
Ris is consistent with signiVcant environmental stress at 
that location possibly arising from residual pollutants from 
recently-removed slag heaps in a former steel plant currently 
undergoing remediation.  

Lower levels of CAT and GST activities at both sites are 
consistent with these Vndings since these enzymes contrib-
ute strongly to defence against xenobiotic and oxidative 

stress [38-40]. CAT detoxiVes H2O2 to water in vivo but, in 
the presence of iron, H2O2 produces the hydroxyl radical by 
means of the Fenton reaction [29]. H2O2 is formed naturally 
in water as a result of photo-oxidation [41]. Enhanced CAT 
activity has been reported in Vsh and invertebrate species 
[42, 43] and its inhibition has been suggested as a transitory 
response to acute pollution [36]. Decreased CAT activity, 
combined with available iron, could potentially result in for-
mation of the hydroxyl radical leading to oxidative stress. 

 GST is a phase II detoxiVcation enzyme that catalyses 
conjugation of electrophiles to GSH [40] which has also 
found use as a biomarker in mussels [9, 17]. In this study, all 
three Cork Harbour sites showed slightly lower GST levels 

Figure 7. Representative 2DE of thiol containing proteins trapped by ATS in digestive gland of M. edulis collected in Bantry Bay (out-
harbour control site), Douglas and Haulbowline (polluted sites) and Ringaskiddy (in-harbour control site). Spots present in Bantry Bay and/
or Ringaskiddy 2DE but weakened or missing in Douglas and Haulbowline are shown with arrows. Rese spots were selected for the protein 
identiVcation. 

Spot 
# 

Accession # Protein ID Organism 
Reoretical/ 
observed pI 

Reoretical/ 
observed Mr 

(kDa) 

Mascot 
score 

Expectation 
value 

Peptides 
identiVed 

Function 

1 gi|254553092 Endoglucanase 
Mizuhopecten 

yessoensis 
5,66/~5.5 64.152/52-76 120 1.5e-0.005 1 

Carbohydrate 
metabolism 

2 gi|301341836 Arginine kinase 
Conus novae-

hollandiae 
6,34/~6.4 39.379/31-38 135 4.8e-007 1 

Energy 
metabolism 

3 gi|42627683 
Creatine kinase 

1 
Lethenteron 

camtschaticum 
6,71/~6.8 42.620/31-38 166 3.8e-010 1 

Energy 
metabolism 

4 gi|12230122 
Endo-1,4-beta-

glucanase 
Mytilus edulis 6,79/~6 19.699/17-24 582 9.6e-052 5 

Carbohydrate 
metabolism 

Table 1. IdentiVed proteins in digestive gland of M. edulis by MALDI TOF MS. Cut-oS MASCOT score (p<0.05) =	84. 
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than Bantry Bay. GST contributes to protecting tissues from 
oxidative stress by catalytic detoxiVcation and binding as it is 
inducible by a wide range of chemical agents, some of which 
are also substrates such as hydroperoxides [40]. Increase of 
GST activity can therefore be due to increased detoxiVcation 
of hydroperoxides. GSH conjugates are subsequently enzy-
matically degraded to mercapturates and excreted. However, 
under more intense or prolonged oxidative stress conditions, 
GST catalytic activity can be compromised due to conjuga-
tion of GSH to xenobiotic electrophilic centres causing a 
depletion of GSH and GST inhibition [44]. Generally, GST 
activity is lower in mussel digestive gland than gill [17]. We 
have previously found that gill GST activity varies with pol-
lution status [9, 17]. However, while GST activity of M. edu-
lis digestive gland did vary between sites on the South Coast of 
Ireland [17] it did not vary in digestive gland of M. gallopro-
vincialis sampled from polluted sites in Venice Lagoon [8]. 
Ris suggests that digestive gland GST level may not be as 
responsive to pollution as gill.  

MDA level is one of the oxidative stress parameters that 
has been measured in bivalve molluscs, especially in mussels, 
to investigate the biomarker’s response to cellular free radi-
cal toxicity under metal exposure [45]. Digestive glands of 
mussels collected at Haulbowline showed statistically higher 
MDA levels than those sampled from Bantry Bay (p= 0.046) 
but not versus Ringaskiddy (in-harbour control). Intriguing-
ly, no relevant eSects of lipid peroxidation or decrease of 
amount of thiol-containing protein were observed in mus-
sels collected in Douglas. Our results showed that MDA lev-
els in digestive gland of mussels collected at Haulbowline 
were statistically higher than those sampled from Bantry Bay 
(p= 0.046) but not versus Ringaskiddy (in-harbour control). 
Intriguingly, no relevant eSects of lipid peroxidation or de-
crease of amount of thiol-containing proteins was observed 
in mussels collected in Douglas.  

Rese data suggest that protein thiols play a role in protec-
tion against lipid peroxidation. Oxidation of protein thiols, 
usually occurs by two diSerent mechanisms: (1) lipid peroxi-
dation induced by the depletion of GSH generates reactive 
aldehydes [46, 47] which may react with protein thiols; (2) 
reactive metabolites may react directly with protein thiols. 
Metals and their chelate complexes, such as copper, chromi-
um, nickel, and cadmium, are implicated in lipid peroxida-
tion [48]. It is likely that organic compounds (e.g. PAH, 
PCB) or metals released to seawater from the former steel 
plant on Haulbowline Island aSected the local intertidal M. 
edulis population. To our knowledge, this report is the Vrst to 
show redox cysteine modiVcations in endoglucanase, argi-
nine kinase and creatine kinase proteins in M. edulis. 

Endoglucanases are enzymes belonging to the cellulase 
family involved in carbohydrate metabolism. Re endoglu-
canases identiVed are rich in cysteine residues and endo-1,4-
glucanase which has been sequenced and cloned in digestive 
gland of M. edulis [49,50] contains twelve cysteine residues 
involved in six disulVde bonds. It is thought that these 
disulphides may contribute to anti-freezing properties of this 

protein at low temperature. Decrease of cellulase activity has 
been considered as one of the major potential biomarkers for 
exposure to pesticides in aquatic invertebrates [51]. However 
De Coen et al. (2001) have found that relationships between 
enzymatic endpoints in carbohydrate metabolism and popu-
lation level eSects observed in Daphnia magna were toxicant
-speciVc, and no single enzyme in carbohydrate metabolism 
could predict quantitative changes in population characteris-
tics [52].  

Arginine kinase catalyzes the reversible transfer from 
phospho-L-arginine to ADP to form ATP and is important 
for buSering ATP levels during burst muscle contraction in 
invertebrates [53]. Our results showed that this enzyme was 
down-regulated in Douglas and especially Haulbowline. Ris 
enzyme has been proposed to increase the ability of inverte-
brates to cope with the stress of variable environmental con-
ditions related to hypoxia and acidosis [54, 55]. Silvestre et 
al. (2006) found strong down-regulation of this enzyme in 
the gills of the Chinese mitten crab ader chronic cadmium 
exposure [56]. We also found that creatine kinase is another 
thiol-containing protein that may be sensitive to oxidative 
stress. It is a key enzyme in energy metabolism catalyzing 
reversible phosphorylation of creatine by ATP [55]. Sethu-
raman et al. (2004) showed that cysteine thiols of sarcomeric 
creatine kinase were oxidized ader exposure to high concen-
trations of hydrogen peroxide [57]. A previous study showed 
that arginine and creatine kinase are sensitive to oxidation 
although by diSerent mechanisms. Mammalian creatine 
kinase was very sensitive to the superoxide radical resulting 
in loss of enzyme activity whereas arginine kinase was less 
aSected by comparable exposure [58]. Rese authors also 
found that loss of creatine kinase activity can be due to its 
high susceptibility to hypoxic conditions. Re increase of 
nutrients usually found in polluted areas like some harbours 
[12, 59, 60] can be the result of algal bloom and subsequent 
hypoxia and ROS production enhance.  

Taken together, our results show that mussels from the 
Haulbowline site experience considerable physiological and 
oxidative stress, which is consistent with the presence of pol-
lutants originating from the nearby former steel plant. We 
suggest that protein thiols may be a potentially useful novel 
biomarker for oxidative stress in environmental toxicology. 
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Copper contributes to the function of numerous essential 
metabolic processes and thus is an essential micronutrient 
element required by almost living organisms [1].  However, 
copper at increased levels is also a unique metal known for 
its antimicrobial properties.  5e mechanism of copper ions 
toxic to cells has been extensively studied [2-4]. 5e most 
important antimicrobial mechanisms include:1) Elevation of 
oxidative stress inside a cell result in oxidative damage to 
cells; 2) Decline in the membrane integrity of microbes leads 
to leakage of speci9c essential cell nutrients and subsequent 
cell death; 3) Unsuitable binding of copper to proteins that 
do not require copper for their function causes loss-of-
function of the protein, and/or breakdown of the protein 
into nonfunctional portions.   

5e antimicrobial properties of copper are still under ac-
tive investigation due to incompleteness of our knowledge to 

antimicrobial role of copper.  Recently, high throughput 
proteomics approach has been used to investigate the anti-
microbial role of copper in Escherichia coli, Edwardsiella 
tarda, Pseudomonas �uorescens, Pseudomonas putida, Lac-
tococcus lactis [5-9]. 5ese studies elucidate the di<erential 
protein expression of these bacteria when exposed to copper 
stress, and indicate that the proteins from copper stressed 
cells exhibited a higher degree of oxidative proline and thre-
onine modi9cations. However, information on alteration of 
OM proteins in response to copper stress is still absent.  

Edwardsiella tarda is an uncommon enteric bacterium 
which has been found generally in animal hosts and occa-
sionally in human feces [10]. Edwardsiellosis caused by the 
bacterium has been implicated in gastroenteritis, meningitis, 
biliary tract infections, peritonitis, liver and intra-abdominal 
abscesses, wound infections and septicaemia [11, 12]. 5e 
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Abstract 

1. Introduction 

5e antimicrobial properties of copper have been reported, but little is known about the outer membrane proteins regulating copper re-
sistance. In the present study, a sub-proteomic approach was utilized to investigate altered outer membrane (OM) proteins of Edwardsiella 
tarda in response to CuSO4.  Upregulation of HemR and dwonregulation of Imp, EvpB, TolC, ETAE_2935, ETAE_1480, and ETAE_1723 
were detected in E. tarda EIB202 survived in 1.0 mM CuSO4 compared with the control without the ion. 5ese alterations were validated, at 
random, using Western blotting. 5ey were 9rst revealed here to be bacterial copper-resistant proteins in combination of protein homology 
analysis. 5ese 9ndings highlight the way to clarify copper-resistant mechanisms. 

Keywords: Copper resistance; Outer membrane proteins; E. tarda; Proteomics. 
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disease has caused severe economic losses in the 9sh farming 
industry worldwide.  However, how to control the disease is 
still under investigation.  A recent report has indicated that 
prolonged exposure to copper has multiple e<ects on E. tar-
da TX5 and results in signi9cant attenuation of bacterial vir-
ulence [13]. In the present study, two-dimensional gel elec-
trophoresis (2-DE) based proteomics was used to detect OM 
proteins of E. tarda EIB202 survived in medium with high 
concentration of CuSO4. Seven unique proteins were identi-
9ed. Out of them, six were downregulated and one was up-
regulated. 5ese results may have signi9cant implications in 
an understanding of mechanisms of E. tarda survived in high 
concentration of copper. 

2. Material and Methods 

2.1 Bacterial strain and culture  

E.tarda EIB202, which complete genome sequence has been 
disclosed in 2009 [14], was kindly provided by Professor YX 
Zhang, East China University of Science and Technology, 
China. 5e bacterium was grown at 30°C in tryptic soy broth 
(TSB) medium overnight, and then diluted in 1:100 sepa-
rately using the medium with or without 1.0 mM CuSO4. 5e 
cultures were harvested at an OD600 of 1.0 by centrifugation 
at 4,000g for 15min at 4°C.   

2.2 Extraction of OM membrane proteins  

5e harvested bacterial cells were used for isolation of OM 
membrane proteins according to a procedure described pre-
viously [15]. BrieXy, the cells were washed in sterile saline for 
three times, and then resuspended in sterile saline. Cells 
were disrupted by intermittent ultrasonic treatment.  Unbro-
ken cells and cellular debris were removed by centrifugation 
at 5,000g for 20 min and the supernatants were collected and 
were further centrifuged at 100,000g for 40 min at 4°C in a 
Beckman Coulter L-100XP centrifuge using a SW 41Ti Ro-
tor.  5e precipitation was dissolved by 2% (W/V) sodium 
lauryl sarcosinate at room temperature for 30 min and ultra-
centrifuged again. 5e collecting pellets were resuspended in 
50mM Tris-Cl and stored at -80°C.  Concentrations of these 
proteins in the 9nal preparation were determined using the 
Bradford method. 

2.3 2-DE and MALDI-TOF analysis 

2-DE was performed according to a procedure described 
previously [15].  BrieXy, OM protein extracts containing 200 
µg of proteins were dissolved in lysis solution and then rehy-
drate a pH 3-10 linear IPG strip (11 cm length, Bio-Rad).  
5e total focusing was to be 40,000 Vhr and the maximum 
voltage was 8,000V using the Multiphor II system 
(Amersham). A[er the equalized by 2% (W/V) DTT and 
2.5% (W/V) IAA (4M urea, 20% glycerol, 10% SDS) for 15 

min, respectively, the IPG strips were transferred to the sec-
ond-dimension electrophoresis using 12% acrylamide gels 
and stained with Coomassie Blue-R250. 2-DE gels were 
scanned in ImageScan and analyzed with ImageMaster 5.0 
so[ware (Amersham Bioscineces, Sweden).  Altered spots 
were standardized and then compared based on their vol-
ume percentages in the total spot volume over the whole gel 
image.  Signi9cantly changed spots were selected by rate 
increased / decreased ≥ 2-fold or complete appearance and 
disappearance.  Protein spots of interest were cut from the 
gels for analysis using Matrix-Assisted  Laser Desorp-tion/
Ionization-Time of Flight Mass Spectrometry (MALDI-
TOF).  All MALDI analysis was performed by a fuzzy logic 
feedback control system (ReXex III MALDI-TOF system, 
Bruker) equipped with delayed ion extraction.  Peptide mass 
9nger printings were searched using the program Mascot 
(Matrix Science, London, U.K.) against the NCBI database; 
E. coli species database was de9ned as a matching species; one 
missed cleavage per peptide was allowed and the mass toler-
ance was 100 ppm.  5e protein subcellular locations were 
determined by Program PSORTb version 2.0 (http://
www.psort.org/psortb).   

2.4 Western blotting 

Western blotting was performed as previously described 
[15].  Mouse antisera to TolC or EvpB were obtained from 
Fuji Bio Sci Tech Corp (Ji’an, China).  BrieXy, 1-DE and 2-
DE gels were transferred to NC membranes for 3 h at 100 
mA in transfer bu<er (48 mM Tris, 39 mM glycine and 20% 
methanol) at 4 oC.  5e membranes were blocked with 5% 
skim milk and then incubated with mouse antisera to TolC 
or EvpB as the primary antibodies.  5e horseradish peroxi-
dase (HRP) conjugated goat anti-mouse antibody was used 
as the secondary one.  Antibody-tagged protein spots were 
detected by DAB.   

2.5 Phylogenetic analysis  

A BLAST search was performed on the sequences of these 
altered proteins using NCBI database as described previously 
[16].  A multiple sequence alignment was created with the 
amino acid sequences of YP_003294661.1 (ETAE_0603, 
Imp), YP_003296476.1 (ETAE_2430, EvpB), 
YP_003294249.1 (ETAE_0191, TolC), YP_003296979.1 
(ETAE_2935), YP_003295532.1 (ETAE_1480), 
YP_003295773.1 (ETAE_1723), YP_003295845.1 
(ETAE_1797, HemR) using ClustalX.  Unrooted phylogenet-
ic tree was constructed based on the sequences above using 
MEGA version 4.0 (http://www.megaso[ware.net), and then 
was adjusted by TreeView to make it more readable.  5e 
sequences used in the trees were showed in Supplemental 
Figure 1. Bootstrap tests at 1000 replicates were carried out 
to examine the validity of the branching topologies.  5e 
numerical value of branch node reXects the con9dence level.  
Values > 70 indicate statistical probability, while values < 50 



JIOMICS | VOL 2 | ISSUE 2 | DECEMBER 2012 | 48-53 

48-53: 50 

are not statistically signi9cant. 

3. Results 

3.1 E(ect of CuSO4 on EIB202 growth  

EIB202 cells were cultured in TBS medium with 0, 0.25, 
0.5 and 1.0 mM of CuSO4. 5ese cultures were harvested 
when the bacterial cell density in medium without the ions 
arrived at approximately 1.0 OD.  Signi9cantly inhibitory 
growth was found in bacteria cultured in medium with 1.0 
mM CuSO4 (Figure 1). 

3.2 Identi-cation of di(erential OM proteins of EIB202 in 
response to CuSO4 

To investigate an altered OM proteome of E. tarda in re-
sponse to copper (II) ions, a sub-proteomic approach was 
utilized to identify di<erentially expressed proteins of sarco-
sine-insoluble fractions from EIB202 survived in medium 
with 1.0 mM of CuSO4 (Cu-S).  Approximately 40 protein 
spots were visualized in each of the gels stained with CBB R-
250 (Figure 2A, B).  Out of them, eight from Cu-S showed 
signi9cant changes at the level of protein expression.  5ey 
were named as 1 - 8.  Figure 2C was an expanded view of the 
spots in the gels and Figure 2D showed the mean and stand-
ard deviation of these spots.  5ey were identi9ed as seven 
uniquely proteins.  Table 1 showed the identities of these 
spots which were obtained by mass spectrometric analysis.  

Figure 1. OD value of EIB202 cultured in medium with di<erent 
concentrations of CuSO4 

Table 1. Identi9cation of Altered Spots by PMF or peptide 9ngerprinting Searching 

Spot 

No. 

Accession 

name 

NCBI acces-

sion No. 
Locus_tag Protein description 

Subcellu-

lar loca-

tion 

No. of 

peptides 

matched 

No. of 

peptides 

unmatched 

No. of 

peptides 

searched 

Cover % Mr/pI 
NCBI 

score 

1 
D0ZC49_

EDWTE 
gi|269137961 

ETAE_06

03 

organic solvent tolerance 

protein (Imp)  
M/OM 50 40 90 52 90359/5.45 422 

2 
D0ZC49_

EDWTE 
gi|269137961 

ETAE_06

03 

organic solvent tolerance 

protein (Imp)  
M/OM 53 54 107 58 90359/5.45 435 

3 
D0ZB31_

EDWTE 
gi|269139775 

ETAE_24

30 

type VI secretion system 

protein (EvpB)  
unknown 33 54 87 57 54499/5.16 302 

4 
D0Z9U8_

EDWTE 
gi|269137549 

ETAE_01

91 

outer membrane channel 

protein (TolC) 
OM 17 21 38 49 51409/6.64 183 

5 
D0ZDY9

_EDWTE 
gi|269140278 

ETAE_29

35 

nucleoside-speci9c channel

-forming protein (Tsx)  
OM 11 22 33 32 32786/5.62 116 

6 
D0ZH45_

EDWTE 
gi|269138831 

ETAE_14

80 

MltA-interacting MipA 

family protein 
unknown 17 74 91 39 31771/7.10 148 

7 
D0Z7Z3_

EDWTE 
gi|269139072 

ETAE_17

23 

hypothetical protein 

ETAE_1723  
unknown 8 54 62 47 12695/7.67 112 

8 
D0Z865_

EDWTE 
gi|269139144 

ETAE_17

97 

hemin receptor precursor 

(HemR)  
OM/M 35 55 90 58 72809/6.29 302 
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Figure 2. 2-DE subproteomics for investigation of altered OM proteins of E. tarda in response to copper. A, A representative 2-DE map 
of the sarcosine-insoluble fraction of Cu-C grown in TBS medium. B, A representative 2-DE map of the sarcosine-insoluble fraction of Cu-
C grown in TBS medium. C, Enlarged partial 2-DE gels showing altered expression spots. D, Histogram displaying the changes in spot in-
tensity of altered proteins between F-plasma-S-O (black) and F-plasma-S (white). Bars represent spot intensity, with the relative volume 
divided by the total volume over the whole image, according to ImageMaster version 5.0. E, Distribution of altered proteins based on GOA 
classi9cation.  

C  

A  B  

D  

E 
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5ey were Imp (spot 1 and 2), EvpB (spot 3), TolC (spot 4), 
ETAE_2935 (spot 5), ETAE_1480 (spot 6), ETAE _1723 
(spot 7), HemR (spot 8).  Out of them, HemR was appeared 
and the others were decreased in Cu-S with respect to Cu-C.  
Except for EvpB, ETAE_1480 and ETAE_1723, which were 
proteins of unknown location, the other four were OM pro-
teins. 5ey are classi9ed as response to organic substance 
(Imp), transport (TolC, ETAE_2935, HemR), function un-
known (EvpB, ETAE_1480, ETAE_1723) (Figure 2E). 

3.3 Validation of di(erential proteins using Western blotting 
analysis 

To con9rm these altered OM spots obtained from the 2-
DE based proteomics, we randomly compare the di<erence 
of TolC and EvpB expression between Cu-C and Cu-S with 
0.5, 1.0 mM concentrations of CuSO4 using Western blot-
ting. 5e Western blotting results indicated that downregu-
lation of the two proteins was detected with the elevated 
concentrations of CuSO4 (Figure 3). 5ere was a better con-
nection in TolC and EvpB between 2-DE and Western blot-
ting. 5ese results not only further demonstrated that TolC 
and EvpB were Cu-regulated expression proteins, but also 
indicated that there was a high con9dence for the 2-DE 
based proteomics. 

3.4 Phylogenic tree construction of altered proteins 

Since information regarding to role of the altered proteins 
from E. tarda is largely absent, homology analysis was car-
ried out to 9nd the homology proteins from other bacteria 
for the functional analysis.  Based on the amino acid se-
quences of the seven proteins from EIB202 deposited in 
GenBank, BLAST homology searching yielded the following 
closest matches. 5e unrooted phylogenetic analysis showed 
a close genetic relationship of the full-length proteins in 
EIB202 with more than ten Gram-negative bacteria includ-
ing Escherichia coli (Suppl Figure 1). 5ese results indicate 
that high homology between these EIB202 proteins and the 
proteins from other bacteria. We may understand role of the 
altered proteins in combination of the information of their 
homologies.   

4. Discussion 

In the present study, the OM proteome of E. tarda EIB202 
in response to copper was identi9ed.  5ey were Imp, EvpB, 
TolC, ETAE_2935, ETAE_1480, and ETAE_1723.  5ey be-
long to di<erent functional classes of response to organic 
substance (Imp), transport (TolC, ETAE_2935, HemR), 
function unknown (EvpB, ETAE_1480, ETAE_1723) ac-
cording to the EMBL-EBI GOA database (www.ebi.ac.uk/
GOA).  5ese proteins are 9rst reported here to be involved 
in copper resistance.  

Since the role of E. tarda proteins is largely unknown, we 
constructed the phylogenic tree of these proteins from genet-
ically close bacteria for understanding whether their homol-
ogies showed the role.  Imp is one of organic solvent toler-
ance proteins that work for level of tolerance to organic sol-
vents and the transport of lipopolysaccharide [17].  EvpB is 
one of type VI secretion system proteins that are widely dis-
tributed in pathogenic Gram-negative bacterial species [10].  
TolC functions as a channel of the AcrAB-TolC multidrug 
e_ux system.  A report indicated that BaeSR, AcrD and 
MdtABC contribute to copper and zinc resistance in Salmo-
nella [18].  Tsx is known to be involved in the permeation of 
nucleosides across the outer membrane under limiting sub-
strate conditions and iron transport [19, 20].  MipS is an 
MltA-interacting MipA family protein.  E. coli MipA serves 
as a sca<old protein required for the formation of a complex 
with MrcB/PonB and MltA and has recently been found to 
be involved in glucose regulation [19]. 5is complex could 
play a role in enlargement and septation of the murein sac-
culus and ETAE_1723 is a hypothetical protein.  ETAE_1797 
is a hemin receptor precursor. 5e receptor is involved in the 
utilization of heme and its protein complexes as iron sources 
in some of pathogenic bacteria [20].  In summary, TolC and 
hemin receptor are indirectly related copper metabolism, 
whereas the other 9ve are 9rst reported here to be copper-
responsive proteins.   

5. Concluding Remarks 

In summary, a copper-responsive OM proteome is re-
vealed in the present study.  Out of the seven altered pro-
teins, six were downregulated and four worked for transport.  
5ese results provide the proof on decline in the membrane 
integrity of microbes in response to high concentration of 
copper, but also show which OM proteins play the role in 
copper resistance.   

6. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/91/0 
 
Supplementary material includes Figure 1. showing the 

unrooted phylogenetic analysis  
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Dilated cardiomyopathy is a heart disease with an ex-
tremely poor clinical outcome. Besides genetic factors, me-
chanical stress and intoxication, virus infection-induced 
abnormalities in cellular and humoral immunity also con-
tribute to the overall pathogenesis, such as cardiac enlarge-
ment and impaired systolic dysfunction.[1] Recent reports 
have provided evidence that autoimmune reactions against 
certain myocyte antigens may play a pivotal role in the initi-
ation and/or progression of DCM. 4e pathogenic potential 
of cardiac auto-antibodies has been proven in animal models 

either by active immunization with proteins like troponin I 
or by transfer of antibodies against the corresponding 
epitopes, both leading to dysfunction of the heart.[2-4] Fur-
thermore, preliminary clinical data suggest that a few of 
these auto-antibodies are indeed “pathogenic”, actually caus-
ing cardiac dysfunction and heart failure.[5-6] Depending 
on the individual genetic pre-disposition such harmful auto-
immune reactions are supposed to emerge as a consequence 
of heart muscle damage induced by viral triggers, ischemia 
or exposure to cardiotoxins leading to myocyte necrosis/
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Abstract 

1. Introduction 

Both, innate and cell-mediated immunity contribute to prevention of chronic myocarditis and consecutively, cardiomyopathy. 4us, in re-
sistant C57BL/6 mice myocarditis induced by Coxsackievirus B3 (CVB3)-infection is abrogated by immune-mediated mechanisms. Howev-
er, susceptible A.BY/SnJ mice develop dilated cardiomyopathy (DCM) due to chronic myocarditis. Cardiac auto-antibodies have been shown 
to play a pivotal role in the initiation and/or progression of inWammatory DCM. In order to investigate diXerences in the autoimmune re-
sponse of susceptible and resistant mice to infection with CVB3, the patterns of autoantibodies reacting with heart proteins in A.BY/SnJ and 
C57BL/6 mice were proYled by 2-D Western blot analysis during the acute and chronic phases of myocarditis up to three months, when the 
pathophysiological phenotype in the susceptible mice has progressed to DCM. In the early phase of infection both mouse strains displayed 
similar autoantibody patterns. In contrast, at later time points compared to the resistant C57BL/6 strain susceptible A.BY/SnJ mice displayed 
a much stronger autoimmune response against proteins associated with cell structure, protein transport as well as primary metabolic process-
es such as energy production. During chronic myocarditis strong antibody responses against myosin heavy chain 6, mitochondrial and heat 
shock proteins were observed in A.BY/SnJ mice. Antibodies directed against alpha-enolase, serotransferrin, radixin and two processed myo-
sin protein species accumulated late and only in A.BY/SnJ mice suXering from inWammatory DCM. Functional assignment of the target pro-
teins of cardiac autoantibodies indicates that these might be directly involved in cardiac dysfunction. 

Keywords: Coxsackievirus B3-induced dilated cardiomyopathy; Murine model; Cardiac auto-antibodies; 2-D Western Blot . 
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apoptosis and subsequent liberation of a “critical amount” of 
self-antigens previously hidden to the immune system.[7-8] 

Since extensive studies of human cardiac autoimmune 
reactions are limited by the restricted availability of appro-
priate tissue specimen such as endomyocardial biopsies, ap-
propriate animal models are necessary. So far, only a few 
animal models that facilitate the analysis of pathogenesis of 
DCM following viral infection have been established.[9-11] 
Murine models of Coxsackievirus B3 (CVB3)-induced myo-
carditis excellently mimic the human disease patterns and 
are thus very well suited for the exploration of mechanisms 
leading to chronic myocarditis and Ynally to the dilatation of 
the heart. Development of severe myocarditis and synthesis 
of viral proteins during the acute phase of viral infection 
have been demonstrated in susceptible mouse strains such as 
A.BY/SnJ (H-2b), DBA/2 (H-2d) and SWR/J (H-2q). In con-
trast, resistant C57BL/6 (H-2b) and DBA/1J (H-2q) mice 
eliminate the virus a[er an acute phase, do not show severe 
cardiac lesions and lack the chronic phase of the disease.[10, 
12-15]  

In order to investigate diXerences in the autoimmune re-
sponse between susceptible and resistant mice infected with 
CVB3, the autoantibody patterns directed against heart pro-
teins were followed by 2-D Western blot analysis over a peri-
od of 84 d post infection (p.i.) with CVB3 in A.BY/Sn and 
C57BL/6 mice. Over this time course of 3 months mice of 
the susceptible strain A.BY/SnJ displayed a much stronger 
autoimmune response than C57BL/6 mice. 4is response 
was primarily directed against proteins associated with cell 
structure, protein transport as well as primary metabolism. 
In chronic myocarditis strong antibody signatures against 
myosin heavy chain 6, mitochondrial and heat shock pro-
teins were observed and their functional relevance is dis-
cussed. 

2. Material and Methods 

2.1 Virus infection and animal model of ongoing myocarditis 

In this study we used a CVB3 stock which was derived 
from the infectious cDNA copy of the cardiotropic Nancy 
strain as previously described.[12] A.BY/SnJ mice (H-2b) 
susceptible for the development of ongoing myocarditis and 
dilation of the heart following CVB3 infection and the re-
sistant strain C57BL/6 were kept under speciYc pathogen-
free conditions at the animal facilities of the Department of 
Molecular Pathology, University Hospital Tübingen. Experi-
ments were conducted according to the German animal pro-
tection law. Mice (4-5 week-old, n=7 per time point) were 
infected intraperitoneally with 5 x 104 plaque-forming units 
(PFU) of puriYed CVB3 as described.[16] At diXerent time 
points p.i., mice were sacriYced and hearts were collected for 
analysis. Histology and in situ hybridization was performed 
on transverse tissue sections covering the right and le[ ven-
tricle taken below the level of the valves which were Yxed in 

4 % phosphate-buXered paraformaldehyde (pH 7.2) and 
embedded in para^n. 4e rest of the le[ and right ventricles 
were snap frozen in liquid nitrogen and used for proteomic 
analysis. 

2.2 Histology and in situ hybridization 

Para^n-embedded hearts were cut into 5 cm thick tissue 
sections and stained with hematoxylin/eosin (H&E) to eval-
uate the extent of myocardial injury and inWammation at day 
0, 8, 28, and 84 p.i. For the detection of CVB3 positive-
strand genomic RNA and interleukin-6 mRNA in hearts we 
used single-stranded 35S-labeled RNA probes. Virus-speciYc 
probes were synthesized from the dual-promoter plasmid 
pCVB3-R1 as previously described.[12] Slide preparations 
were subjected to autoradiography, exposed for 3 weeks at 
4 °C, and counterstained with H&E. 

2.3 Preparation of protein extracts from heart tissues 

Heart tissues were collected at four diXerent time points 
representing diXerent stages of disease: control – day 0, day 8 
p.i., day 12 p.i., and day 84 p.i. Snap frozen heart tissue 
probes (n=2 per group) were disrupted to Yne powder using 
a Mikro dismembrator (Braun, Melsungen, Germany) at 
2.600 rpm for 2 min. 4e powder was dissolved in extraction 
buXer containing 8 M urea, 2 M thiourea, 2% CHAPS 
(Sigma, Taubirchen, Germany) and sonicated on ice 3 times 
for 3 sec each with 9 cycles at 80 % energy using a Sonoplus 
(Bandelin, Berlin, Germany). Subsequently, the lysate was 
centrifuged at 16.000 g for 1 h at 4 °C and protein concentra-
tions of the supernatants were determined using a Bradford 
assay kit (Bio-Rad, Munich, Germany). Sample aliquots were 
stored at -80 °C. 

2.4 Preparation of immunoglobulins G (IgG) from murine 
sera 

In order to estimate the dynamics of immune response to 
CVB3 infection in mice, pooled sera of seven mice were col-
lected from the diXerent time points (day 0, day 4 p.i., day 8 
p.i., day 12 p.i., day 28 p.i., and day 84 p.i.) and used to iso-
late IgGs. Serum (250 µL) was mixed 1:1 (vol/vol) with Pro-
tein G SepharoseTM 4 Fast Flow (GE Healthcare, Munich, 
Germany) equilibrated with PBS buXer (138 mM NaCl, 2 
mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, at 4 °C 
for 2 h) and incubated for 2 h with gentle shaking. A[er 5 
washes with PBS buXer, the bound IgGs were eluted by add-
ing 100 mM glycine, pH 2.5 for 15 min. 4e supernatant was 
collected and used to determine the amount of IgG using a 
Bradford assay kit (Bio-Rad, Munich, Germany). 

2.5 2-D Western blot analysis 

For 2-D Western blot analysis,  a pool of heart proteins of 
the A.BY/SnJ strain from 4 diXerent time points (0, 8, 12 and 
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84 days p.i.) was separated by 2-D gel electrophoresis using 
IPG strips of the pH-ranges 4-7 and 6-11, 11 cm length (GE 
Healthcare) and 12.5 % SDS-PAGE, and transferred onto 
PVDF membranes for Western blotting using a conventional 
semi-dry blotting device (Milliblot Graphic Electroblotter II, 
Millipore, Billerica, MA, USA). For visualization of equal 
loading of protein, membranes were washed for 30 min in 
water and then stained with ink solution for 15 min before 
scanning of images with an Epson Expression 1680 Pro 
Scanner (Epson, Meerbusch, Germany). A[er destaining by 
soaking in TBS-T buXer (Tris-buXered saline-Tween, 20 
mM Tris-HCl, 137 mM NaCl, and 0.1 % Tween 20), mem-
branes were blocked with a solution of 5 % non-fat dry milk 
(Carl Roth, Karlsruhe, Germany) in TBS-T buXer for 90 min 
at room temperature. A[er 6 washes with TBS-T buXer, each 
membrane was incubated with a serum pool of seven indi-
vidual mice from each time point as primary antibody mix-
ture overnight at 4 °C. Membranes were washed 6 times in 
TBS-T buXer before the incubation with secondary antibody 
Immunopure peroxidase goat anti mouse IgG (H+L, 
1:50.000) prepared in 5 % non-fat dry milk in TBS-T buXer 
at room temperature for 1 h. Following 6 washes in TBS-T 
buXer, membranes were incubated with SuperSignal West 
Femto Maximum Sensitivity Substrate (Pierce, 4ermo Sci-
entiYc, Bonn, Germany) for 5 min, before signals were de-
tected with a Lumi-Imager (Roche, Mannheim, Germany).  

2.6 Quantitative analysis of 2-D Western blots 

Detection and quantiYcation of spot signals on the West-
ern blot images were performed using the Delta2D so[ware 
version 3.4 (Decodon, Greifswald, Germany) with some ad-
justments. In order to suppress eXects of the Western blot 
background, two parameters in the Delta2D so[ware includ-
ing “image Ylter closing” and “image Ylter opening” were set 
to 1 and 10, respectively. 4e mean absolute volume of 15 
background spots evenly distributed on the blots of each 
time point was used for background subtraction. For further 
calculations only spots identiYed in both technical replicates 
were considered. 4e volumes of 6 diXerent time points (day 
0 and 4, 8, 12, 28, and 84 days p.i.) were used to evaluate the 
changes during the time course. 4e changes were deter-
mined by calculating the ratios of volumes of the corre-
sponding time points divided by volumes at day 0. 

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

In order to reveal which cardiac proteins were preferen-
tially recognized by auto-antibodies following viral infection, 
spots of a 2-D gel loaded with 300 µg of protein and stained 
with Coomassie brilliant blue (Sigma, Taubirchen, Germa-
ny) were matched with the corresponding Western blot sig-
nals via the corresponding protein map on the membranes 
recorded a[er ink staining before immunoblotting. Spots of 
interest were manually excised and subsequently subjected 

to mass spectrometry for identiYcation. Preparation of pep-
tide extracts and MALDI-TOF-MS/MS analysis on a Proteo-
me Analyzer 4800 (Applied Biosystems, Darmstadt, Germa-
ny) were carried out as described previously.[17] IdentiYca-
tion of proteins was based on peptide mass Yngerprint data 
conYrmed by at least one protein speciYc peptide fragmenta-
tion pattern. IdentiYcations with the International Protein 
Index (IPI) for mouse v. 3.26 using the Mascot algorithm via 
the GPS Explorer so[ware package version 3.6 (Applied Bio-
systems) were considered to be statistically signiYcant when 
the protein and peptide ion scores exceeded 60 and 32, re-
spectively, which corresponds to p<0.05. Methionine oxida-
tion was set as variable and carbamidomethylation as Yxed 
modiYcation. 

3. Results and discussion 

3.1 Histopathological characterization of susceptible and re-
sistant mice following CVB3 infection   

Histopathological examination of A.BY/SnJ and C57BL/6 
mouse hearts at diXerent time points -0, 4, 8, 28, and 84 days 
p.i.- was performed to evaluate myocardial injury as well as 
virus infection and the disease state throughout the course of 
infection. Monitoring of the virus infection by radioactive in 
situ hybridization with 35S-labeled CVB3-speciYc probes pro-
vided proof for strong focal viral replication in the acute 
phase of infection in both mice strains as already reported.
[12, 18] Virus load was highest at day 8 p.i. in C57BL/6 mice, 
but declined very fast in the following days leading to com-
plete virus clearance. 4us, no viral RNA was detectable in 
C57BL/6 mice at day 28 and 84 p.i.. In A.BY/SnJ mice virus 
load reached its maximum at day 8 p.i. as well. Subsequent to 
the acute phase of infection the intensity of virus replication 
dropped down, however, low amounts of viral RNA were 
still detectable at later stages of infection, documenting the 
well known CVB3 persistence in chronic myocarditis in 
A.BY/SnJ mice.[19-20] 4e magnitude of viral replication 
was paralleled in histological and immunohistological Ynd-
ings. At day 8 p.i., staining with H&E revealed that the extent 
of myocardial lesions and inWammation was higher in A.BY/
SnJ than in C57BL/6 mice. Only in A.BY/SnJ mice ongoing 
inWammation and a signiYcant Ybrosis was noted which was 
followed by a dilated phenotype with a signiYcant thinning 
of the ventricular walls at day 84 p.i. [21], whereas, no sig-
niYcant remodeling was observed in the resistant mouse 
strain. In C57BL/6 mice an early and adequate release of 
cytokines (interleukin (IL)-10, IL-6, tumor necrosis factor-
alpha) by dendritic cells (DCs) was reported, which might 
contribute to prevention of chronic CVB3-induced myocar-
ditis.[18] Additionally, the chemokines interferon-inducible 
protein 10 (IP-10) and chemokine (C-C motif) ligand 5 
(RANTES) were found to be secreted by DCs from resistant 
C57BL/6 mice earlier in infection and at signiYcantly higher 
levels, indicating a protective role of IP-10 and RANTES in 
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CVB3-induced myocarditis.[18] 

3.2 Humoral immune response of susceptible and resistant 
mouse strain a4er CVB3-infection 

In order to minimize the contribution of interindividual 
variations among individual mice, sera from seven diXerent 
mice of each time point were pooled for the isolation of IgG 
and the determination of its total concentration. Figure 1 
illustrates that the total IgG did not change dramatically 
immediately a[er infection (day 4 p.i.) compared to the 
concentration observed before infection. However, IgG level 
signiYcantly increased a[erwards, with A.BY/SnJ displaying 
a faster increase (day 8 p.i.) then C57BL/6 mice (day 12 p.i.). 
In both strains sera contained the highest amount of IgG 
antibodies at day 12 p.i. 4erea[er, the amount of IgG 
decreased at day 28 p.i. in both mouse strains. However, the 
total amount of IgG was higher throughout the whole course 
of myocarditis in the A.BY/SnJ strain compared to C57BL/6 
mice which is in contrast to the Yndings for CVB3-speciYc 
antibodies, where equal levels were observed in both mouse 
strains.[22] Moreover, in A.BY/SnJ mice the early response 
to virus infection was much stronger, displaying a 4.5-fold 
increase in IgG amount from day 4 to 8 p.i.. In C57BL/6 
mice the IgG level increased only 2.9-fold in that time 
window, but at day 12 p.i. a more than 7-fold higher level 
compared to that before infection was reached. In summary, 
a lower IgG antibody level was observed in C57BL/6 mice 
prior to infection, which raised delayed compared to that of 
the A.BY/SnJ mouse strain and was not maintained at the 
same high level. Since the C57BL/6 mice started with a lower 
basal level, fold changes were larger following infection with 
CVB3 in this strain compared to A.BY/SnJ mice. 
Maintenance of higher levels of IgG in the A.BY/SnJ mice 
might represent the continuing interaction with CVB3 and 
the damaged host tissue. 

3.3 Time-resolved analysis of the antibody patterns in A.BY/
SnJ and C57BL/6 mice a4er infection with Coxsackievirus B3. 

To explore possible diXerences in the autoimmune re-
sponse of susceptible (A.BY/SnJ) and resistant (C57BL/6) 
mice at the diXerent time points a[er infection with CVB3, 
the autoantibody repertoire was proYled using 2-D im-
munoblotting. 4e Western blot results document that ap-
plying regular standard limits of detection only very few 
weak signals were observed in pools of control sera of both 
mouse strains (Fig.2 A, B). 4us, laboratory animals kept 
under deYned conditions did not seem to display any unspe-
ciYc infections. In contrast, Western Blot signals strongly 
increased in intensity a[er infection with CVB3 from day 4 
p.i. onwards (Fig.2 C, D, Supporting information Fig. S1).  

For the permissive A.BY/SnJ mouse strain, a strong auto-
immune response against cardiac autoantigens was observed 
up to day 28 p.i. (Fig. 2). Only at day 84 p.i. (Fig.2 K) a de-
crease in signal strength was recorded. For DCM patients 
fading of the cardiac auto-antibodies was noted with disease 
progression.[23]  

 In the resistant mouse strain C57BL/6, the strongest re-
sponse was seen at day 4 p.i., followed by a continuous de-
crease of autoimmune response signals over time reWecting 
the reported virus elimination in these mice within 28 days 
p.i. [18] Importantly, signiYcantly weaker signals were de-
tected at later time points (day 28 and 84 p.i.), which was 
associated with complete recovery (Fig. 2 J, L). 4ese diXer-
ent cardiac autoimmune response patterns and the diXer-
ences in the total IgG patterns highlight diXerent immune 
responses a[er viral infection in the two mouse strains. 4e 
observation of higher levels of IgG in A.BY/SnJ mice before 
infection Yts with the hypothesis that higher frequencies of 
circulating auto-antibodies predispose subjects to develop 
more severe cardiac diseases like DCM. [24] 4is susceptibil-
ity to viral infection or immunization with heart-speciYc 

Fig. 1. Total IgG content in serum of A.BY/SnJ and C57BL/6 mice before and a[er infection with CVB3. A) Kinetics of changes of IgG 
concentrations during the time course of infection of a susceptible mouse strain A.BY/SnJ (white symbols) and a resistant mouse strain 
C57BL/6 (black). B) Relative changes in IgG-content compared to non-infected control samples. 
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auto-antigens of A.BY/SnJ mice is likely genetically deter-
mined [25] but the precise genetic alterations responsible 
have not been determined yet.  

A quantitative analysis of Western blot signals with the aid 
of the Delta2D so[ware revealed a total of 227 spot signals 
for A.BY/SnJ mice, while only 169 spot signals were detected 
for the C57BL/6 strain (Supporting information Table S1). 
131 spot signals were observed in the autoantibody patterns 
of both strains, whereas, 96 and 38 spot signals were only 
present in A.BY/SnJ and C57BL/6 mice, respectively. Due to 
the very low intensities of antibody signals observed in the 
non-infected mice, for further quantitative analysis only spot 
signals exceeding a fold increase >5 in the intensity ratio 
between the particular time point and the non-infected con-
trol group were considered. 4e number of signiYcantly in-
creased signals was higher in A.BY/SnJ mice compared to 
C57BL/6 mice during the whole course of infection 
(Supporting information Table S1). 4e autoimmune re-
sponse due to viral infection was highest at day 4 p.i. in both 
mouse strains with 82 % (A.BY/SnJ) and 69 % (C57BL/6) of 
all antibody signals exceeding 5-fold increase. Remarkably, 
this peak in the cardiac autoimmune response clearly pre-
ceded the increase in total IgG level in both strains (see Fig. 
1). However, while the level of most antibodies declined rap-
idly in the resistant strain, in A.BY/SnJ mice about 50 % of 
all antibodies displayed such high levels throughout the 
chronic phase up to day 84 p.i. (Fig. 3). High titers of auto-
antibodies can inWuence cardiac function by negative chro-
notropic and/ or negative inotropic eXects mediated by 
binding to surface receptors, forming immune complexes or 
inWuencing downstream processes. [26]  

3.4 Identi;cation of protein targets for auto-antibodies 

IdentiYcation of antigens by mass spectrometric analysis 
revealed protein identities for 209 of 227 spots visible on the 
Coomassie-stained gels (92 %) representing 122 distinct pro-
tein species.[27] For A.BY/SnJ mice 8 spots contained 2 pro-
teins, and the remaining 201 spots contained only one major 
protein (Supporting information Fig. S2, Table S2). Similarly 
for strain C57BL/6, proteins have been identiYed in 125 of 
169 spots (74 %) representing 124 proteins (87 distinct spe-
cies). Here, only one spot contained 2 proteins, and the re-
maining 124 spots each contained only one predominant 
protein (Supporting information Table S3). 4us, the identi-
Ycations of antibody targets by MALDI-mass spectrometry 
indeed permitted an evaluation of the protein groups target-
ed. 4e majority of proteins representing antigens in both 
mouse strains were of mitochondrial origin (44 %), followed 
by cytoplasmic (19 %), cytoskeletal (7 %) and plasma mem-
brane proteins (7 %). 4e low coverage of surface antigens 
was likely caused by the fact that proteins with multiple 
transmembrane domains cannot be resolved e^ciently on 2-
D gels.  

Although antibody formation against intracellular pro-
teins is not expected, high abundance of heart speciYc mito-
chondria targeting antibodies (M7) was already reported in 
DCM patients in 1984.[28] 4e functional relevance of anti-
body production was also shown in a CVB3 infection model 

Fig. 2. Kinetics of autoimmune response of A.BY/SnJ and C57BL/6 
mice against Coxsackievirus infection. 2D Western Blot images using 
IPG strips pH 4-7 and pH 6-11 were combined and display the auto-
immune responses in both mice strains compared to non-infected 
controls (day 0). 
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where a strong increase of antibodies directed against the 
mitochondrial adenine-nucleotide transporter led to altera-
tions in cellular energy consumption and calcium homeosta-
sis. [29, 30] 4e localization of the antigens for which anti-
body signals were identiYed in A.BY/SnJ mice only (48 pro-
tein species) did not diXer signiYcantly from that of C57BL/6 
mice except for a slightly increased percentage of cytoskeletal 
antigens (10 %).  

Functional categorization of all identiYed proteins (115 
diXerent protein species mapped to Uniprot accession num-
bers) disclosed carbohydrate metabolism (30 proteins), res-
piratory electron transport chain (19), cellular component 
organization (12) and tricarboxylic acid cycle (9) as the ma-
jor biological processes targeted by auto-reactive antibodies 
(Supporting information Table S4). In the acute phase of 

infection (day 4 and 8 p.i.) the antigens targeted by the cardi-
ac autoantibodies were assigned to similar biological pro-
cesses in both mouse strains (according to PANTHER- 
www.pantherdb.or). However, a comparison of the proteins 
recognized by autoantibodies in A.BY/SnJ and C57BL/6 
mice at particular time points revealed a higher number and 
stronger signal intensities in the permissive strain for targets 
involved in primary metabolic processes like respiration, 
carbohydrate metabolism and tricarboxylic acid cycle but 

also protein transport and cellular component organization 
(Supporting information Table S5). 4is higher number of 
protein targets in the susceptible strain A.BY/SnJ (Fig. 4, 
Supporting information Table S1 and S5) might reWect more 
pronounced cardiomyocyte lysis even in the early phase of 
infection.[31] 

In agreement with observations for various animal models 
[5, 32] myosin heavy chain 6 was the most pronounced car-
diac antigen in the permissive strain for which signal intensi-
ties increased up to 1800-fold at day 28 p.i. compared to the 
non-infected controls. A similar extremely strong signal was 
also reported for CVB3 infected SWR/Ola (H-2q) mice at 
day 25 p.i. suXering from subsequent myocarditis but with-
out mortality.[33] However, rather weak anti-myosin anti-
body signals were observed in C57BL/6 mice at day 28 p.i., 
Molecular mimicry between Coxsackievirus and myosin was 
hypothesized to play a role in pathogenesis.[34-35] However, 
anti-myosin antibodies were also detected a[er troponin I-
induced myocardial damage [36] or immunization with my-
osin itself.[37] 4ese reports as well as the marked produc-
tion of anti-myosin antibody in the permissive strain sup-
port a causative role of released cardiac antigens and their 

Fig. 3. Kinetics of Western Blot signal intensities at 4, 28 and 84 
days p.i. with CVB3 in comparison to non-infected mice (day 0). 
Ratios of each time point vs. day 0 of A.BY/SnJ mice (black) were 
sorted by size and the corresponding ratio of each signal in 
C57BL/6 mice (white) was plotted. 4e horizontal gray line marks a 
5 fold increase of the antibody signal in comparison to non-infected 
mice. 

Fig. 4. Biological processes displaying diXerences in the number 
of assigned autoantibodies (assigned by the identiYcation of the 
corresponding antigen) between the susceptible strain A.BY/SnJ 
and the resistant strain C57BL/6  at day 84 p.i. (black bars). Acute 
myocarditis (day 4 and day 8 p.i.) white bars; chronic myocarditis 
(day 28 p.i. grey bars).  
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corresponding auto-antibodies in pathogenesis of cardiomy-
opathies.[1] Auto-antibodies against troponin I or T, which 
were reported in other studies (reviewed by [38]), could not 
be detected in this study although the respective antigens 
were abundantly present in the 2-DE (data not shown). 
4ese diXerences might be caused be diXerent genetic back-
ground because analyses of human sera from patients suXer-
ing from DCM and ICM against known cardiac auto-
antibodies –among them anti-troponin I- revealed only fre-
quencies of 15-20 % presence of speciYc antibodies [39] sup-
porting the notion of a highly variable autoimmune response 
following myocardial damage. In our study we cannot ad-
dress the prevalence of auto-antibodies directed against car-
diac G-protein coupled receptors [40-41] since these mem-
brane proteins were not resolved on the 2-D-gels [42] used 
for pre-fractionation of proteins prior to immunoblotting.  

In A.BY/SnJ mice an autoantibody proYle very similar to 
the one just described for myosin heavy chain 6 auto-
antibodies, i.e. highest intensities at day 28 p.i. followed by a 
substantial drop in titer during active DCM (day 84 p.i.), was 
also observed for a number of mitochondrial proteins like 
components of complex I, II, III, and V of the respiratory 
electron transfer chain as well as for acyl-CoA-
dehydrogenases. A variety of these proteins are Wavoproteins 
(medium-chain speciYc acyl-CoA dehydrogenase, long-
chain speciYc acyl-CoA dehydro-genase, isovaleryl-CoA 
dehydrogenase, electron transfer Wavoprotein subunit beta, 
succinate dehydrogenase Wavoprotein subunit Sdha and 
[ubiquinone] iron-sulfur protein Sdhb) which have already 
been described as cardiac antigens of auto-antibodies a[er 
CVB3-infection in mice.[43] Since mitochondria are highly 
abundant in cardiomyocytes, protein release in case of myo-
cardial damage might lead to substantial antibody formation 
with functional relevance. 4e high number of gap-junctions 
facilitating the penetration of plasma membrane allows anti-
bodies to gain access even to intracellular targets [30] and 
might contribute to energy limitations supposed already 
from altered levels of transcripts and proteins involved in 
lipid metabolism [21] and respiratory electron transport 
chain.[44-45] 

Also for stress proteins like mitochondrial stress-70 pro-
tein and heat shock protein 8 strong increases in Western 
Blot signal intensities were detected predominantly at day 28 
p.i. in comparison to non-infected mice. Cardiac autoanti-
bodies against heat shock proteins have also been found in 
serum of patients suXering from DCM [46], supporting the 
similarities in the autoimmunity-related processes observed 
in animal models and in patients. 

With the manifestation of the cardiomyopathy phenotype 
a drop in cardiac autoantibody levels was detected, although 
the titers in the permissive mice remained at much higher 
level than those in the recovered strain C57BL/6 (Figure 2I, 
J, Fig. 5). Most of the intense signals decreased signiYcantly 
up to day 84 p.i. as already mentioned. 

However, for a small group of cardiac proteins like radix-
in, alpha enolase, sero transferrin and 2 myosin peptides 

high antibody titers were detected only in the susceptible 
mouse strain and only at 84 days p.i. (Supporting infor-
mation Table S1). In contrast, no antibodies against these 
proteins were present in C57BL/6 mice at any time point of 
myocarditis. 4us, a speciYc role for these auto-antibodies in 
virus-induced cardiomyopathy can be speculated, but has to 
be proven by use of age matched controls and the analysis of 
sera from diXerent animal models as well patient samples. 

4. Concluding Remarks 

In this study we investigated two mouse strains diXering in 
their immune response a[er infection with CVB3, thus dis-
playing a diXerent cardiac autoantibody proYle and reper-
toire. In the resistant C57BL/6 strain which is able to elimi-
nate the virus within a few days due to eXective cytokine 
production and activation of immune cells only short term 
accumulation of cardiac auto-antibodies was observed, the 
titer of which then declined fast and signiYcantly. In con-
trast, in the permissive strain A.BY/SnJ virus persistence and 
ongoing myocardial injury were associated with persistent 
high titers of cardiac auto-antibodies. Here, a certain genetic 
predisposition probably causes alterations in the adaptive 
immune system. Furthermore, linkage of the major histo-
compatibility complex to susceptibility to chronic viral infec-
tions has been hypothesized. More extensive comparative 
genetic studies of mice strains presenting extensive auto-
immune reactions with those lacking strong auto-antibody 
formation a[er viral infection are necessary, and the two 
strains of the present study seem to be potential candidates 
for such studies. 4e time resolved proYle of the autoim-
mune response of A.BY/SnJ mice was characterized by the 
presence of massive antibody titers against cardiac myosin 
and mitochondrial proteins during chronic inWammation 

Fig. 5. Kinetics of mean Western Blot signal intensities in com-
parison to non-infected mice (day 0) of A.BY/SnJ mice (black sym-
bols) and C57BL/6 mice (white symbols).  
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(day 28 p.i.). 4e supposed lack of energy due to inference of 
antibodies with primary metabolism as well as loss of sar-
comer integrity due to targeting of cell structure proteins 
might contribute to further myocyte loss leading later on to 
the manifestation of cardiomyopathy as a late consequence 
of enterovirus infection. 

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/96/0. 
 
Supplementary material includes: 
• Supplementary Fig. S1. Number of cardiac autoantibodies 

detected in serum of mice infected with CVB3. 
• Supplementary Fig. S2 Fused images of 2-D Western Blot im-

ages of all time points of pooled serum. 
∗ A. Labeled (spot signal numbers) fused image of 2-D West-

ern Blot images of all time points of pooled serum in the pH 
range 4-7.  

∗ B. Labeled (Gene name or UniProt accession number) 
fused image of 2-D Western Blot images of all time points 
of pooled serum in the pH range 4-7.  

∗ C. Labeled (spot signal numbers) fused image of 2-D West-
ern Blot images of all time points of pooled serum in the pH 
range 6-11.  

∗ D. Labeled (Gene name or UniProt accession number)fused 
image of 2-D Western Blot images of all time points of 
pooled serum in the pH range 6-11. 

• Supplementary Table S1. List of all autoantigens identiYed by 
MALDI-TOF-MS/MS corresponding to autoantibodies gener-
ated in two mouse strains. 

• Supplementary Table S2. Protein identiYcation details of cardi-
ac protein targets of autoantibodies detected by 2-D Western 
Blot in serum of A.BY/SnJ mice. 

• Supplementary Table S3. Protein identiYcation details of cardi-
ac protein targets of autoantibodies detected by 2-D Western 
Blot in serum of A.BY/SnJ mice. 

• Supplementary Table S4. List of biological processes displaying 
signiYcant enrichment (p<0.05) among the list of proteins 
identiYed as antigens for autoantibodies in the hearts of A.BY/
SnJ or C57BL/6 mice infected with CVB3.Enrichment of bio-
logical processes among the regulated proteins was calculated 
in the PANTHER so[ware by comparison with the reference 
set of NCBI mouse database. 

• Supplementary Table S5. List of biological processes displaying 
signiYcant enrichment (p<0.05) among the list of proteins 
identiYed as antigens for autoantibodies in the hearts of A.BY/
SnJ or C57BL/6 mice infected with CVB3resolved per time 
point. Enrichment of biological processes among the regulated 
proteins was calculated in the PANTHER so[ware by compari-
son with the reference set of NCBI mouse database.Color de-
Ynes signiYcance of enrichment: dark red: highly signiYcant; 
bright red >0.01< 0.05; yellow no signiYcant enrichment. 
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Non-tuberculous mycobacteria (NTM) are ubiquitously 
distributed in hospital and other environments such as 
drinking water, soil, bio4lms, aerosols, swimming pools, and 
metal working 5uids [1]. 9ere have been increasing reports 

of NTM infections in both immunocompetent and immuno-
compromised individuals particularly HIV patients [2, 3].  
While majority of the past studies on virulence factors and 
mechanisms in NTM have been focused on slowly growing 
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Abstract 

1. Introduction 

Rapidly growing non-tuberculous mycobacteria (NTM) are signi4cant human pathogens which show high inter-species diLerences in clini-
cal characteristics (virulence, host immune response) during infection even within a given NTM complex. Understanding the diLerences 
between the secreted proteomes of the member species for an NTM complex may reveal the basis of their diLerential virulence and host 
pathogenesis potential including host immune reactions.  In this study, major secreted proteins of the two taxonomically close but clinically 
diLering member species M. abscessus and M. chelonae of the M. chelonae-M. abscessus(MCA) complex were compared using an approach 
based on 2-dimensional gel electrophoresis (2-DE) and MALDI-TOF analyses. 9e two secretomes showed dramatic diLerences. Of the 73 
major secreted proteins identi4ed, majority were expressed in a species-speci4c manner, including 37 in M. chelonae and 32 in M. abscessus. 
Interestingly, 9 of these diLerentially expressed proteins were orphan proteins showing homology to either hypothetical proteins or those 
with no de4ned function. 9e other 60 distinctly expressed proteins were homologs of those associated with various bacterial cellular func-
tions and virulence, namely cell wall synthesis or lipid metabolism, metabolic and respiratory pathways, stress response and signal transduc-
tion, gene regulation, and immune response. 9is information on species-speci4c secreted proteins would help understand the critical viru-
lence factors and host pathogenesis mechanisms in these mycobacterial species and provide the basis for developing better therapeutic strate-
gies. 9ese proteins may also serve as potential targets for species-speci4c diagnosis as an additional outcome. To our knowledge, this is the 
4rst attempt to characterize the secretome of M. chelonae (for which the genome sequence is not yet available) and the secretome diLerences 
between M. abscessus and M. chelonae.  

Keywords: Secretome; Secreted proteins; 2-DE; Mycobacterium; M. chelonae; M. abscessus . 

Abbreviations: 

2DE, Two-dimensional gel electrophoresis; RGM, rapidly growing mycobacteria; NTM, non-tuberculous mycobacteria; MCA, M. chelonae-
M. abscessus; SGM, slow growing mycobacteria; MB7H10, Middle brook 7H10; ATCC, American Type Culture Collection. 
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mycobacteria (SGM) group particularly Mycobacterium 
avium complex [3], little is known on the rapidly growing 
mycobacteria (RGM) species. Among the RGM, the M. che-
lonae-M. abscessus (MCA) complex is particularly signi4cant 
considering its frequency of occurrence in clinical conditions 
and extraordinary drug resistance. M. abscessus and M. che-
lonae are the original members of the MCA complex that are 
most frequently detected in clinical conditions associated 
with this complex [3, 4]. Recently, M. immunogenum and 
two former subspecies of M. abscessus viz. M. bolletii, and 
M. massiliense have been added as new member species under 
this complex [5, 6, 7]. 9e MCA species are genetically close-
ly related and thus require development of specialized diag-
nostic strategies to diLerentiate their clinical and environ-
mental isolates, as reported in our recent eLorts [8, 9]. 

Species of the MCA complex are opportunistic pathogens 
that have been reported to cause several pseudo-outbreaks 
[10] and chronic infections in lung or other tissues (skin, soU 
tissues, liver, joints, and female genital tract) of the human 
body [2]. Many of the infections occur inside the body aUer 
normal surgery procedures[11-17]]. Pulmonary diseases 
caused by the MCA species [3], manifest as infection and/or 
immunological pathologies. 9e infection pathologies are 
characterized by tuberculosis (TB)-like symptoms [2]. On 
the other hand, species of this complex have been implicated 
as etiological agents of the immune-mediated lung disease 
hypersensitivity pneumonitis (HP) in machinists exposed to 
contaminated machining 5uids [18]. In this context, our 
laboratory has reported the occurrence of multiple geno-
types of MCA species M. chelonae, M. immunogenum and 
M. abscessus, from these 5uids [19, 20]. 

Despite being taxonomically closely-related, member spe-
cies of the MCA complex vary in their clinical presentation 
both in terms of disease potential/severity and drug re-
sistance. M. abscessus, in particular, is a newly emerged pul-
monary pathogen increasingly being isolated from cystic 
4brosis and other respiratory patient populations [21]. It is 
now the most frequently encountered species in RGM case 
reports and is the causative pathogen in an estimated 80% 
cases of the RGM pulmonary disease [22]. Collectively, these 
clinical epidemiological studies imply a relatively greater 
potential of M. abscessus in causing MCA pulmonary infec-
tions. Independent experimental studies on its pathogenesis 
potential have shown that M. abscessus can replicate in vitro 
in cultured macrophages and multiply or persist in a mouse 
model of infection [23]. In contrast, M. chelonae showed 
early clearance both in the infected macrophages [23, 24] 
and a mouse pulmonary infection model (Unpublished da-
ta). Other studies using mouse intravenous infection models 
demonstrated diLerential immune control (clearance) of M. 
abscessus versus M. chelonae infection [25]. Collectively, the 
above discussed clinical/phenotypic diLerences between M. 
abscessus and M. chelonae are expected to result from the 
diLerences in the underlying molecular factors in these spe-
cies.  However, such virulence and host response-
determining factors in these species of the MCA complex 

have not yet been characterized.  
Secreted proteins are known to play important role in the 

survival of tuberculous species inside the host or in the envi-
ronment. Several secreted proteins with speci4c role in viru-
lence have been reported from M. tuberculosis and related 
SGM species [26, 27].  However, little information is availa-
ble on the secretomes of non-tuberculous mycobacteria par-
ticularly the RGM species of clinical signi4cance [22]. We 
recently published the immunoproteome (including secreted 
antigens) of the MCA species M. immunogenum [28]. 9e 
aim of the current study was to identify and compare secret-
ed proteins of the two prominent and clinically signi4cant 
member species M. abscessus and M. chelonae of this com-
plex. 9e experimental approach included proteomic pro4l-
ing of their culture 4ltrate proteins based on 2-DE and 
MALDI-TOF analyses, and comparing the two secretomes 
for shared and unique proteins and their putative functional 
relevance. Recently, the complete genome sequence of M. 
abscessus has been reported [29] (http://
www.ncbi.nlm.nih.gov) whereas the genome sequence of M. 
chelonae is not yet available. 9is study on secretome analysis 
in these two closely-related MCA species will complement 
the post-genomic analysis and help in studying their systems 
biology for understanding the virulence and host pathogene-
sis diLerences. 9e identi4ed secreted proteins may have 
importance in the development of novel therapeutics and 
vaccine candidates.  

2. Materials and Methods 

2.1 Strains and culture conditions 

M. abscessus ATCC 23006, a lung isolate from a patient’s 
sputum, and M. chelonae ATCC 35752, the type strain origi-
nally isolated from tortoise, were obtained from the Ameri-
can Type Culture Collection (ATCC). Both species were 
maintained on Middle brook 7H10 (MB7H10) agar and cul-
tivated using Sauton’s medium. For proteomic studies, liquid 
cultures of the two species were grown to log phase under 
identical conditions, using Sauton’s broth and incubation by 
shaking (250 rpm) at 37 ˚C.  

2.2 Preparation of secretory proteins extract 

 Bacterial cells from either species were pelleted by centrif-
ugation (3000g) at 4˚C for 30 min and the culture superna-
tant was clari4ed by passing through a 0.22 µm membrane 
4lter. 9e 4ltrate was concentrated by trichloroacetic acid 
(TCA) protein precipitation method [28] followed by resus-
pension of the precipitate in rehydration buLer (9 M urea, 
2M thiourea, 4% CHAPS, 65mM DTT) to isolate the secreto-
ry protein extract. Protein concentration in the resulting 
protein extract was determined using Quick Start Bradford 
protein assay kit (Bio-Rad, Hercules, CA), according to the 
manufacturer’s speci4cations [30]. 
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2.3 Isoelectric focusing and two-dimensional gel electrophore-
sis (2-DE) 

 For the isoelectric focusing (IEF) prestep, 100 µg of the 
protein extract was added to 125 µl of rehydration buLer (9 
M urea, 2M thiourea, 4% CHAPS, 65mM DTT, 0.5% IPG 
buLer and 0.002% bromophenol blue). 9e IEF separation 
was achieved using a 7cm IPG strip pH range 4-7 (GE 
Healthcare, Piscataway, NJ) on the IPGphore II isoelectric 
focusing system (GE Healthcare, Piscataway, NJ). 9e strip 
was rehydrated using 50μA for 12h at 15°C and then focused 
for 16000 volt hours using an upper current limit of 50 μA. 
Prior to running the 2D gel, the IPG strip was incubated 
twice for 10 min each in equilibration buLer (6 M Urea, 30% 
glycerol, 0.05 M Tris pH 8.8, 2% SDS, 0.002% bromo phenol 
blue),  4rst in conjunction with 135 mM DTT and then with 
135 mM iodoacetamide.  

9e IEF separated proteins were subjected to 2-DE using 
15% SDS-PAGE gel. 9e protein gels were stained with SY-
PRO Ruby (Invitrogen, Carlsbad, CA) and the gel images 
were taken and processed using the 2D imaging soUware 
Imagemaster TM 2D Elitegive version 4.01 (GE Healthcare, 
Piscataway, NJ). 9e isolated protein spots were manually 
picked from the SYPRO Ruby-stained gel with one touch 
spot picker (9e Gel Co., San Francisco, CA) and prepared 
for mass spectroscopy analysis, as described below. 

2.4 MALDI-TOF peptide mass mapping 

 9e well separated protein spots on the 2D gel were ex-
cised  and chopped into small pieces followed by 3 alternate 
cycles of  washing using  500 µl of 50% acetonitrile (ACN) in 
25 mM ammonium bicarbonate buLer pH 8.0 and dehydra-
tion using 100% ACN. 9e treated gel pieces were dried 
completely by vacuum centrifugation followed by rehydra-
tion at 4˚C for 1h  with 25 µl trypsin digestion buLer ( 100 
mM ammonium bicarbonate buLer and 1 mM CaCl2) con-
taining  50 ng trypsin gold (Promega, Madison, WI, USA). 
Extra trypsin buLer was then added for complete submerg-
ing of the gel and the reaction mixture incubated at 37˚C 
with continuous shaking for 16h. Following centrifugation, 
the individual gel slices were subjected to protein elution for 
10 min using 50μl of 5% tri5uoroacetic acid (TFA) in 50% 
ACN (v/v). 9is process was repeated and the extracts were 
pooled. 9e eluted digested protein sample was then evapo-
rated by vacuum centrifugation and kept at -20˚C until use. 
Just before analysis, the digested protein samples were dis-
solved using 5% TFA in 50% ACN. 

9e MALDI-TOF analysis was performed on a PE Voyag-
er DE_STR biospectrometry work station (Applied Biosys-
tems, Foster city, CA) set in re5ector mode in the mass range 
500 to 5000 Da. 9e matrix α-cyano-4-hydroxycinnamic 
acid (CHCA) was prepared in a saturated solution of 50% 
ACN-0.1% TFA. For the mass spectral analysis, equal vol-
umes of the matrix solution (1µl) and the sample (1µl) were 
mixed on the sample plate, and air dried to form crystals. 

Each peptide mass spectrum was calibrated using external 
standards from Sigma (Insulin oxide β, ACTH Fragment, 
Angiotensin I, Bradykinin) and internally calibrated with 
trypsin autolysis peaks; mono isotopic peaks of trypsin auto 
digests were 842.508, 1045.504 and 2211.108, 2225.12 m/z.  

2.5 Bioinformatic analysis 

 An automated analysis of the mass peaks was done against 
the protein database using MASCOT search engine (http://
www.matrixscience.com/search_form _select. html). To 
assign a positive identi4cation, at least three peptides had to 
match, with a search tolerance of 100 ppm while allowing 
one miscleavage as used in a previous study [28]; possible 
4xed modi4cations ascribed to alkylation of cysteine by car-
bamidomethylation and oxidation of methionine were taken 
into consideration. For the probability based peptide mass 
4ngerprinting identi4cation, a minimum of one signi4cance 
hit (P<0.05) was considered as an identity. In some instanc-
es, the protein was identi4able despite the low mass score 
because its top hit was a mycobacterial protein (which al-
lowed it to be diLerentiated from other proteins). 9e bioin-
formatics approach for protein identi4cation is demonstrat-
ed in the online Supplementary Information showing tRNA 
pseudouridine synthase protein identi4cation of M. chelonae 
as an example (supplementary 4le 1). 

2.6 Mycobacterial database searching 

 9e MASCOT-identi4ed proteins were characterized us-
ing the available mycobacterial databases namely Tuberculist 
(www.sanger.ac.uk), Proteome 2D-PAGE Database (http://
web.mpiib-berlin.mpg.de/cgi-bin/pdbs/2d-page), the recent-
ly released whole genome sequence database for M. ab-
scessus (EMBL accession numbers: CU458896, chromosome; 
CU458745, plasmid), and the published information on  
mycobacterial and other bacterial proteins.  Function-based 
pro4ling of the identi4ed secreted proteins was done on the 
basis of available database and literature mining, mainly us-
ing the functional annotation database developed by the 
Sanger Centre of Genomic Research (http://

www.sanger.ac.uk/Projects/M_tuberculosis/Gene_list) and the 
published literature retrieved via PubMed. 

3. Results and Discussion 

Investigation of secretomes oLers a unique tool to investi-
gate the pathogen factors  playing a direct role in host-
pathogen interaction and clinical manifestation of infection. 
9is study compared the secretome pro4les of M. abscessus 
and M. chelonae based on 2-DE and MALDI-TOF analysis 
of the culture 4ltrates. 9e comparisons were made in terms 
of diLerential secretion of the protein factors known to be of 
relevance in pathogen virulence and host response including 
immune reaction in mycobacteria and other bacterial patho-
gens (see Tables 1 and 2 and Figures 1-3).  
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3.1 Optimization of 2-DE separation of the secreted proteins  

For eacient comparative secretome analysis, the 2-DE 
separation of the culture 4ltrate proteins from the two myco-
bacterial species was 4rst optimized by varying the IEF pH 
range and SDS-PAGE concentrations. We observed a better 
resolution of the proteins in the acidic pH range 4-7 than in 
a broader pH range (pH 3-10) and in 15% SDS-PAGE, for 
both the mycobacterial species. More than 100 proteins were 
visualized on the SYPRO Ruby-stained gel, run in triplicate, 

for either species (Figures 1A  and 1B). Major protein spots 
manually excised from the 2D gels and trypsin digested were 
reliably identi4ed by MALDI-TOF mass spectroscopy and 
database searching (Tables 1 and 2). 

3.2 Functional grouping of the secreted proteins  

Majority of the identi4ed secreted proteins were found to 
be the homologs of the proteins that play diverse roles in 
both pathogenic and nonpathogenic bacteria. 9ese identi-

Figure 1. Two-dimensional gel electrophoretic (2-DE) separation of the secretome proteins (A). M. abscessus (ATCC 23006). (B). M. che-
lonae (ATCC 35752). Culture 4ltrate proteins prepared from the actively growing log-phase cells of either species were separated on 2-DE 
gels (IEF pH gradient 4-7) and stained with SYPRO Ruby as described under Materials and Methods. 9e approximate positions of molec-
ular weight markers (kDa) are indicated. 9e spot numbers indicated on the gel correspond to the protein numbers presented in Tables 1 
and 2.  

Figure 2. Functional distribution of the identi4ed secreted proteins. (A) M. abscessus (ATCC 23006). (B) M. chelonae (ATCC 35752).  
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4ed protein homologs in the two species could be catego-
rized  in six diLerent functional groups (Figures 2A and 2B), 
namely  (1). Cell wall synthesis or lipid metabolism; (2) 
Stress response and signal transduction; (3). Metabolic and 
respiratory pathways; (4). Gene regulation and cell division; 
(5). Immune response ;(6). Hypothetical proteins of un-
known function. Some of the secreted proteins could be as-
signed to more than one of these functional categories. Rela-
tive percent distribution of the individual functional catego-
ries in the two secretomes is presented in Figure 2.  

3.3. Comparison of the M. abscessus and M. chelonae secre-
tomes 

9e 2-DE pro4les on the culture 4ltrate showed that M. 
abscessus and M. chelonae secrete about the same range of 
detectable proteins in the extracellular culture environment 
(Figure 1). However, a comparison of the two pro4les led to 
an identi4cation of species-speci4c (unique) and common 
(shared) proteins (Figure 3). A total of 39 secreted proteins 
were identi4ed in M. chelonae, of which 37 were unique to 
this species secretome whereas 2 represented shared proteins 

between the two species. In M. abscessus, 34 major proteins 
were identi4ed, of which 32 were unique to this species se-
cretome.  

3.3.1. Shared secreted proteins  

9e two secreted proteins common between the M. ab-
scessus and M. chelonae secretomes viz. elongation factor Tu 
(EF-Tu) and Acyl-CoA dehydrogenase (FadE6) are known 
to play roles in survival or virulence in other Mycobacterium 
species. For instance, EF-Tu is a GTPase which helps in 
binding of aminoacyl-tRNA to ribosomes during protein 
biosynthesis and shows up-regulation during hypoxia and 
high iron conditions in vitro [31-33]. 9is protein is also 
upregulated during mycobacterial infection of macrophages 
[33]. It has been shown to be associated with the membrane 
in M. leprae [34] and in E. coli during starvation indicating 
that EF-Tu may have role in the regulation of cell growth 
and the organism’s response to stress such as in response to 
antimycobacterial therapy [35].  FadE6 belongs to the class 
of 5avoproteins which play important role in the oxidation 
of fatty acyl-CoA [36]. It uses n-octanoyl-CoA as a substrate 

Figure 3. DiLerential distribution of the secreted proteins in M. abscessus versus M. chelonae. 9e two circles in the Venn diagram 
show the species-speci4c (unique) proteins for the individual species whereas the overlap region between the two circles shows the proteins 
common in both species. 
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and acts as a medium-chain acyl-CoA dehydrogenase in M. 
tuberculosis [37]. 9e shared secreted proteins could be the 
basis of common virulence characteristics in the two species. 

3.3.2. Species-speci/c secreted proteins  

It is interesting that M. abscessus  has the ability to multi-
ply, persist, and cause infection in in vivo models [23, 24, 25, 
Yadav et al unpublished data] whereas M. chelonae gets 
cleared  relatively early during infection in these models. It is 
likely that the unique secreted proteins of M. abscessus iden-
ti4ed in this study enable these diLerences in survival and/or 
virulence of M. abscessus inside the host as compared to M. 
chelonae. Speci4cally, diLerential secretion of the following 
major categories of mycobacterial proteins in the two species 
may be responsible for the species-speci4c diLerences in 
their immunogenicity/virulence and host response charac-
teristics. 

3.3.2.1.  ESAT-6 secretion system (ESX) proteins. 

ESX is a type VII secretion system known to exist in My-
cobacteria and many other actinobacteria and Gram-positive 
bacteria. It comprises of 5 paralogs (ESX-1 through ESX-5) 
in M. tuberculosis. Of these, ESX-1 which is responsible for 
secretion of its prototypical members Early Secreted Antigen 
6 kDa (ESAT-6) and 10 kDa culture 4ltrate protein (CFP-
10), has been shown to play an important role in pathogen 
virulence and survival inside the host. For instance, the ESX-
1 components ESAT-6 (ESXA) and CFP 10 (ESXB) form a 
complex and allow the TB pathogen to survive within mac-
rophages [38]. In contrast, the vaccine strain M. bovis BCG 
which has ESAT-6 deletion in the RD-1 region [39] is unable 
to persist in the host. Some of the other four paralogous ESX 
systems are also known to be essential for pathogen growth. 
In light of these facts about the functional signi4cance of 
mycobacterial ESX proteins, it is interesting that we detected 
a putative ESAT-6 like protein ESXT in M. abscessus and not 
in M. chelonae culture 4ltrate. Besides its relevance in con-
ferring diLerential virulence potential, the ESAT-6 has prov-
en to be a speci4c diagnostic target for tuberculosis infection 
such as in QuantiFERONR-TB Gold Test and certain multi-
plex assays.  Likewise, the diLerentially secreted ESX protein 
ESXT in M. abscessus, could be a potential target for design-
ing species–speci4c diagnostic assays. In this context, ESXA 
and ESXB have been previously reported as eLective targets 
for speci4c diagnosis of M. abscessus infection [40]. ELISA-
based analysis for these proteins  enabled successful diagno-
sis of infection (abscess) in M. abscessus-infected  patients 
(culture positive for M. abscessus) but not in  the M. chelo-
nae-infected patients (culture positive for M. chelonae)  [40].  

 

3.3.2.2 Cell wall synthesis or lipid metabolism proteins. 

Several secreted proteins identi4ed in the two species were 

found to be the homologs of proteins/enzymes involved in 
biosynthesis or degradation of fatty acids (mycolic acids) 
and glycolipids, the two key components of the mycobacteri-
al cell wall. Except for the fatty acid oxidizing protein FadE6 
which is secreted by both M. abscessus and M. chelonae, 
others in this functional category were diLerentially secreted. 
For instance, M. abscessus-speci4c secreted proteins were 
Mycocerosyl (Mas), Polyketide synthase 2 (Pks2), Acyl-CoA 
carboxylase 3 (AccD3), and Methoxy mycolic acid synthase 
3 (MmaA3) whereas those diLerentially detected in M. che-
lonae secretome were Ketoacyl-ACP synthase A (KasA) and 
NADPH-dependent 2, 4- Dienoyl-CoA reductase (FadH). In 
addition, the alanine-rich lipoprotein LppW was detected 
among the major secreted proteins of M. abscessus similar to 
that observed in TB pathogen [26]. Secretion of the predom-
inantly cell envelope-associated lipoproteins has been as-
cribed to either shedding (release of acylated lipoproteins) or 
shaving (proteolytic cleavage) in a recent study on M. tuber-
culosis [27]. 

 It is noteworthy that the cell wall biosynthesis gene mas 
(fatty acid synthase) which is considered unique to patho-
genic species of the SGM group [36, 41] was expressed in the 
M. abscessus secretome. Expression of this gene is known to 
upregulate intracellular growth and survival within macro-
phages [42]. Another cell wall biosynthesis protein Polyke-
tide synthase 2 (Pks2) is known to be involved in the for-
mation of methyl-branched fatty acyl components of sul-
folipids [43] such as sulfolipid-1 (SL-1) and plays a role in 
establishment of TB infection in human host [44]. Homologs 
of the proteins involved in biosynthesis of mycolic acids 
(that form the hydrophobic outer layer of mycobacterial cell 
wall) showed diLerential distribution in M. abscessus (Acyl-
CoA carboxylases 3 (AccD3), Methoxy mycolic acid syn-
thase 3 (MmaA3)) versus M. chelonae (Ketoacyl-ACP syn-
thase A (KasA)) secretomes. 9e FAS pathway protein 
NADPH-dependent 2, 4- Dienoyl-CoA reductase (FadH) 
diLerentially secreted in M. chelonae is known to act as a 
link between the FAS-I and FAS-II pathways [45] .  

3.3.2.3. Stress response proteins 

In response to stresses such as heat, oxidizing conditions, 
and toxicant exposures, the cells produce a set of proteins 
loosely referred to as heat shock proteins (HSPs). Some of 
these proteins act as molecular chaperones which bind with 
and stabilize proteins at the intermediate stages, including 
folding, assembly, translocation across membranes, and deg-
radation. In our analysis we found two diLerentially secreted 
chaperonic proteins ClpB (M. abscessus) and DnaK (M. che-
lonae). ClpB is a heat shock protein [46] of the clp protein 
family that acts as an ATP-dependent protease. Notably 
ClpB separated as two distinct spots on the 2-DE gel (Figure 
1; Table 1). Since the two spots corresponded to the same 
protein accession number, these may be the length variants 
of the same protein. DnaK is a major immunodominant an-
tigen in pathogenic  mycobacteria [47, 48] and is found to be 
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upregulated when cells are subjected to high temperature. It 
is considered as an inhibitor of heat shock response to enable 
survival of the cells.  Other stress proteins detected in M. 
chelonae but not in M. abscessus included an RNA polymer-
ase sigma factor E (SigE), three serine-threonine kinases 
STPKs (PknB, PknD, and PknK), and the TrcRS two-
component system proteins TrcR and TrcS. Additional histi-
dine kinase protein homologs diLerentially detected in the 
two species were HK1 (M. chelonae) and Senx3 (M. ab-
scessus). DiLerential secretion of the chaperonic and other 
heat shock proteins in the two species implies their variable 
potential to survive and respond under physiological stress 
conditions, which in turn may contribute to their phenotyp-
ic diversity in terms of host-pathogen interactions.  

3.3.2.4. Metabolic and respiratory pathways associated pro-
teins. 

9is functional category encompassed the largest fraction 
(32-37%) of the identi4ed secretory proteins in both species 
(Figure 2). DiLerential distribution of the proteins of this 
category in the two species was as follows: M. abscessus- 
Adenylosuccinate lyase (PurB) and Phosphoribosylami-
doimidazole- succino-carboxamide synthase (PurC), F1Fo 
ATP synthase subunit beta (AtpD), Ribo5avin biosynthesis 
enzyme (RibD), Nitrate reductase (narGHJI), Isocitrate de-
hydrogenase 2 (Icd2), Phosphoenol pyruvate carboxykinase 
(PckG), TrkA protein (also designated as CeoB), Ami-
notransferase (At); M chelonae- Asparagine synthase B 
(AsnB), Copper-transporting ATPase (CtpA), FMN-
dependent alpha-hydroxy acid dehydrogenase (MmcS), Por-
phobilinogen deaminase (PBGD), Pseudouridine synthase 
(TruA), Pseudouridine synthase (TruA).   

ABC transporter class of proteins important in various 
cellular processes with likely role in drug resistance, immun-
ity, and/or pathogenesis [49] were detected in both the secre-
tomes albeit with a diLerential distribution of the members 
in M. abscessus (Rv1281c) versus M. chelonae (Rv0986, 
Rv3197). Such distribution between the two species implies 
their role in diLerentially conferring multiple virulence char-
acteristics to these pathogens. 

Notably, the two key nitrogen metabolism pathway en-
zymes Glutamate synthatase (GltD) and Glutamine synthe-
tase (GlnA1) were diLerentially detected in M. abscessus 
(GltD) and M. chelonae (GlnA1) secretomes. GltD is known 
to be involved in glutamate synthesis whereas GlnA1 is re-
sponsible for the incorporation of ammonia into glutamate 
to make glutamine at low ammonia concentration [50]. 
GlnA1 is a major secreted protein in the culture 4ltrate of M. 
tuberculosis (representing approximately one-third of its total 
measurable enzyme activity), a feature that is considered 
highly speci4c in pathogenic mycobacteria. It is one of the 
important drug targets in pathogenic mycobacteria consid-
ering its crucial roles in pathogen survival inside the phago-
some [51]; this occurs via modulation of ammonia levels, 
which may in turn in5uence phagosomal pH and phago-

some-lysosome fusion and cell wall formation [52]. L-
glutamine is considered a major component of the cell wall 
of pathogenic but not nonpathogenic mycobacteria. Its pres-
ence in the M. chelonae secretome may be one of the con-
tributing factors to its drug resistance. 

3.3.2.5. Gene regulation and cell division related proteins 

 9e member proteins of this functional category were 
diLerentially distributed between the two species as follows: 
M. abscessus (Elongation Factor G, GTP-binding protein Era 
homolog); M. chelonae (DNA polymerase I or PolA, RNA 
polymerase sigma factor D (RpoD), Anti-sigma factor 
(RsbW), Transcription regulatory protein (ArsR), the cell 
division protein FtsX). Notably PolA separated as two dis-
tinct isoforms with distinct accession numbers (Table 2). 
Being associated with basic cellular functions, these proteins 
could serve as important drug target candidates. 

3.3.2.6 Immune response-related proteins:  

An estimated 5-6% of the secreted proteins in the two se-
cretomes corresponded to those related to immune response 
(Figure 3). DiLerential secretion of these proteins was as 
follows: M. abscessus (ESAT-6, 14 kDa antigen HspX), M. 
chelonae (Antigenic protein 85C (Ag85C), PPE protein). 

 
In addition to the ESAT-6 like protein shared between the 

two secretomes, M. abscessus diLerentially secreted HspX14 
(also known as 16 kDa antigen or HSP 16.3). 9is protein is 
required for the growth of mycobacterium in macrophages 
and is upregulated under anaerobic conditions [53]. It has 
been proposed to play a negative regulatory role in the mul-
tiplication of the TB pathogen during in vivo infection [54]. 
It induces humoral immune response in TB patients and also 
induces T cell and B cell immune responses in latent infec-
tions [55, 56]. In contrast, M. chelonae secretome consisted 
of the major mycobacterial antigens Ag85C and PPE. Ag85C 
possesses a mycolyltransferase enzyme activity and plays an 
important role in cell wall biosynthesis and survival in myco-
bacteria [57]. It forms complex with Ag85A and Ag85B and 
constitutes a major cell wall component. Secreted protein 
Ag85B has been used for the diagnosis of tuberculosis [58]. It 
induces strong 9I response and protects mice from the in-
fection when used for immunization along with Ag85A or 
with other known mycobacterial antigens [59]. 9e other 
secreted protein under this functional category was a homo-
log of PPE59 (O06246) which belongs to the large PPE mul-
tigene family of antigens in mycobacteria. 9is family consti-
tutes around 10% of the M. tuberculosis genome [60]. Mem-
bers of this protein family are rich in asparagine and glycine 
and contain multiple repeats of AsnXGlyXGlyXAsnXGly 
signature as a major polymorphic tandem repeat (MPTR) 
[60]. Consequently, these proteins possess fewer tryptic 
cleavage sites making them diacult to detect in global prote-
omic analysis. Our observation is signi4cant considering that 
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there are fewer chances of detecting them in culture 4ltrate 
as compared to the cell wall fraction. For instance, in a latest 
otherwise exhaustive global proteomic study on the TB ba-
cillus, only one PPE protein could be detected in the culture 
4ltrate (27). Because of the presence of sequence variation at 
the C- terminal, it has been suggested that the PPE family 
proteins are responsible for the antigenic variation in myco-
bacteria [61]. DiLerential expression of an extracellular PPE 
may therefore be responsible for conferring yet unknown 
diLerential immunogenic characteristic(s) to M. abscessus.   

In our recent immunoproteomic study on another species 
of the MCA complex M. immunogenum [28], we detected 4 
secreted antigens, including EF-Tu (similar to M. chelonae 
and M. abscessus), antigen 85A and CtpA (similar to M. 
chelonae) and OtsB (unlike either species in the current 
study).  

3.4. Proteins with no known function (orphan proteins) 

In this study, 9 proteins with yet unknown function 
(orphan proteins) were identi4ed from the secretomes of M. 
abscessus (15% of the total) and M. chelonae (11% of the to-
tal) (Figure 2). Seven of the orphan proteins are homologs of 
the M. tuberculosis hypothetical proteins namely Rv3899c, 
Rv2004c, Rv3404c, Mb2715c, Mb1015, MT0552, and 
Rv0045c (Tables 1 and 2). Two of the orphan proteins viz. 
FAD-binding dehydrogenase (Rv0785) in M. chelonae 
(Table 2) and a probable dehydrogenase (Rv1432)  in M. 
abscessus (Table 1), matched properly named proteins in the 
database.  

4. Concluding remarks 

 In conclusion, this study provides the 4rst account on the 
major secretory proteins in the RGM species M. chelonae for 
which the genome sequence is not yet known. Importantly, 
the study revealed dramatic diLerences between the secre-
tomes of the two taxonomically close RGM species, M. ab-
scessus and M. chelonae, which show diLerences in host im-
mune control and infection response. Majority of the secret-
ed proteins (69 of 73 proteins) showed species-speci4c distri-
bution implying the signi4cance of the unique sets of secret-
ed factors in conferring the  host infection diLerences to 
these clinically important mycobacterial species. Further 
functional studies on the identi4ed species-speci4c proteins 
may elucidate their speci4c underlying role in conferring the 
virulence and host response (including host immune reac-
tion) potential in the two RGM species and could provide 
speci4c targets for development of anti-RGM therapeutics 
(drugs and vaccines). As an additional impact of the study, 
the diLerentially secreted proteins could also be exploited as 
targets for species diLerentiation and development of species
-speci4c infection diagnosis tools. 

5.  Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/96/0. 
Supplementary Material includes Supplementary 4le 1: 

Bioinformatic analysis for protein identi4cation based on 
Peptide mass 4ngerprinting and Mascot search. 
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Mammalian hepatocyte cultures represent an established 
and essential tool in drug development [1-5]. However, the 
relatively poor availability of human cells and their limited 
lifespan in culture means that animal cells, particularly rat 

hepatocytes, are o2en employed. Although these cells have 
utility, there is an urgent need to develop new, robust, 
metabolically-competent human hepatocyte models with 
predictable availability for routine hepatotoxicity and 
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Abstract 

1. Introduction 

Characterising primary hepatocytes and their de-diDerentiation in culture is vital for the reNnement of current culture techniques and for the 
development of new and improved in vitro hepatocyte models. We have performed multiplexed iTRAQ proteomics on whole cell prepara-
tions and further employed nuclear fractionation to expand the coverage of this important organelle. We identify many proteins that change 
in abundance during culture of rat hepatocytes for 48h and map their molecular functions. 431 proteins were identiNed and quantiNed in 
whole cell homogenates, mapping to 69 molecular functions using the PANTHER (Protein ANalysis THrough Evolutionary Relationships) 
classiNcation system. In whole cell homogenates liver-associated functions, such as oxidoreductase activity, were enriched compared with the 
reference rat proteome dataset but some functions, such as transcriptional activity, were under-represented. Nuclear fractionation resulted in 
the identiNcation of an additional 156 proteins which mapped to 31 molecular functions. ;ese proteins included some associated with he-
patic diDerentiation, such as HNF4alpha and CCAAT/enhancer-binding protein beta and others with less well-deNned roles. 

  Hierarchical clustering of samples within each experiment showed segregation of fresh and cultured sample types and stringent statistical 
analysis demonstrated signiNcant changes in 36% of proteins from the whole cell homogenates and 21% of proteins from the nuclear dataset 
(adjusted p <0.05). ;e molecular functions of the changed proteins in each dataset are mapped. ;ese datasets broaden our understanding 
of hepatocyte de-diDerentiation and will aid the identiNcation of target pathways to attenuate de-diDerentiation in culture and maintain 
hepatocytes with a more relevant physiological phenotype.  

Keywords: DiDerentiation; Hepatocyte; Nucleus; Proteomics. 

Abbreviations: 

ACN, acetonitrile; HBSS, Hanks balanced salt solution; iTRAQ, isobaric tags for relative and absolute quantiNcation; LC-MS/MS, Liq-

uid chromatography mass spectrometry/mass spectrometry; MMTS, Methyl methanethiosulfonate; PBS, Phosphate buDered saline; SDS, 

Sodium Dodecyl sulphate; TFA, triWuoroacetic acid; TEAB, triethylammonium bicarbonate; WEM, Williams’ E Medium.  
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metabolism studies. Despite the continuous reNnement of 
hepatocyte culture techniques, these cells undergo profound 
changes during culture with loss of liver function [6]. ;e 
underlying mechanisms are partially understood [7] but our 
knowledge concerning which proteins, and cellular 
functions change during culture remains incomplete.  In a 
recent study we proNled the proteome of freshly-isolated 
hepatocytes and mapped temporal changes in primary 
culture that were concomitant with large declines in the 
abundance of liver speciNc mRNAs [6]. We postulated that 
signiNcant changes in the nuclear proteome may be driving 
de-diDerentiation of hepatocytes in culture although there 
was limited coverage of this organelle in our dataset.  

;e nucleus of a cell orchestrates its phenotype through 
transcriptional control of speciNc gene programs. ‘Master’ 
transcription factors that determine cell speciNcity during 
embryonic development have been identiNed for many cell 
types [8] including hepatocytes [9], but alone these represent 
an incomplete picture of the complex networks of 
transcription factors, co-factors, chromatin remodelling 
proteins, RNA processing factors, and myriad accessory 
proteins that combine to direct cellular phenotype. Studies 
have been conducted previously to identify the proteins 
found in the nuclei of various cell types [10-14]. In the 
context of hepatocytes, a wider knowledge of the nucleus, 
and how its proteome changes in culture, should help 
develop better models of primary culture and assist in 
deNning pathways amenable to manipulation. In this study, 
therefore, our aim was to further our understanding of 
hepatocyte de-diDerentiation through analysis of freshly-
isolated and cultured hepatocyte whole cells and puriNed 
nuclei using iTRAQ proteomics and analysis of the 
molecular functions associated with the proteins that 
signiNcantly change in abundance.  

2. Material and Methods 

2.1 Hepatocyte isolation  

All experiments were undertaken in accordance with crite-
ria outlined in a license granted under the Animals 
(ScientiNc Procedures) Act 1986, and approved by the Ani-
mal Ethics Committees of the University of Liverpool. 
Hepatocytes were isolated from male Wistar rats (Charles 
River, Manston UK) weighing approximately 250g . Rats 
were housed in controlled environmental conditions of 12 h 
light/dark cycle with free access to food and water. Rats were 
anesthetized with 200 μL of pentoject by intraperitoneal 
injection and, a laparotomy performed. ;e hepatic portal 
vein was cannulated with a 20 g × 48 mm vialon catheter 
(Becton Dickinson, U.K.), which was tied in place. Hanks 
balanced salt solution (HBSS) (Sigma, Poole, U.K.) without 
calcium and magnesium was perfused through the liver at 37 
°C for 10 minutes during liver excision. Once excised, 100 
mL of complete HBSS containing 50 mg of collagenase A 
(Roche, Welwyn Garden City, U.K.) was perfused through 

the liver with recirculation until it was digested. ;e cells 
were dispersed into 100 mL Williams’ E medium (WEM) 
(Sigma, Poole, U.K.) and Nltered through a 125 μm gauze 
into a sterile container. ;e cells were washed three times by 
centrifugation (100g for 2 minutes at 4 °C) and an aliquot 
was taken for counting. Cell suspensions (0.5 × 106/mL) 
were prepared in WEM supplemented with 100 U/mL 
penicillin and 100 μg/mL streptomycin, 2 mM/ L glutamine 
(Sigma, Poole, U.K.), 10% fetal calf serum (Lonza biologics, 
Slough, U.K.), and 1 μg/mL bovine insulin (Sigma, Poole, 
U.K.) and seeded at 70 000 cells/cm2. ;e seeded plates were 
incubated at 37 °C in a humidiNed atmosphere containing 
5% CO2 for 3 h before the medium was exchanged for serum
- and insulin-free WEM. Hepatocytes were cultured for 48 h 
as a monolayer on 100mm collagen I-coated culture dishes 
(Becton Dickinson, Oxford, UK).  Medium was changed 3 h 
a2er seeding and each 24 h therea2er.  

2.2 Sample protein preparation 

For whole-cell preparations, 5 x 106 freshly-isolated 
hepatocytes or hepatocytes scraped into ice-cold phosphate-
buDered saline (PBS) from two 100mm culture dishes, a2er 
48h in culture, were washed twice with 5 mL PBS, by low 
speed centrifugation, 100g for 5 minutes at 4 °C. Cell pellets 
were sonicated directly in 200 µL of 0.5M triethylammonium 
bicarbonate, 0.1% SDS (TEAB/SDS), with ten 1s pulses of a 
probe and the preparation clariNed by centrifugation 
(10,000g, 2 minutes).  

Nuclei were puriNed from freshly-isolated hepatocytes and 
cells a2er 48h culture.  Nuclei were prepared from 5 x 107 
freshly-isolated cells, or cells from at least ten 100mm cultu-
re plates. Cells were washed with ice-cold PBS, pellets were 
re-suspended in 5 mL ice-cold hypotonic solution (0.2x PBS) 
and placed on ice for 10 minutes. Hepatocytes were disrup-
ted using a dounce homogeniser and were centrifuged at 
1000g for 10 minutes at 4°C. ;e pellet was re-homogenised 
in 5 mL 2M sucrose, 3.3 mM CaCl2.  100 µL of 2 M sucrose, 
3.3mM CaCl2 was pipetted into multiple micro-tubes and 
carefully overlaid with 400 µL of sample homogenate and 
centrifuged at 18,000g, 4°C for 1 h. ;e resulting pellets of 
nuclei were each washed with 0.5 mL PBS per tube, and cen-
trifuged at 1000g for 10 minutes to form a pellet. ;e fracti-
on was checked for the absence of whole cells and large de-
bris by microscopic examination of a 5 µL aliquot diluted 20-
fold with PBS and a Nnal concentration of 0.1% trypan blue. 
;e pellets were combined and the proteins extracted by 
sonication in 30 µL TEAB/SDS). ;e preparation was clari-
Ned by centrifugation (10,000g, 2 minutes). Protein concen-
tration was determined in the supernatant using Bradford 
assay reagents (Sigma, Poole, UK).  

2.3 iTRAQ labelling Cation exchange and Mass spectrometry 

Labelling was carried out according to the manufacturer’s 
instructions for 8-plex labelling (ABSciex, Warrington, UK) 
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using 75 µg cellular or nuclear protein per tag. For LC-MS/
MS analysis of iTRAQ labelled samples, each cation ex-
change fraction was resuspended in 120 ìL 5% ACN/0.05% 
triWuoroacetic acid (TFA) and 60 ìL loaded on to the col-
umn. Samples were analysed on a QSTAR® Pulsar i hybrid 
mass spectrometer (ABSciex) and were delivered into the 
instrument by automated in-line liquid chromatography 
(integrated LC Packings System, 5 mm C18 nano-precolumn 
and 75 ìm × 15 cm C18 PepMap column; Dionex, California, 
USA) via a nano-electrospray source head and 10 ìm inner 
diameter PicoTip (New Objective, Massachusetts, USA). ;e 
pre-column was washed for 30 minutes at 30 ìL/min with 5% 
ACN/0.05% TFA, prior to initiation of the solvent gradient 
in order to reduce the level of salt in the sample. A gradient 
from 5% ACN/0.05% TFA (v/v) to 60% ACN/0.05% TFA (v/
v) in 70 min was applied at a Wow rate of 300 nL/minute. ;e 
MS was operated in positive ion mode with survey scans of 
1 second, and with an MS/MS accumulation time of 
1 second for the three most intense ions. Collision energies 
were calculated on the Wy based on the m/z of the target ion 
and the formula, collision energy = (slope × m/z) + intercept. 
;e intercepts were increased by 3–5 V compared to stand-
ard data acquisition in order to improve the reporter ion 
intensities/quantitative reproducibility. 

Data analysis was performed using ProteinPilot so2ware 
(Version 3, ABSciex, Warrington, UK). ;e data were ana-
lysed with a Nxed modiNcation of MMTS-labelled cysteine, 
biological modiNcations allowed and with the conNdence set 
to 10% to enable the false discovery rate to be calculated 
from screening the reversed SwissProt database 30-11-2009. 
Ratios for each iTRAQ label were obtained, using one sam-
ple of freshly-isolated cell or nuclear protein as the denomi-
nator in respective experiments. Raw iTRAQ Nles are availa-
ble at the TRANCHE hash: yBAoOh3Q3eZ-
CL8Dc10EJjzm5m0vcxS27Lb4EUjJYQB88/
DGbPpYkVVQxJvlLmB74NomeFJR2CMvJX/
jk6+gHne6lhaQAAAAAAAAi7A== 

2.4 Data processing and analysis 

Proteins above the 1% false discovery rate, identiNed with 
≥95% conNdence (for those identiNed with more two or 
more peptides) or 99% conNdence (for those identiNed by a 
single peptide) were included in the Nnal data analysis. Only 
proteins meeting these criteria and identiNed in at least three 
samples were used in the statistical analysis in the R compu-
tational environment, version 2.14.1 [15]. ;e packages 
marray (16) and multtest [17] were used for comparison 
between freshly-isolated cells and cultured cells. R scripts are 
available at the TRANCHE hash 
yBAoOh3Q3eZCL8Dc10EJjzm5m0vcxS27Lb4EUjJYQB88/
DGbPpYkVVQxJvlLmB74NomeFJR2CMvJX/
jk6+gHne6lhaQAAAAAAAAi7A==. Molecular functions 
were assigned using the PANTHER (Protein ANalysis 
THrough Evolutionary Relationships) classiNcation 
system, utilising the gene expression analysis tool ‘compare 

gene lists’ (www.pantherdb.org/) [18, 19]. 

2.5 Western Blotting 

 Proteins were denatured and reduced by heating to 80 °C 
for 10 minutes in Laemmli sample buDer (Sigma, Poole, 
U.K.) and 10 μg of each sample was resolved through a 10% 
polyacrylamide gel (Biorad, Hemel Hempstead, U.K.) and 
transferred to a nitrocellulose membrane (GE Healthcare, 
Slough, U.K.). A2er transfer, the nitrocellulose membrane 
was blocked overnight in Tris buDered saline, containing 
0.1% Tween 20, (Sigma, Poole, U.K.) and 10% milk protein 
at 4 °C. Antibodies used were rabbit anti-Lamin A (Sigma, 
Poole, U.K.) and goat anti-HNF4 alpha   (Insight 
biotechnology, Wembley,  U.K.). Peroxidise-conjugated anti
-rabbit, or anti-goat IgG antibodies (Sigma, Poole, U.K.) 
were used for chemiluminescence detection using ECL de-
tection reagents and ECL hyperNlm (GE Healthcare, 
Slough,U.K.).  

3. Results 

3.1 %e proteome of whole cell homogenates is enriched for 
molecular functions associated with liver. 

iTRAQ analysis of freshly-isolated and cultured whole cell 
homogenates identiNed and quantiNed 431 proteins. ;e 
supporting data Nle, sheet ‘WC iTRAQ results” details all 
proteins identiNed in whole cell extracts, their relative quan-
tities, log2 fold-change a2er culture and their associated p 
values (T test, comparing freshly-isolated and cultured sam-
ples). ;ese proteins were compared against the rattus 
norvegicus reference list in PANTHER using the gene expres-
sion analysis tool ‘compare gene lists’.  PANTHER’s back-
ground reference list of 27758 proteins mapped to 120 mo-
lecular functions and the experimental dataset mapped to 69 
molecular functions (supporting data Nle, sheet “WC MF”).  
41 molecular functions were represented by signiNcantly 
more or fewer proteins (p <0.05) than expected, based on the 
proportion of proteins from the reference list that mapped to 
each molecular function. Of these functions, 24 were signiN-
cantly over-represented in the experimental dataset (Table 1) 
and 17 were under-represented. Many of the functions that 
are over-represented are functions associated with liver pa-
renchyma, such as oxidoreductase-, peroxidase- and antioxi-
dant activities. Under-represented molecular functions in-
cluded those that are carried out by low abundance proteins, 
such as transcription regulation- or kinase activities. 

3.2 Nuclear fractionation a*ects the number and percentage 
of identi+ed proteins mapping to speci+c molecular functions. 

;e purity of hepatocyte nuclei isolation was checked by 
microscopic examination a2er addition of trypan blue to an 
aliquot of nuclei. Nuclei were seen as distinct organelles and 
the preparations were largely free from whole cell and cell 
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debris (Ngure 1A). As further conNrmation of high levels of 
nuclear enrichment western blots were performed for the 
nuclear envelope protein,  Lamin A. Immunodetection of 
Lamin A was much stronger in nuclear preparations com-
pared with whole cell samples conNrming the high degree of 
enrichment for  nuclei (Ngure 1B). ;ese highly pure prepa-
rations were used to analyse the hepatocyte nuclear proteo-
me by iTRAQ proteomics. 268 distinct proteins were identi-
Ned and quantiNed in our puriNed nuclear protein prepara-
tions. ;e supporting data Nle, sheet “Nuc iTRAQ results” 
details all proteins identiNed in nuclear preparations, their 
relative quantities, mean log2 fold change in culture and 
associated p values. 156 proteins were unique to this experi-
ment and not represented in the whole cell experiment. ;is 
dataset was also compared against the PANTHER rat refer-
ence list of proteins for mapping to molecular function 
(Supporting data Nle, sheet “Nuc MF”). ;ere were 31 mo-
lecular functions represented by signiNcantly more or fewer 
proteins (p <0.05) than expected (23 molecular functions 
over-represented and 8 under represented). Table 2 details 
the molecular functions signiNcantly over-represented by 
proteins in the nuclear dataset compared with expected val-
ues based on the reference list. Some of these molecular 
functions were over-or under-represented in common with 
the whole cell dataset but others are uniquely enriched or 
reduced in nuclear preparations. RNA binding, for example, 
was detected with the expected number of proteins in the 
whole cell dataset but more than 8-fold enriched in the nu-
clear preparations (table 2). Similarly transcription co-factor 

activity, which was under-represented in whole cell samples, 
is more than 2-fold over-represented in the nuclear prepara-
tions relative to the reference dataset.  

By simultaneously comparing the whole cell and nuclear 
datasets against the reference list of proteins in PANTHER 
we showed that nuclear fractionation changed the relative 
abundance of proteins associated with some molecular func-
tions. ;is also gave an absolute count of the numbers of 
proteins that map to each function for each experiment. 
Many additional proteins were mapped to particular molec-
ular functions depending on whether the protein prepara-
tion was whole cell- or nuclear-derived. In the whole cell 
dataset there were 37 molecular functions that were propor-
tionally enriched compared to nuclear preparations. ;ese 
functions were mainly associated with hepatocyte functions 
such as catalytic-, oxidoreductase- and transferase activities. 
Nuclear-derived protein preparations were proportionally 
enriched for 46 molecular functions (supporting data Nle, 
sheet "MF enrichment”). ;e functions identiNed in both 
datasets but proportionally enriched by more than 2 fold in 
nuclear samples are shown in Ngure 1 C. Many of the func-
tions have a strong association with the nucleus, such as nu-
cleic acid binding and transcriptional activity. Supporting 
data Nle, sheet "MF enrichment”, details, for all represented 
molecular functions in both datasets, the count for proteins 
mapping to that function for each dataset and the percentage 
of the each dataset mapping to that function. 

3.3 Molecular function analysis of proteins changed in during 
culture. 

Culture of hepatocytes caused a signiNcant change in 
abundance for a large proportion of proteins in whole cell 
and nuclear samples. Using the quantitative data for whole 
cell extracts to construct a heatmap with unsupervised hier-
archical clustering (Ngure 2A) demonstrated the clear diDer-
ences between freshly-isolated and cultured samples with 
clustering of similar sample types and clear segregation by 
sample type. ;e mean log2 fold-change for each protein was 
calculated and plotted as a frequency histogram (Ngure 2B). 
;is showed that proteins were both up- and down-
regulated with the larger changes occurring with lower fre-
quency. Statistical analysis of these data, by T-test, showed 
that 206 proteins (>47% of the dataset) were signiNcantly 
changed in abundance a2er 48h in culture (raw p <0.05). 
A2er adjustment for multiple comparisons there were still 
159 proteins (>36% of the dataset) signiNcantly changed in 
abundance (BH p <0.05). Log2 fold-changes and p values are 
listed for each protein in the supporting data Nle, sheet “WC 
iTRAQ results” and summarised graphically as a volcano 
plot in Ngure 3A, and as a frequency histogram of adjusted p 
values in Ngure 3B.  

;e molecular functions of the signiNcantly changed pro-
teins in whole cell preparations were determined through 
PANTHER by selecting the complete list of identiNed pro-
teins as a reference list. Of the 69 molecular functions repre-

Figure 1. Enrichment of nuclei: A) Isolated nuclei were exam-
ined microscopically to verify purity and found to be largely free 
from whole cells and cell debris. B) Western blot for the nuclear 
envelope protein, Lamin A,  demonstrates enrichment of nuclei. 
C) Bar chart of the molecular functions, identiNed in whole cell 
or nuclear preparations that were enriched 2-fold or more by 
nuclear fractionation.  ;e number of proteins mapping to each 
function is expressed as a percentage of the total number of 
identiNed proteins in that experiment.  
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sented in the whole cell dataset, 65 functions were represent-
ed in the signiNcantly changed subset when considering 
those with a raw p value <0.05, or 59 functions when using 
adjusted p values <0.05. 35 molecular functions were over-
represented in this subset of proteins when compared 
against the complete whole cell dataset as a reference 
(supporting data Nle, sheet “WCPvalueMFs”). 

3.4 Nuclear preparation extends the list of molecular functions 
that are identi+ed as signi+cantly changed in culture 

Nuclear preparations also showed signiNcant changes in a 
large proportion of proteins a2er 48h culture. Constructing a 
heatmap with unsupervised hierarchical clustering again 
demonstrated the clear diDerences between fresh and cul-

Figure 2. ;e changing proteome of cultured hepatocytes. 
Whole cell preparations were made from freshly-isolated 
hepatocytes or hepatocytes that were cultured for 48h. A) A 
heatmap with hierarchical clustering shows that samples segre-
gate according to quantitative diDerences between freshly-
isolated and cultured hepatocyte proteome.  B) Frequency histo-
gram for Log2-fold change during hepatocyte culture. ;e larger 
changes occur with reduced frequency.  

Figure 3. Statistical analysis of the changes in the cultured 
hepatocyte proteome. A) Volcano plot of Log2 fold-change for 
each protein identiNed in whole cell preparations versus the sig-
niNcance (p value). Proteins not signiNcantly changed are indicat-
ed with a black circle, those signiNcantly changed +/- 20% with a 
raw p value <0.05 are coloured light grey and those signiNcant 
a2er adjustment for multiple comparisons (Benjamini Hochberg 
p value <0.05) are dark grey. B) frequency histogram depicting the 
number of proteins that fall into each p value range.  
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tured samples (Ngure 4A). ;e mean log2 fold-change, plot-
ted as a frequency histogram (Ngure 4B), shows that approxi-
mately equal numbers of proteins were up- and down-

regulated. Hepatic nuclear factor 4 alpha was among the 
proteins identiNed was signiNcantly reduced in expression in 
cultured cells. ;is was veriNed by western blot in 2 samples 
each of freshly-isolated and cultured nuclei (Ngure 4C). 99 
proteins (>36% of the nuclear dataset) were signiNcantly 
changed in abundance a2er 48h in culture (raw p <0.05). 
A2er adjustment for multiple comparisons 58 proteins 
(>21%) remained signiNcantly changed in abundance (BH p 
<0.05). A total of 28 molecular functions were over-
represented in the adjusted p value subset of data when com-
pared against the complete nuclear dataset as a reference, 
including many functions performed in the nucleus 
(supporting data Nle, sheet “NucPvalueMFs”). Log2 fold 
changes and p values are listed for each protein in support-
ing data Nle, sheet “Nuc iTRAQ results” and summarised 
graphically as a volcano plot in Ngure 5A, and as a frequency 
histogram of adjusted p values in Ngure 5B. 

;e functions of the changed proteins were assessed using 
PANTHER. ;e complete dataset from each experiment 
were used as a background list and the signiNcantly changed 
proteins (raw p <0.05 or BH p <0.05) were compared for the 
numbers of proteins mapping to each molecular function. 
;e results are summarised in Ngure 6 and the full results are 
given in supporting data Nle, sheet “nucPvlaueMFs”.  

4. Discussion 

;e short supply of primary human hepatocytes or alter-
native functional hepatocyte-like cells is a problem in drug 
development programs and is, in part, driving research into 
the development of stem cell-derived hepatocyte-like cells 
[20-24].  However, it is probable that any stem cell-derived 
model reaching hepatocyte-like status will suDer the same de
-diDerentiation phenomenon as mature cells. It is therefore 
imperative to fully characterise the changes in primary cells 
in culture in order to identify possible interventions to 
prevent this loss of function. 

Quantitative proteomic technologies such as iTRAQ [6, 
25], isotope coded aknity tags [iCAT] [26] and stable 
isotope labelling by amino acids in cell culture (SILAC) [27] 
are becoming more and more accessible. ;e datasets 
typically encompass at least several hundred proteins, which 
represents the higher abundance or more easily detectable 
proteins. ;ese multiplexed labelled proteomics technologies 
have the advantage of identifying and relatively quantifying 
proteins in multiple samples in a single experiment without 
gel casting and spot cutting associated with 2D gel-based 
proteomics. For our studies we use iTRAQ labelling as it 
allows relative quantiNcation of hundreds of proteins in up 
to 8 samples simultaneously allowing statistical analysis of 
proteins from two experimental groups.  

 Many of the important proteins that control cellular 
phenotype and dynamic response are compartmentalised 
and/or are low abundance nuclear proteins. ;e nucleus 
consists of an estimated 14% of the entire cellular proteome 
[11] but many of its components are poorly represented in 

Figure 4. ;e changing nuclear proteome of cultured hepato-
cytes. A) Heatmap with hierarchical clustering shows the quan-
titative diDerences between freshly-isolated and cultured hepato-
cyte nuclear proteome. B) Frequency histogram for Log2 fold 
change demonstrating the number of proteins up-regulated or 
down-regulated a2er culture. C) Western blot veriNcation of 
reduced HNF4 alpha expression in cultured hepatocytes.  
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datasets from un-fractionated cells. ;e method we employ 
results in clean nuclear preparations (Figure 1A). ;is re-
duced the amount of high abundance cytoplasmic/
cytoskeletal proteins to allow the detection of more low 
abundance nuclear proteins. Others have performed experi-
ments on puriNed nuclei [10-14] but to our knowledge this is 

the Nrst time primary hepatocyte nuclear preparations have 
been prepared for shotgun proteomics analysis to decipher 
the changes that occur to this organelle in hepatocytes 
during culture. ;is work therefore forms a basis for the 
understanding of the hepatocyte nuclear proteome and 
expands the knowledge of the hepatocyte proteins that 
change during culture, providing datasets describing the 
proteomic signature of hepatocyte de-diDerentiation.  

We postulated that an altered nuclear proteome in cul-
tured cells could underpin the change in the phenotype of 
primary hepatocytes during culture, as signiNcant changes in 
the expression of hepatocyte-speciNc genes are evident a2er 
hepatocyte isolation and culture [6, 28-29]. Previous 
quantitative analysis of nuclear proteomes in other cell types 
has been undertaken but the scale of identiNcation of 
changed proteins was smaller than presented here. Pewsey et 
al [12] used iTRAQ technology to investigate the changing 
nuclear proteome of diDerentiating embryonic carcinoma 

Figure 6. Molecular functions of proteins with alerted abun-
dance in culture. Pie charts summarising the molecular func-
tions that are performed by the proteins that were identiNed as 
signiNcantly changed a2er culture (p value <0.05) in whole cell 
(A), or nuclear protein preparation (B). SigniNcantly changed 
proteins were assigned to a molecular function using the Batch 
ID tool in PANTHER.  

Figure 5. Statistical analysis of the changes in the cultured 
hepatocyte proteome: A) Volcano plot of Log2 fold change for 
each protein identiNed in nuclear preparations versus the signiN-
cance (p value). Proteins not signiNcantly changed are indicated 
with a black circle, those signiNcantly changed +/- 20% with a 
raw p value <0.05 are coloured light grey and those signiNcant 
a2er adjustment for multiple comparisons (Benjamini Hochberg 
p value <0.05) are dark grey. B) frequency histogram depicting the 
number of proteins that fall into each p value range.  
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(NTERA-2) cells, identifying 37 proteins that were 
signiNcantly altered in expression.  Zhang et al [13] 
identiNed 22 diDerentially expressed nuclear proteins in 
cisplatin-treated HeLa cells by two-dimensional 
electrophoresis, using a similar approach Cao et al [14] 
identiNed 19 nuclear proteins changed in abundance by 
Epstein-Barr virus (EBV) infection. Besides our own work 
[6] shotgun proteomic study of changes in cultured primary 
hepatocytes is not extensively reported. Pan et al [30] 
performed a wide scale proteomics analysis of mouse 
primary hepatocytes with the purpose of comparing their 
phenotype with that of mouse hepatic cell lines but did not 
address the question of de-diDerentiation of the primary 
cells during culture. 

Here we present proteomic datasets for freshly-isolated 
and cultured rat hepatocytes, generated using whole cells or 
puriNed nuclei. ;e value of this approach is clear with an 
expanded coverage of nuclear proteins and molecular 
functions represented by the 156 proteins that were uniquely 
detected in the nuclear fractions. ;e quantitative nature of 
these data allows a robust statistical analysis to identify 
quantitative changes that occur in the nucleus during cell 
culture. 64 proteins that were signiNcantly changed in 
abundance a2er culture were identiNed in nuclei, but not 
detected in the whole cell experiment. ;ese unique proteins 
were Nltered for those annotated to the nucleus and the 
resulting 53 proteins are listed and their functions indicated 
in the supporting data Nle, sheet “UniqueSigNuc”. ;ese 
proteins include the transcription factors, established as vital 
to hepatic diDerentiation, HNF4alpha [9] and CCAAT/
enhancer-binding protein beta [31], both of which were 
signiNcantly reduced in cultured cells, as well as others with 
less well-deNned roles in hepatocyte phenotype, but which 
are worthy of further investigation such as Nuclear factor 1 
A-type and Methyl-CpG-binding protein 2 (supporting data 
Nle, sheet “Nuc iTRAQ results”). We mapped a greater 
number of proteins to molecular functions associated with 
the nucleus using the nuclear fractionation approach and by 
combining the protein lists for both experiments we 
increased the mapped molecular functions to a total of 83. 
However, proteins are redundant with respect to GO terms 
and an individual protein may appear in multiple categories. 
For example ‘GO:0016563 : transcription factor activity’ and 
‘GO:0030528: transcription regulator activity’ were each 
represented by 3 proteins in the whole cell dataset and 21 
proteins in the nuclear dataset, as the same proteins map to 
both terms. Nevertheless, this 7-fold increase in proteins 
detected in nuclear samples demonstrates the power of 
nuclear fractionation in improving the coverage of functions 
for a given organelle.  

Sub-cellular expression proteomic proNling demands 
relatively large sample sizes in order to purify the required 
quantity of protein from organelles. ;is amount of protein 
is achievable with highly proliferative cells types, such as 
mammary epithelial cells [31], or proliferating 

undiDerentiated stem cells [32, 33], or proliferative immune 
cells [34].  Currently, the number of diDerentiated stem cells 
typically produced in a research laboratory-scale experiment 
prohibits such shotgun proteomic investigations. However, 
the ‘top-down’ approach we have applied here, to more fully 
characterise mature, diDerentiated cells is essential to 
establish the changes that occur as a result of de-
diDerentiation in primary culture. Figures 6A and 6B 
summarise the molecular functions that are performed by 
the proteins that were signiNcant changed with culture (BH 
p <0.05), identiNed in each dataset by performing a Batch ID 
tool in PANTHER. 

5. Concluding Remarks 

Hepatocyte de-diDerentiation in culture is well document-
ed [7] but still poorly understood. Despite great progress in 
hepatocyte culture systems over the past 20 years or more 
the conditions that allow the maintenance of physiologically 
relevant hepatocyte phenotype in culture for prolonged peri-
ods is still elusive. ;e application of global quantitative 
technologies is making it possible to undertake much broad-
er phenotyping of cell models and assess what is changing 
during cell culture. Publication of datasets such as those pre-
sented here, will help address the question of what is chang-
ing in culture and aid the development of better hepatocyte 
model systems. 

6. Supplementary material 

A microso2 excel Nle is provided with supporting infor-
mation on 9 sheets: 

Sheet “WC iTRAQ results”; All proteins identiNed and 
quantiNed a2er applying Nltering cut-oDs as described in 
methods, for whole cell extract prepared from freshly-
isolated and cultured hepatocytes. ;e values are reported 
are quantities relative to 1 fresh sample.  

Sheet “WC MF”; Molecular functions performed by the 
proteins identiNed and quantiNed in whole cell (WC) 
hepatocyte experiment. ;e number of proteins expected to 
fall into each category was estimated based on the propor-
tion of proteins mapping to each function from the rattus 
norvegicus reference proteome in PANTHER. Over or un-
der-representation indicated with a "+" or " - " respectively 
and the associated P value is reported. 

Sheet “Nuc iTRAQ results”; All proteins identiNed and 
quantiNed a2er applying Nltering cut-oDs as described in 
methods, for nuclear protein extracts prepared from freshly-
isolated and cultured hepatocytes. ;e values are reported 
are quantities relative to an experimental pool made from all 
nuclear samples.  

Sheet “Nuc MF”; Molecular functions performed by the 
proteins identiNed and quantiNed in nuclear (Nuc) hepato-
cyte experiment. ;e number of proteins expected to fall 
into each category was estimated based on the proportion of 
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proteins mapping to each function from the rattus norvegi-
cus reference proteome in PANTHER. Over or under-
representation indicated with a "+" or " - " respectively and 
the associated p value is reported. 

Sheet “MF enrichment”; ;e absolute count and percent-
age of identiNed proteins performing each Molecular func-
tion mapped by PANTHER. 

Sheet “WCPvlaueMFs”; Molecular functions performed 
by the proteins identiNed as signiNcantly changed in abun-
dance a2er culture (T test raw p value or adjusted (BH) p 
value <0.05) in the whole cell proteomics experiment. ;e 
number of proteins expected to fall into each category was 
estimated based on the proportion of proteins mapping to 
each function in the whole experimental dataset. Over or 
under-representation in the signiNcantly changed sub-
population is indicated with a "+" or " - " respectively and the 
associated p value is reported. 

Sheet “NucPvalueMFs”; Molecular functions performed 
by the proteins identiNed as signiNcantly changed in abun-
dance a2er culture (T test raw p value or adjusted (BH) p 
value <0.05) in the nuclear proteomics experiment. ;e 
number of proteins expected to fall into each category was 
estimated based on the proportion of proteins mapping to 
each function in the whole experimental dataset. Over or 
under-representation in the signiNcantly changed sub-
population is indicated with a "+" or " - " respectively and the 
associated p value is reported. 

Sheet “UniqueSigNuc”; Proteins identiNed as signiNcantly 
changed in abundance during culture were Nltered for those 
annotated to the nucleus in the swissprot database. ;e 
change in abundance is given (log2), along with raw p value 
(t test), their annotated cellular locations and protein func-
tion, where known. 
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Chagas´ disease is a neglected tropical disease that is en-
demic in Latin America and was )rst reported in an ancient 
Chinchorro civilisation 9,000 years ago [1]. 1is illness is 
caused by infection with its etiological agent, the hemo5agel-
late protozoan Trypanosoma cruzi. 1e T. cruzi life cycle 
involves invertebrate and vertebrate hosts as well as the three 
evolutive forms of the protozoa. In the triatomine midgut, 
epimastigotes proliferate and subsequently migrate to the 

posterior intestine, where di8erentiation into the infective 
metacyclic trypomastigote form occurs. A9er haematopha-
gy, the infective metacyclic forms reach the bloodstream of 
the vertebrate host where they can infect the cells of various 
mammalian tissues. In the intracellular environment, the 
parasites di8erentiate into proliferative amastigotes. Subse-
quently, another di8erentiation occurs to produce trypo-
mastigotes, which are responsible for disseminating the in-
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Abstract 

1. Introduction 

Chagas´ disease is a neglected sickness endemic in Latin America, caused by the protozoa Trypanosoma cruzi. 1e current treatment for the 
disease is unsatisfactory, and the development of potent compounds for novel molecular targets is critical. In this framework, proteomics 
could be a powerful tool in the evaluation of possible candidates for drug intervention. In this work, a two-dimensional electrophoresis (2-
DE) and mass spectrometry (MS) approaches were employed in T. cruzi epimastigotes (Y strain). Di8erent gel staining protocols (Coomassie 
Blue, Pro-Q-Diamond and Pro-Q-Emerald) were performed to assess the protein content and possible post-translational modi)cations of 
this parasite. Here, 78 most intense spots were identi)ed by Coomassie staining, 22 by Pro-Q-Diamond (phosphoproteins) and 15 by Pro-Q-
Emerald (glycoproteins). Compared with the results of other large-scale T. cruzi proteomic studies, 15 novel proteins were identi)ed here 
using MALDI-TOF/TOF, and 12 of these have not yet been described at the protein level. Functional analysis of the identi)ed proteins point-
ed to protein metabolism, and the localisation prediction indicated cytosol as the most prevalent localisation of these proteins. Eight proteins 
presented no similarity to human sequences and thus represent a group of promising biomolecules for chemotherapy intervention. Our data 
provides novel insights in the metabolic pathways of T. cruzi, which could aid in the discovery of alternative drugs for Chagas´ disease.  

Keywords: Trypanosoma cruzi; Chagas´ disease; Chemotherapy; Post-translational modi)cations; Mass spectrometry; Proteomics . 
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fection. 1e transmission of Chagas´ disease primarily oc-
curs by infection with the triatomine vector, but it also has 
been reported to result from blood transfusion, congenital 
transmission, organ transplantation, the ingestion of con-
taminated food and laboratory accidents [2]. Due to its an-
thropic action, the triatomine favours a domiciliary and per-
idomiciliary behaviour, increasing human exposure and risk 
of infection. A recent report stated that 8 million people in 
Latin America have this disease and described the major 
concern that  immigration-related globalisation will bring 
infected people to non-endemic regions, such as Europe, 
North America and Australia [2]. 

1e disease treatment is still based on benznidazole and 
nifurtimox, nitroderivatives that were empirically developed 
forty years ago and present important limitations, such as 
high doses, severe side e8ects and controversial e]cacy in 
chronic patients [3]. Intense e8orts have been directed to 
discover new compounds against T. cruzi, better characterise 
their particular mechanisms of action and identify the mole-
cules and pathways involved [4].  

Gene expression in trypanosomatids, including T. cruzi, is 
very unusual in that the open reading frames are arranged in 
long polycistronic arrays and monocistronic mRNAs are 
created by post-transcriptional processing. 1us, the regula-
tion of gene expression in T. cruzi is mainly post-
transcriptional [5]. Previous studies have revealed nontrans-
lated mRNA in the T. cruzi cytoplasm [6]. 1erefore, the use 
of nucleic acid-based tools, such as RNA microarrays and 
PCR, to study gene expression is limited in trypanosomatids, 
and thus, the application of proteomic techniques is highly 
desirable. 

Proteomics is a high-throughput approach that is exten-
sively employed in structural and functional studies on the 
regulation of protein expression to validate genome annota-
tions [7]. Di8erent stage-speci)c molecules and proteins 
associated with parasite drug resistance have been identi)ed 
by proteomic approaches in T. cruzi [8-11], reinforcing the 
importance of these techniques in the selection of metabolic 
targets of new inhibitors or therapeutic drugs [2,12].  

In the present study, we used two-dimensional electropho-
resis (2-DE) and mass spectrometry to contribute additional 
information to the descriptive proteomic map of T. cruzi 
epimastigotes (Y strain). 1e Y strain is a natural strain of T. 
cruzi I that is found in Brazil and presents high parasitaemia 
and mortality in mouse models. Despite its virulence, the Y 
strain is susceptible to benznidazole treatment [13]. Here, T. 
cruzi samples analysed by 2-DE were stained with di8erent 
dyes to reveal speci)c phosphoproteins and glycoproteins, 
which were then identi)ed by MS. 1e identi)ed T. cruzi 
glycoproteins are particularly important as targets for thera-
peutic intervention, and our analysis of the phosphorylated 
proteins could provide crucial insights into the signalling 
networks that govern the metabolism of this parasite. 1e 
identi)ed peptides and proteins were characterised using 
bioinformatic tools in an attempt to )nd potential drug tar-
gets.  

2. Materials and methods 

2.1 Parasites and sample preparation 

T. cruzi epimastigotes (Y strain) were maintained in liver 
infusion tryptose (LIT) medium at 28°C and harvested dur-
ing exponential growth phase. 1e parasites were harvested 
by centrifugation, washed three times with phosphate bu8-
ered saline (PBS, pH 7.4) and incubated in sample lysis solu-
tion (7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, 60 
mM DTT, 1% ampholytes) containing the Complete Mini 
protease inhibitor cocktail (Roche Applied Science, Indian-
apolis, USA). 1e parasite cells were further disrupted via 
ten cycles of freezing in liquid nitrogen and thawing at room 
temperature, with gentle mixing between cycles, as previous-
ly described [11]. To obtain the soluble protein fraction, the 
cell lysate was centrifuged at 13,000 g for 30 min, and the 
protein content was determined using the 2D Quant kit (GE 
Healthcare, Buckinghamshire, England). 

2.2 Two-dimensional electrophoresis and image analysis 

Isoelectric focusing of the soluble protein fraction from 
the epimastigote extracts was performed using an IPGphor 
system (GE Healthcare) and 18-cm IPG strips of pH 4-7. 1e 
protein fraction was diluted in rehydration bu8er (7 M urea, 
2 M thiourea, 4% CHAPS, 60 mM DTT, 1% ampholytes and 
a trace amount of bromophenol blue) and loaded onto each 
strip. 1e strips were rehydrated for 12 h at 30 V and isoelec-
trically focused using the following protocol: 200 V/1 h, 500 
V/1 h, 1000 V/1 h, a gradient of 1000 to 8000 V for 10 min 
and 8000 V/6 h. 1e strips were then equilibrated in 50 mM 
Tris-HCl (pH 8.8), 6 M urea, 30% v/v glycerol, 2% w/v SDS, 
0.002% w/v bromophenol blue and 1% w/v DTT for 15 min, 
followed by a second 15-min incubation in the same bu8er 
but with 4% iodoacetamide instead of DTT. Separation in 
the second dimension was performed by SDS-PAGE using 
12% acrylamide gels at 2.5 W/gel for 30 min and then 100 W 
until completion using a DALTsix system (GE HealthCare). 
.1e proteins separated on the 2D gels were stained to detect 
phosphoproteins, glycoproteins or total protein as described 
below. 

2.3 Detection of total protein 

Gels were )xed three times with 30% ethanol and 2% 
phosphoric acid for 30 min per wash, followed by three suc-
cessive washes in 2% phosphoric acid in water for 20 min. 
1en, the gels were incubated in 18% ethanol, 2% phosphor-
ic acid and 15% ammonium sulphate for 30 min, followed by 
the addition of 2% Coomassie Brilliant Blue G in water 
(Sigma-Aldrich, St. Louis, USA). 1e gels were scanned and 
the spots were detected, quanti)ed and analysed with Image 
Master Platinum so9ware (GE Healthcare). Each spot was 
manually inspected and, when necessary, edited with the 
Edit Spot Tools to improve accuracy.  
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2.4 Detection of phosphoproteins 

2D gels were )xed in 50% methanol and 10% acetic acid 
overnight, washed three times with deionised water for 10 
min per wash and incubated in Pro-Q Diamond phospho-
protein stain (Molecular Probes) for 90 min. To reduce the 
background signal, gels were destained with three successive 
washes of 20% acetonitrile and 50 mM sodium acetate (pH 
4.0). Images were acquired with a Typhoon Trio system (GE 
Healthcare) using a 532 nm laser for excitation and a 580 nm 
)lter for emission. Following image acquisition, the gels 
were stained with colloidal Coomassie as previously de-
scribed for the detection of total protein to view and excise 
the protein spots that were revealed by this speci)c staining. 

2.5 Detection of glycoproteins 

Pro-Q Emerald 488 (Molecular Probes) was used to detect 
glycoproteins in the 2D gels. Brie5y, gels were )xed with two 
changes of 50% methanol and 5% acetic acid for 1 hour per 
wash, followed by incubation in 1% periodic acid and 3% 
acetic acid for 1 hour to oxidise the glycans on these pro-
teins. A9er washing in 3% acetic acid, gels were incubated in 
a Pro-Q Emerald dye solution for 2 hours in the dark and 
washed again in 3% acetic acid to reduce the gel background. 
All steps were carried out at room temperature with gentle 
agitation, and the images were captured on a Typhoon Trio 
system using a 488 nm laser for excitation and a 520 nm )l-
ter for emission. Following image acquisition, as described 
above for Pro-Q Diamond staining, the gels were stained 
with colloidal Coomassie for the visualisation and excision 
of the protein spots revealed by the glycoprotein-speci)c 
staining. 

2.6 In-gel tryptic digestion, sample desalting and MALDI-TOF 
TOF spectrometry analysis 

Coomassie-, Pro-Q-Emerald- and Pro-Q-Diamond-
stained spots were excised and digested as previously de-
scribed with some modi)cations [14]. Protein spots were 
excised from the gel and washed with a 1:1 (v/v) 50 mM am-
monium bicarbonate (pH 8.0)/acetonitrile solution, followed 
by shaking for 15 min. 1is washing procedure was repeated 
with fresh solution until destaining was complete, and the 
gel was dehydrated by the addition of 200 µL of acetonitrile 
for 5 min. Each sample was then rehydrated with approxi-
mately 10 µL of ice-cold trypsin solution (20 ng/µL in 40 
mM ammonium bicarbonate [pH 8.0]) and le9 on ice for 1 
hour. 1e incubation was allowed to proceed for 16 h at 37°
C. A9er the digestion, the peptides were extracted twice by 
the addition of 30 µL of 50% acetonitrile and 5% formic acid 
and transferred to 0.6 mL tubes. Each sample was concen-
trated in a vacuum centrifuge to a )nal volume of 5-10 µL. 
C18 ZipTip micropipette tips (Millipore, Bedford, USA) 
were used to desalt the peptides. 1e tips were )rst activated 
with acetonitrile and then equilibrated with 0.1% tri5uoroa-

cetic acid (TFA) in water. 1e samples were aspirated and 
dispensed eight times, and the tips were washed 3-5 times 
with 0.1% TFA in water. 1e peptides retained in the tips 
were eluted with 1.5 µL of 50% acetonitrile plus 0.1% (v/v) 
TFA in water. Each eluate was immediately spotted on the 
ABI 192-target MALDI plate (Applied Biosystems, USA) by 
co-crystallisation with 0.3 µL of the α-cyano-4-
hydroxycinnamic acid matrix (CHCA) (10 mg/mL CHCA in 
50% acetonitrile, 0.3 [v/v] TFA in water). 

Raw data for protein identi)cation were obtained using 
the 4700 Proteomics Analyzer (Applied Biosystems, Foster 
City, CA). Both MS and MS/MS data were acquired in posi-
tive and re5ectron mode using a neodymium-doped yttrium 
aluminium garnet (Nd:YAG) laser with a 200-Hz repetition 
rate. Typically, 1,600 shots were accumulated for spectra in 
MS mode, while 3,000 shots were accumulated for spectra in 
MS/MS mode. Up to ten of the most intense ion signals with 
a signal to noise ratio above 20 were selected as the precur-
sors for MS/MS. External calibration in MS mode was per-
formed using a mixture of four peptides: des-Arg1-
Bradykinin (m/z = 904.47), angiotensin I (m/z = 1,296.69), 
Glu1-)brinopeptide B (m/z = 1,570.68) and ACTH (18–39) 
(m/z = 2,465.20). MS/MS spectra were externally calibrated 
using known fragment ion masses observed in the MS/MS 
spectrum of angiotensin I. A search of the MS/MS database 
was performed against the NCBInr databases using Mascot 
so9ware (www.matrixscience.com). 1e search parameters 
included the allowance of two missed tryptic cleavages and 
non-)xed modi)cations of methionine, tryptophan, histi-
dine (oxidation) and cysteine (carbamidomethylation and 
propionamide). 1e peptide per sample plate (pps) and pep-
tide per well (ppw) )les were generated from the raw (or 
native) MS data according to the following parameters using 
Data Explorer So9ware (Applied Biosystems). For MS1: 
mass range, 900-4,000 Da; peak density, 15 peaks per 
200 Da; signal-to-noise ratio, 20; minimum area, 100 μm2; 
maximum peaks per spot, 60. For MS2: mass range, 60 or 20 
Da for the precursor; peak density, 55 peaks per 200 Da; sig-
nal-to-noise ratio, 2; minimum area, 10; maximum peaks per 
precursor, 200. 1e protein identi)cations based on the MS/
MS data were validated using Sca8old 2 so9ware (Proteome 
So9ware Inc., Portland, OR). 1e identi)ed proteins were 
accepted if they possessed >90.0% probability, as speci)ed by 
the Peptide Prophet algorithm [15]. Protein probabilities 
were assigned by the Protein Prophet algorithm [16].  

2.7 Bioinformatics analysis 

A BLAST search of the genome project databases was per-
formed for Leishmania major (http://www.genedb.org/
Homepage/Lmajor), Trypanosoma brucei brucei (http://
www.genedb.org/Homepage/Tbruceibrucei427) and Homo 
sapiens (http://www.ncbi.nlm.nih.gov/genome/) to )nd anno-
tated sequences to all T. cruzi polypeptides identi)ed in this 
study. Alternatively, to suggest a possible function of the 
identi)ed hypothetical T. cruzi proteins, another BLAST 
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analysis of the whole NCBI database was performed. 1e 
function and localisation of the polypeptides was predicted 
using Gene Ontology (GO, http://www.geneontology.org/), 
the Kyoto Encyclopaedia of Genes and Genomes (KEGG, 
http://www.genome.jp/kegg/), Uniprot (http://
www.uniprot.org/) and SwissProt (http://www.expasy.org/
tools/). 1e high hit sequences (E value ≤ 10-50) of L. major, 
T. brucei and H. sapiens were aligned to the identi)ed T. cruzi 
proteins using the multiple sequence alignment (MSA) pro-
gram T-Co8ee (European Bioinformatics Institute, Cam-
bridge, UK). Di8erent sequences (≥20 amino acids) observed 
between the T. cruzi and H. sapiens proteins were classi)ed 
as non-homologous. Motif prediction analysis was per-
formed using query sequences in NCBI Conserved Domain 

(http://www.ncbi.nlm.nih.gov/cdd) and ScanProsite tools 
(http://www.expasy.ch/tools/scanprosite/).  

3. Results  

1e protein preparation and two-dimensional electropho-
resis conditions for T. cruzi epimastigote samples have been 
previously established (Menna-Barreto et al., 2010), allowing 
for high reproducibility and e8ective spot identi)cation with 
excellent ion scores. In the colloidal Coomassie-stained gel 
(pH 4-7), 600 spots were detected and 117 most intensely 
staining spots were identi)ed as 78 distinct proteins (Figure 
1). 1e complete list of the identi)ed proteins is shown in 
supplementary Table S1. Between these identi)ed proteins, 

Figure 1. Colloidal Coomassie Blue staining of T. cruzi epimastigotes (Y strain). 2-DE was performed with 500 μg of soluble protein using 
pH 4-7 IPG strips (18 cm), followed by 12% SDS-PAGE. Circles and numbers represent proteins and refer to the spot identi)cation in Table 
S1 (supplementary data).  
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)9een novel polypeptides not previously addressed in any T. 
cruzi proteome investigation were showed. 1ese proteins are: 
mitochondrial heat shock, hypothetical proteins 1-6, glycosyl 
transferase family 2, metallocarboxypeptidase chain A, pro-
tein of unknown function DUF909, unnamed protein prod-
uct, chaperonin GroEL, twin-arginine translocation pathway 
signal serine carboxypeptidase, conserved hypothetical pro-
tein and Sorting nexin GRD19 homolog. Interestingly, 
among these molecules, only a few had been described at the 
protein (3/15) or transcriptional (1/15) level. Most of these 
proteins were predicted (10/15) or even inferred by homolo-
gy (1/15); this is the )rst description of their expression in 
this protozoan.  

Here, we showed a map of the post-translational modi)ca-
tions revealed by staining 2-D gels with two di8erent 5uores-
cent dyes for phosphoproteins and glycoproteins. 1ree 
hundred and eighty-four phosphoproteins (Pro-Q-
Diamond) and 34 glycoproteins spots (Pro-Q-Emerald) were 
detected. However, only 34 (Pro-Q-Diamond) and 24 (Pro-
Q-Emerald) spots could be linked to their corresponding 
protein, resulting in 22 and 15 di8erent proteins, respectively 
(Figures 2A,B). 1e complete list of identi)ed proteins is 
presented in supplementary Table S2. To further investigate 
the two most common PTMs, phosphorylation and glycosyl-
ation, 2D gels were stained with Pro-Q-Diamond and Pro-
-Emerald, respectively, leading to 31 di8erent identi)cations, 
as shown in Table S2. A general evaluation of the previous 
status of the phosphoproteins and glycoproteins identi)ed 
here demonstrated a similar percent distribution of proteins 
described as predicted (11/31), inferred by homology (8/31) 

or even detected at the protein (5/31) or transcriptional 
(5/31) level, reinforcing the necessity and relevance of fur-
ther high throughput studies on post-translational modi)ca-
tions in protozoan pathogens, including T. cruzi. Surprising-
ly, some proteins were only identi)ed as phosphoproteins 
(4.7%) and glycoproteins (0.5%) a9er the use of a speci)c 
5uorescent dye (Figure 3A), which could be explained by an 
increase in colloidal Coomassie sensitivity when the staining 
was performed a9er the labelling of the samples with 5uores-
cent dyes (data not shown).  

1e percentage of peptides identi)ed through each of the 
three staining protocols varied: colloidal Coomassie staining 
led to 83.2% of the peptide identi)cations, followed by Pro-
Q-Diamond staining (8.9%) and Pro-Q-Emerald staining 
(4.7%). Only 3.2% of spots were identi)ed by all of the three 
protocols (Figure 3). A mascot search of the whole NCBI 

Figure 2. Pro-Q-Diamond (A) and Pro-Q-Emerald (B) staining of T. cruzi epimastigotes (Y strain). 2-DE was performed with 500 μg of sol-
uble protein using pH 4-7 IPG strips (18 cm), followed by 12% SDS-PAGE. Circles and numbers represent proteins and refer to the spot 
identi)cation in Table S2 (supplementary data).  

Figure 3. Percentage of protein identi)cation in T. cruzi epi-
mastigote (Y strain) a9er staining with colloidal Coomassie Blue, 
Pro-Q-Diamond and Pro-Q-Emerald.  
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database evidenced that 82.2% of the identi)ed proteins were 
speci)c to T. cruzi, being a low percentage of identi)cations 
(6.7%) corresponded to highly conserved proteins that were 
not associated with any speci)c organism (data not shown). 
Compared to the L. major, T. brucei and H. sapiens genome 
databases, a high percentage of proteins were conserved in 
trypanosomatids; 92% of the identi)ed proteins shared high 
sequence identity or similarity to H. sapiens. A low percent-
age of polypeptides (8%) did not appear to be homologous to 
any human peptide sequence (Figure 3B). A9er the MSA 
analysis, 21 candidates were selected as potential drug targets 
by their low similarity to H. sapiens proteins. Among those 
proteins, 10 presented no identity to humans, which two 
were excluded as potential targets, and another 11 proteins 
presented promising sequence fragment with no identity to 
human proteins (Table 1). 1e motif prediction analysis 
showed that these sequence fragments represent sites of post
-translational modi)cations, such as phosphorylation, ami-
dation, N-glycosylation and/or N-myristoylation. 
 Among all of the T. cruzi identi)cations, 10 hypothet-

ical proteins were found and numbered from 1 to 10 
(Figures 1 and 2A, Tables S1 and S2). A BLAST analysis of 
the whole NCBI database suggested the possible predicted 
protein functions, as shown in Table S3. Localisation and 
functional analysis demonstrated that cytosolic proteins 
were the most abundant (41%), followed by proteins local-
ised in the mitochondrion (15.4%), nucleus (9.0%), glyco-
some (5.1%), plasma membrane (3.8%), endoplasmic reticu-
lum (2.6%), 5agellum (2.6%), reservosome (1.3%), cytoskele-
ton (1.3%) and proteasome (1.3%) under our experimental 
conditions (Figure 4A). In relation to predicted function, the 
most common pathway was the protein metabolism path-
way, represented by the protein biosynthesis pathway 
(26.9%) and degradation pathway (19.2%), equalling 46.1% 

of the total sequences. 1e other proteins were grouped into 
pathways including energetic metabolism (23.1%), motility 
and intracellular tra]cking (9%), redox balance (2.6%), cell 
signalling (2.6%), lipid metabolism (1.3%), nucleic acid regu-
lation (2.6%) and the polyamine pathway (2.6%) (Figure 4B). 

4. Discussion  

More than one century a9er the discovery of Cha-
gas´disease, this illness still represents a serious health prob-
lem not only for its endemic region but also for developed 
countries due to the immigration of infected people. 1e 
current treatment of the disease is unsatisfactory, and an 
e]cient prophylactic therapy is required, reinforcing the 
importance of designing new drug candidates for treatment 
and identifying alternative drug targets that are speci)c for 
the parasite [3,4,17]. In this work, we provide additional 
information on the proteomic map of T. cruzi epimastigotes 
through the use 5uorescent dyes and bioinformatics analysis. 

Over the last decade, the proteomic map of di8erent 
strains of T. cruzi epimastigotes has been extensively investi-
gated, including clone Dm28c and the sylvan isolates [7-10, 
18-23]. About Y strain epimastigotes, the unique large-scale 
protein investigation was performed in 2008 in order to 
characterise the molecules involved in the resistance and 
susceptibility of these parasites to the current chemothera-
peutic agent benznidazole. Fi9y-)ve proteins were identi)ed, 
with approximately 10% hypothetical proteins [10], similar 
percentage to that observed in the present work. Here, also 
employing the 2-D gels followed by MALDI-TOF/TOF anal-
ysis, it was identi)ed 78 distinct proteins approximately 30% 
more proteins.  

 Among the 10 trypanosomatid-speci)c proteins, each one 
represents a good candidate for drug intervention due to 

PROTEIN MOTIF FUNCTION a 

heat shock protein 70 N-myristoylation, phosphorylation 

thiol transferase Tc52 phosphorylation 

ATPase beta subunit N-myristoylation, phosphorylation 

serine carboxypeptidase phosphorylation 

unnamed protein product N-myristoylation, phosphorylation 

arginine kinase N-glycosylation, phosphorylation 

cystathionine beta-synthase 6 amidation, phosphorylation 

dihydrolipoamide acetyltransferase phosphorylation 

aminopeptidase N-myristoylation, phosphorylation 

arginase superfamily protein N-myristoylation, phosphorylation 

RNA-binding protein RGGm N-myristoylation, phosphorylation, amidation 

a Sequences of >20 amino acids that are absent in human homologues.  

Table 1. Motif analysis of T. cruzi sequences 
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their inhibition could lead to the parasite death by a di8erent 
pathway. Trypanothione synthetase is a crucial molecule in 
the main anti-oxidant pathway in trypanosomatids [24], 
related to ROS balance. 24-C-methyltransferase participates 
in ergosterol biosynthesis [25], directly involved in the para-
site´s plasma membrane 5uidity. Calpain is a protease asso-
ciated to the protozoa di8erentiation and infectivity [26,27]. 
A predicted dehydrogenase was better characterised in 2006 
as prostaglandin F2 alpha synthase [28], being related to 
detoxi)cation processes. Phosphoenolpyruvate carboxyki-
nase is a key enzyme in gluconeogenesis [29]. Nucleoside 
phosphorylase participates in purine metabolism, being fun-
damental for nucleoside recovery a9er nucleotide degrada-
tion [30,31]. HslVu is a subunit of a large complex that de-
grades misfolded proteins called the proteasome [32]. I/6 
autoantigen is a calcium-binding microtubule-associated 
protein responsible for crosslinking microtubule )laments 
and involved mitosis, vesicle tra]cking and other events 
[33].  

1e last two candidates are involved in bioenergetics and 
for di8erent reasons are not promising targets. P28 is a pre-
dicted pyruvate kinase superfamily protein that presents 
almost a half of the identical sequence of pyruvate kinase. 
1e high similarity of pyruvate kinase to the corresponding 
mammalian protein led us to exclude P28 as a potential mo-
lecular target for novel trypanocidal drugs. Cytochrome c 
oxidase is a fundamental enzyme of respiratory electron 
transport chain [34]. Despites the di8erences between hu-
man and T. cruzi complex IV, the presence of alternative 
oxidases in the parasite [35], suggests that this protein is not 
a good target for drug design. 

Comparison of the identi)ed T. cruzi epimastigote pro-
teins with other trypanosomatid and human sequences al-
lowed for the selection of 21 proteins as potential drug tar-
gets, among which 10 displayed no hits in a BLAST analysis 
against human database and these trypanosomatid-speci)c 
proteins will further discussed here. 1e other 11 proteins 
presented stretches of more than 20 amino acids that did not 
align to the respective human sequences in the MSA, but the 
possibilities of misalignment due to the presence of multi-
meric proteins indicated that better algorithms must be used 
in order to increase the con)dence.  

PTMs of proteins are well characterised to be func-
tionally important for various physiological and patho-
logical processes, such as signal transduction and cell-
cell recognition [36]. Until this study, Y strain epi-
mastigotes´ glycoprotein content has not been assessed. In 
2006, the glycoproteome of trypomastigotes (Brazil strain) 
was published [37], demonstrating the presence of 31 glyco-
sylated proteins, absent here. Because glycosylation could be 
fundamental for host cell recognition of the protozoa, it is 
expected that the infective parasite form presented a di8er-
ent pool of molecules in the relation to the insect form. Na-
kayasu and co-workers (2009) preliminarily assessed phos-
phoproteome of Y strain epimastigotes by LC-MS/MS [38], 
identifying 107 proteins that was not found here. Surprising-
ly, 19 of the phosphoproteins identi)ed here by 5uorescent 
staining of 2D gels and MALDI-TOF/TOF were not in the 
previous Y strain identi)cation list. 1ese molecules are heat 
shock-like 85, alpha tubulin, peroxiredoxin, para5agellar rod 
protein 1D, glutamine synthetase, actin, pyrroline-5-
carboxylate synthetase, 14-3-3 protein, chain A of spermi-
dine synthase, enolase 1, eukaryotic initiation factor 5a, 
chaperonin containing T-complex protein, 80 kDa prolyl 
oligopeptidase, aminoacylase, proteasome beta 3 subunit and 
hypothetical proteins 7, 8, 9 and 10.  

5. Concluding remarks 

Despite many previous e8orts to describe the proteome of 
epimastigotes, new molecules are still being identi)ed in this 
proliferative form of T. cruzi. Our data could provide new 
insights into the signalling networks of this protozoan, sup-
plying additional information about its cell biology. Here, it 
was identi)ed 8 promising good candidates for drug inter-
vention, being necessary a validation in the mammalian 
forms of parasite. 

6. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/107/0. 
Supplementary Material includes Tables S1, S2, S3 and 

MS/MS spectra data. 
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�e functional organization of the cell is central to its bio-
logical activity. Tra+cking to speci.c subcellular compart-
ments facilitates the functional activity of proteins. While 

some proteins predominantly localize to a particular orga-
nelle, many proteins tra+c to multiple locations where they 
exert distinct functions [1,2]. Understanding the spatial con-
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Abstract 

1. Introduction 

Quantitative subcellular proteomics is a powerful method to interrogate spatial dynamics of cells or tissues. Stable isotope labeling by amino 
acids in cell culture (SILAC) is a popular quantitative approach that is ideally suited to subcellular proteomics because samples can be com-
bined very early to reduce technical variability in the subcellular fractionation and downstream processing. However, validation of results 
using orthogonal methods such as immunoblotting do not allow mixing of samples prior to fractionation, leading to potentially diJerent 
outcomes. Here we have investigated the impact protein normalization before or aWer  subcellular fractionation has on the functional analy-
sis and experimental conclusions. As a model system, we compared the detergent-resistant membrane (DRM) fraction of mouse embryonic 
.broblasts (MEF) from caveolin-1-null mice with wildtype controls. Caveolin-1 is cholesterol-binding protein which is essential for for-
mation of plasma membrane caveolae, a subtype of lipid raW membrane microdomains. Surprisingly, we found that the relative protein con-
tent of DRM as a percentage of total protein content  is 1.6 fold higher for Cav1-/- MEF compared to wild type MEF, leading to diJerent 
SILAC ratios in pre fractionation mix and post fractionation mix experiments. Most of the observed diJerences were replicated by mathe-
matical modeling of the normalization eJect, with the striking exception for mitochondrial DRM proteins. Interestingly, caveolin-1 aJected 
DRM proteins in the post fractionation mix data showed a signi.cant enrichment of the mitochondrial oxidative phosphorylation pathway, 
which was not observed in the pre fractionation mix experiment. �e observed quantitative changes in mitochondrial DRM proteins using 
diJerent analyses suggest a caveolin-1 induced change rather than simple contamination, and may support recent reports of caveolin-1-
dependent mitochondrial cholesterol changes. Based on these results, we recommend a thorough understanding of how experimental condi-
tions impact relative subcellular fraction in order to make an informed decision on the most appropriate point to combine SILAC samples 
for quantitative subcellular proteomic analysis.  

Keywords: Quantitative subcellular proteomics; Organellar proteomics; Caveolin-1; Caveolae; Lipid raW; Detergent resistant membranes. 

Abbreviations: 

SILAC, Stable isotope labeling by amino acids in cell culture; DRM, Detergent resistant membrane; MS, Mass spectrometry; MEFs, Mouse 
embryonic .broblasts. 
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.guration of proteins and how this inXuences cell processes 
has therefore been an important question since the advent of 
cell biology. Over the last decade, proteomics has emerged as 
a powerful method to study the total protein complement of 
cells or tissue. More recently, proteomics has proven to be a 
successful approach to characterizing the repertoire of pro-
teins within subcellular compartments [3,4]. �is technology 
presents researchers with a high-throughput method to as-
sign protein localizations. Furthermore, a particular orga-
nelle of interest can be focused upon or instead changes in 
protein distribution aWer perturbations can be assessed. 

In general, subcellular proteomics is achieved through 
subcellular fractionation to enrich for organelle/s of interest. 
Well established protocols are available for enrichment of 
most subcellular compartments. Organelles such as the nu-
cleus and mitochondria are easily puri.ed based on their 
density and size and as such the protein complement of these 
organelles has been well documented using proteomics [5-
7]. However, enrichment of some organelles such as the en-
doplasmic reticulum (ER) and Golgi apparatus are less 
straight-forward resulting in considerable levels of contami-
nating proteins [8]. OWen, validation using techniques such 
as western blotting and electron microscopy is needed to 
distinguish bona .de organelle components from contami-
nating proteins. Subcellular fractionation also reduces sam-
ple complexity and increases detection of low abundant pro-
teins. Whole cell analyses contain large amounts of protein 
which generates an overwhelming number of peptides. �is 
is further complicated by large deviation in protein expres-
sion levels, ranging up to as much as 10 orders of magnitude 
[9]. As a result, low abundance proteins, which are oWen 
important regulatory proteins such as kinases, are concealed 
by highly abundant proteins. To date, organellar proteomics 
has been performed on the phagosome, lysosome, lipid raWs, 
exosomes, plasma membrane, clathrin-coated vesicles, 
spliceosome, nuclear pore, nucleolus, ER-Golgi intermediate  
compartment(ERGIC) and peroxisome, highlighting the 
depth and scope of this technique [3,8].  

Recently, quantitative approaches have been applied to 
subcellular proteomics enabling the comparison of orga-
nelles under diJerent experimental conditions. Stable iso-
tope labeling by amino acids in cell culture (SILAC) is par-
ticularly well suited for subcellular proteomics. �is method 
involves metabolic labeling of cells in culture with diJerent 
isotopic labeled amino acids that can be distinguished by the 
mass spectrometer [10]. One advantage of SILAC is that 
samples can be mixed prior to the subcellular fractionation 
processes, eliminating variation between sample handling. 
�e reduction in sample number simpli.es and speeds up 
the otherwise time consuming and oWen cumbersome sub-
cellular fractionation protocols. In addition, the disparity 
between mass spectrometry runs is also circumvented, sig-
ni.cantly reducing the error rate.  

Combining quantitative methods with subcellular prote-
omics has allowed the spatial dynamics within cells to be 
interrogated on a large scale. Emmott et. al. [11] used SILAC 

to study the host subcellular proteome in response to infec-
tion with Coronavirus Infectious Bronchitis Virus. Work by 
Dhungana and colleagues [12] focused on the detergent re-
sistant membrane (DRM), a fraction enriched in lipid raWs, 
of macrophages in response to lipopolysaccharide treatment. 
�ey found that compartmentalization and activation of the 
26S proteasome in DRM mediates activation of the MAPK 
pathway. More recently, we used quantitative SILAC and 
subcellular proteomics to investigate the role of caveolin-1, 
an integral membrane protein, in the aggressive prostate 
cancer cell line PC-3 [13]. We analyzed total membrane, 
DRM, prostasome, and secreted fractions. Our results sug-
gested a role for caveolin-1 in modulating the lipid raW envi-
ronment that accentuates secretion pathways possibly via ER 
sorting.  

In the current study, we have investigated the widely ac-
cepted practice of mixing SILAC samples prior to subcellular 
fractionation and importantly, the impact of this on the 
functional analysis and experimental conclusions. In our 
model we have studied the protein caveolin-1 which is a ma-
jor structural protein of caveolae. Caveolae are specialized 
lipid raW microdomains on the plasma membrane that are 
characterized by their Xask shaped invaginations [14]. Cave-
olae are involved in many cellular processes including endo-
cytosis, lipid regulation, and signal transduction [14]. Caveo-
lin-1 de.cient mouse embryonic .broblasts (MEFs) have 
been widely used to ascertain the functions of caveolin-1 and 
caveolae [15, 16].  Here we have employed SILAC and sub-
cellular proteomics to compare wild type MEFs and caveolin
-1 de.cient MEFs. We focused on DRM that includes caveo-
lae and non caveolae lipid raWs and investigated the conse-
quence of mixing SILAC samples before or aWer fractiona-
tion. Interestingly our results clearly demonstrate dramatic 
diJerences in the functional analysis between the diJerent 
mixing steps. Our results caution the general practice of 
mixing SILAC samples prior to fractionation and instead 
recommend a thorough understanding of the changes in 
biology caused by experimental treatments in order to make 
an informed decision on the most appropriate point to com-
bine SILAC samples for quantitative subcellular proteomic 
analysis. 

2. Material and Methods 

2.1 Cell culture and SILAC  

Immortalized wild type (WT) and Caveolin-1-null (Cav1-/
-) MEFs were generated as previously described [16]. MEFs 
were grown and maintained in DMEM lacking Lysine and 
Arginine (Sigma) with 10% dialyzed FBS (Bovogen) and 
supplemented with the following amino acids: ‘0/0’ for the 
normal isotopic Lys and Arg (Sigma) and ‘8/10’ for 13C6

15N2-
Lys and 13C6

15N4-Arg (Silantes). Cell populations were ampli-
.ed 200-fold in the labeling media to achieve > 99% incorpo-
ration as con.rmed by LC-MS/MS. For each analysis, two 15 
cm plates of cells were used for detergent-resistant mem-
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brane extractions.  

2.2 Detergent-resistant membrane (DRM) preparation  

Detergent resistant membranes (DRMs) were prepared as 
previously described [13]. 

2.3 LC-MS/MS, database searching and SILAC quantitation 

Protein samples (30ug) were separated on a 10% SDS-
PAGE to 8-9 mm and stained with colloidal coomassie. Pro-
tein gel slices (1 mm) were excised and de-stained with a 
solution of 50% acetonitrile in 25mM ammonium bicar-
bonate before reduction with 20mM DTT (Sigma) and alkyl-
ation with 50mM IAA (Sigma). �e gel pieces were subse-
quently pH adjusted with 50mM ammonium bicarbonate 
and dehydrated before overnight digest at 37ºC with 
0.01mM Trypsin (Promega) in a buJer of 10% acetonitrile 
and 50mM ammonium bicarbonate. Samples were extracted 
with 60% acetanitrile, 1% formic acid, dried in a speed-vac 
and resuspended in 10μl of 5% v/v formic acid for LC-MS/
MS. 

Peptides were analyzed using a 1200 Series nano HPLC 
and Chip-Cube Q-TOF 6510 (Agilent Technologies). Pep-
tides were resolved using the Agilent large capacity HPLC 
chip (G4240-62010) 150 mm 300 Å C18 chip with 160nL 
trapping column. A 45 minute gradient from 10% to 45% 
solvent B was used. Solvent A was 0.1% formic acid and sol-
vent B was 0.1% formic acid and 90% acetonitrile. HPLC 
loading pump was set to 3% B, Xow rate of 4uL/min while 
analytical pump was set to 10%B and Xow rate of 0.3uL/min. 
Q-TOF mass spectrometer was programmed to acquire 8 MS 
spectra/sec and 4MS/MS spectra/sec with dynamic exclusion 
aWer 2 MS/MS and released aWer 0.2min.   

Mass spectrometry data was analyzed using Spectrum Mill 
(Agilent, B.04.00.127) search engine. Data was extracted with 
carbamidomethylation cysteine and SILAC amino acids N-
Lys, 13C6

15N2-Lys, N-Arg and 13C6
15N4-Arg as a .xed/mix 

modi.cations. Extracted data were searched against Swis-
sProt (release-2010_03 containing 23,000 entries) mouse 
database with carbamidomethylation cysteine and SILAC 
amino acids N-Lys, 13C6

15N2-Lys, N-Arg and 13C6
15N4-Arg as 

a .xed/mix modi.cations as appropriate, and oxidized me-
thionine as variable modi.cations. Precursor and product 
mass tolerance was set to +/- 20ppm and ±=/- 50ppm re-
spectively. Reverse database scores were calculated with 
Spectrum Mill search engine. All peptides identi.ed had a 
global false discovery rate of less than 0.9%. Protein identi.-
cation cut-oJs were set to protein score > 11, peptide score > 
10 and scored peak intensity > 60%.  

Single peptide identi.cations were excluded from further 
analysis. Mean SILAC ratio (L/H) and standard deviation 
was calculated using all the peptide ratios matched to a pro-
tein, and p-values were calculated using the peptide SILAC 
ratios.  

2.4 Assignment of gene ontology and functional enrichment 
analysis 

Proteins with a SILAC p-value < 0.05 were submitted to 
GeneGo for identi.cation of Gene Ontology (GO) terms 
over represented in each list. Correction for multiple hy-
pothesis testing was performed by controlling for the False 
Discovery Rate at p = 0.05. Subcellular localization was as-
signed using UniProt.  

2.5 Mathematical modeling 

Representative SILAC fold changes (20 values in total) 
ranging from -10, -8, -6, -4, and -2 fold decrease to a 2, 4, 6, 
8, and 10 fold increase were used in the model. Half of the 
SILAC fold changes (10 values) were a SILAC fold change of 
1 since the majority of proteins remain unchanged. �e pre 
fractionation values were adjusted by 1.6 fold to account for 
the increase contribution from Cav1-/- MEFs. �e post frac-
tionation values were leW unchanged. �e predicted out-
comes were plotted as a line graph. 

3. Results and Discussion 

3.1 Sample preparation and mass spectrometry analysis 

Using SILAC subcellular proteomics, we investigated if 
normalization of protein amount before and aWer subcellular 
fractionation would impact upon the functional analysis. To 
this end, we compared the subcellular proteomes of WT 
MEFs and Cav1-/- MEFs. Given that caveolin-1 is necessary 
for caveolae formation, we analyzed DRM, a fraction en-
riched in all cholesterol dependent lipid raW domains. Typi-
cal of SILAC subcellular proteomics, we combined equal 
amount of protein aWer cell lysis but prior to fractionation 
from SILAC-labeled WT MEFs and Cav1-/- MEFs, then iso-

Figure 1. Work Xow comparing mixing SILAC samples before or 
aWer subcellular fractionation. Typical of most SILAC subcellular 
proteomics experiments, SILAC labeled cells were lysed and equal 
levels of total protein were combined pre fractionation. DRM were 
puri.ed from the combined sample and then analyzed by mass 
spectrometry (MS). In comparison, DRM was isolated from each 
SILAC condition (4/6 and 0/0) and then equal amount of DRM 
was combined (post fractionation) and then analyzed by mass 
spectrometry (MS). 
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lated the DRM for LC-MS/MS analysis (referred to as pre 
fractionation mix) (Figure 1). To compare combining SILAC 
samples downstream of fractionation, we separately isolated 
DRM from SILAC labeled WT MEFs and Cav1 -/- MEFs 
then combined equal amounts of DRM prior to LC-MS/MS 
(referred to as post fractionation mix) (Figure 1).  

SILAC ratios were determined by calculating an overall 
mean for each protein using SILAC ratios for peptides from 
3 independent biological replicate experiments 
(Supplementary Table 1). We examined the similarity of the 
SILAC ratios produced from the pre fractionation and post 
fractionation mixing methods for all overlapping protein 
(Figure 2A). We found that 62% of proteins had ratios with-
in 1.5 fold and 86% displayed less than 2 fold variation 
(Figure 2B). �ese data indicate that normalization of pro-
tein amount pre fractionation or post fractionation generates 
similar SILAC ratios for the majority of proteins. However, a 
small subset of proteins (14%) showed a greater than 2 fold 
diJerence in SILAC ratios between mixing methods.  

3.2 Analysis of proteins regulated by caveolin-1 

To discover proteins aJected by the absence of caveolin-1, 
we analyzed proteins that were signi.cantly diJerent be-
tween WT MEFs and Cav1-/- MEFs. Proteins that had a 
SILAC ratio two or more standard deviations from the mean 
and a p-value less than 0.05 were considered signi.cantly 
diJerent (Figure 3A). �e pre fractionation method identi-

.ed 11 (2%) down regulated proteins and 65 (9%) proteins 
upregulated from a total of 732 proteins (Figure 3A, leW pan-
el). �e post fractionation mix method produced very simi-
lar percentages with 10 (2%) proteins that were down regu-
lated and 48 (9%) upregulated proteins from the 539 pro-
teins quanti.ed (Figure 3A, right panel). Despite the compa-
rable percentages, only 5 down regulated proteins were com-
mon to both mixing methods from the 11 and 10 quanti.ed 
proteins respectively, and 20 up regulated proteins common 
from 65 and 45 identi.ed (Figure 3B). Analysis of the over-
lapping proteins signi.cantly altered by caveolin-1 (Table 1) 
revealed extensive variation between pre and post fractiona-
tion SILAC ratios. �is was unexpected since we had shown 
considerable similarity between SILAC ratios when assessing 
all quanti.ed proteins. It is likely that the small percentage of 
proteins that have a greater than 2 fold variation between 
SILAC ratios are biologically responsive to loss of caveolin-1.  

Since the pre fractionation mixing is normalized by total 
protein amount, one potential explanation of the observed 
diJerence is that Cav1-/- MEFs contain a diJerent propor-
tion of DRM compared to WT MEF. To address this possi-
bility, we measured DRM protein amounts from the two cell 
types and expressed it as a percentage of the starting total 
cellular protein amount. �is experiment determined that 
the DRM constitutes 0.51 ± 0.06 SEM % of total protein in 
WT MEFs and 0.84 ± 0.09 SEM % in Cav1-/- MEFs (Figure 
4A). �is equates to a 1.6 fold increase in protein recruit-
ment to DRM. While biologically interesting, this result has 
serious implications on the SILAC pre fractionation mixing 
method since the Cav1-/- MEFs will contribute more protein 
to the mix than WT MEFs. It is probable the SILAC ratios 
will be skewed making the data di+cult to interpret. To un-
derstand how this result could potentially inXuence our data, 
we mathematically modeled the eJect on the pre and post 
fractionation mix methods. Since equal levels of DRM pro-
tein was combined in the post fractionation method, the 

Figure 2. Similarity of SILAC ratios between mixing methods. 
(A) Pre fractionation mix SILAC ratios were sorted in ascending 
order and plotted (black). �e corresponding post fractionation 
mix SILAC ratio was overlayed in grey. (B) Bar graph representing 
the fold diJerence in SILAC ratios from pre fractionation and post 
fractionation mix methods.  

Figure 3. Proteins regulated by caveolin-1 in pre fractionation 
and post fractionation methods. (A) Pie chart indicating proteins 
not changed, increased or decreased (mean±2SD) in the pre frac-
tionation and post fractionation mix methods. (B) Overlapping up 
regulated and down regulated proteins (mean±2SD) from pre frac-
tionation and post fractionation methods is displayed in Venn 
diagrams.  
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ID Protein Name Pre ratio Post ratio 

Q9JM51 Prostaglandin E synthase 0.27 0.15 

P01831 �y-1 membrane glycoprotein 0.30 0.18 

Q9JLI3 Membrane metallo-endopeptidase-like 1 0.32 0.21 

P21995 Embigin 0.27 0.25 

P97449 Aminopeptidase N 0.24 0.26 

P25911 Tyrosine-protein kinase Lyn 8.52 4.39 

Q9CYL5 Golgi-associated plant pathogenesis-related protein 1 3.47 4.54 

P62071 Ras-related protein R-Ras2 4.93 4.57 

Q3UMR5 Coiled-coil domain-containing protein 109A 5.35 4.66 

Q9D379 Epoxide hydrolase 1 8.36 4.92 

P21956 Lactadherin 9.26 5.86 

Q9DCJ5 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 3.09 6.03 

Q9CU24 Protein THEMIS3 11.76 6.48 

Q8VHL0 Urea transporter 1 15.27 6.62 

Q9WV54 Acid ceramidase 3.12 6.64 

Q6X893 Choline transporter-like protein 1 6.59 6.85 

P19783 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 3.14 6.91 

P12787 Cytochrome c oxidase subunit 5A, mitochondrial 3.25 8.49 

Q6ZQM8 UDP-glucuronosyltransferase 1-7C 12.56 8.80 

Q9CPQ1 Cytochrome c oxidase subunit 6C 3.42 9.77 

Q80Z24 Neuronal growth regulator 1 12.17 11.58 

P56391 Cytochrome c oxidase subunit 6B1 3.73 11.67 

Q61468 Mesothelin 17.13 13.69 

P48771 Cytochrome c oxidase subunit 7A2, mitochondrial 3.25 14.56 

Q7SIG6 Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 2 4.95 17.29 

Table 1. Overlapping proteins altered by caveolin-1  

Figure 4. Loss of caveolin-1 in-
creases protein recruitment to 
DRM. (A) Protein content of 
DRM and whole cell lysate was 
determined using Bradford assay. 
�e graph shows the percentage of 
DRM protein represents from 
total cellular protein (WT MEFs = 
0.51 ± 0.06 SEM % and Cav1-/- 
MEFs = 0.84 ± 0.09 SEM % of total 
protein). Using student T-Test, 
there is a signi.cant diJerence 
between WT MEFs and Cav1-/- 
MEFs, p = 0.038. (B) Model of the 
aJect that increased DRM protein 
in Cav1-/- MEFs is predicted to 
have on pre fractionation mixing 
and post fractionation mixing. �e 
pre fractionation mix method fold 
changes were adjusted to reXect 
the predicted 1.6 fold increase 
contributed by Cav1-/- DRM pro-
tein.  
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SILAC fold change was leW unchanged. �is was compared 
to the pre fractionation mix method, which the SILAC fold 
change was adjusted by 1.6 fold to account for the predicted 
increased contribution by Cav1-/- MEFs (Figure 4B). �e 
model calculated a minor increase in the SILAC fold change 
for pre fractionation mixing compared with post fractiona-
tion mixing for proteins that were not altered by caveolin-1 
(fold change between the broken lines). However, in stark 
contrast, proteins that were altered by caveolin-1 (fold 
change outside of the broken lines) were predicted to show 
variation between mixing methods that radically increased as 
the fold change increased. More speci.cally, our model pre-
dicted that protein down regulated in Cav1-/- MEFs (a nega-
tive fold change) in the post fractionation mix exhibited an 
increased SILAC fold change in the pre fractionation mix 
thereby making it less signi.cant. �e opposite trend was 
predicted for up regulated proteins with an increase in the 
SILAC fold change with pre fractionation mix compared to 
post fractionation, making it appear more signi.cant. Con-
sistent with this model, we found the majority of overlap-

ping proteins showed relatively similar SILAC ratios be-
tween mix methods, but large diJerences in proteins altered 
by caveolin-1 expression. �is would have a major impact on 
whether a protein is considered signi.cantly altered or not. 
�is may also explain the lower percentage of overlap of al-
tered protein we observed between mix methods. 

We next examined our list of overlapping altered proteins 
to see if they behaved as the model predicted. Table 2 shows 
that 11 of the 25 of the proteins did behave as predicted, a 
small subset of proteins (5) showed no change in SILAC rati-
os between mix methods, while 9 proteins showed opposite 
trend to the model. Given that DRM is derived from mem-
brane from all cellular compartments including plasma 
membrane, Golgi, and ER, we also assigned the subcellular 
location using Uniprot to our list of altered proteins (Table 
2). Interestingly, the altered proteins that behaved as the 
model predicted were found to be predominately mem-
brane/cell membrane localized. However, those that behaved 
in the opposite manner to the model were mainly mitochon-
dria and Golgi localized. �ese data suggest that there is 

Figure 5. Mixing method impacts on the functional pathways enriched in the signi.cantly altered protein list. Bar chart of GeneGo 
analysis displaying the most signi.cantly enriched pathways and biological processes for pre fractionation mixing and post fractionation 
mixing. 
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ID Protein Name 
Behave as 
modeled 

Subcellular Location 

P25911 Tyrosine-protein kinase Lyn Yes 
Cell membrane. Nucleus. Cytoplasm. Cytoplasm > perinuclear region. 
Golgi apparatus. 

P01831 �y-1 membrane glycoprotein Yes Cell membrane; Lipid-anchor > GPI-anchor. 

Q61468 Mesothelin Yes Cell membrane; Lipid-anchor > GPI-anchor. Golgi apparatus.  Secreted. 

Q8VHL0 Urea transporter 1 Yes 
Cell membrane; Multi-pass membrane protein. Basolateral cell mem-
brane. 

Q9JM51 Prostaglandin E synthase Yes Membrane; Multi-pass membrane protein. 

P21956 Lactadherin Yes Membrane; Peripheral membrane protein. Secreted. 

Q9JLI3 
Membrane metallo-
endopeptidase-like 1 Yes Membrane; Single-pass type II membrane protein. Secreted. 

Q9D379 Epoxide hydrolase 1 Yes 
Microsome membrane; Single-pass type II membrane protein. Endoplas-
mic reticulum membrane; Single-pass type II membrane protein. 

Q6ZQM8 
UDP-glucuronosyltransferase 1-
7C Yes 

Microsome. Endoplasmic reticulum membrane; Single-pass membrane 
protein. 

Q3UMR5 
Coiled-coil domain-containing 
protein 109A Yes Mitochondrion inner membrane; Multi-pass membrane protein. 

Q9CU24 Protein THEMIS3 Yes unknown 

Q80Z24 Neuronal growth regulator 1 No change Cell membrane; Lipid-anchor > GPI-anchor. 

P62071 Ras-related protein R-Ras2 No change Cell membrane; Lipid-anchor; Cytoplasmic side. 

Q6X893 Choline transporter-like protein 1 No change 
Cell membrane; Multi-pass membrane protein. Mitochondrion outer 
membrane; Multi-pass membrane protein. 

P21995 Embigin No change Membrane; Single-pass type I membrane protein. 

P97449 Aminopeptidase N No change Membrane; Single-pass type II membrane protein. 

Q7SIG6 

Arf-GAP with SH3 domain, ANK 
repeat and PH domain-
containing protein 2 No 

Golgi apparatus > Golgi stack membrane; Peripheral membrane protein. 
Cell membrane; Peripheral membrane protein. Cytoplasm 

Q9CYL5 
Golgi-associated plant pathogen-
esis-related protein 1 No Golgi apparatus membrane; Lipid-anchor. 

Q9WV54 Acid ceramidase No Lysosome. 

P19783 
Cytochrome c oxidase subunit 4 
isoform 1, mitochondrial No Mitochondrion inner membrane. 

P12787 
Cytochrome c oxidase subunit 
5A, mitochondrial No Mitochondrion inner membrane. 

Q9CPQ1 Cytochrome c oxidase subunit 6C No Mitochondrion inner membrane. 

P48771 
Cytochrome c oxidase subunit 
7A2, mitochondrial No Mitochondrion inner membrane. 

P56391 
Cytochrome c oxidase subunit 
6B1 No Mitochondrion intermembrane space. 

Q9DCJ5 

NADH dehydrogenase 
[ubiquinone] 1 alpha subcomplex 
subunit 8 No Mitochondrion. Mitochondrion intermembrane space. 

Table 2. Proteins altered by caveolin-1, compliance with model and the subcellular localisation.  

probably not a global up regulation of all DRM proteins in 
Cav1-/- MEFs. Rather, caveolin-1 has distinct eJects on 
DRMs from diJerent subcellular compartments. Although 
caveolin-1 is critical for plasma membrane caveolae, it has 
also been identi.ed at multiple other locations with no mor-
phological caveolae, including the Golgi [17], endosomes 
[18] and the mitochondria [19]. However the role of non-
caveolar caveolin remains unclear. 

3.3 Functional analysis of caveolin-1 regulated proteins 

To discover how the pre and post fractionation mix meth-
ods impact upon functional analysis of proteomics data, we 
performed pathways enrichment analysis using GeneGo 
soWware on the proteins signi.cantly altered by caveolin-1 
from both mixing methods (Figure 5). Post fractionation 
mixing data suggested that caveolin-1 regulated DRM pro-
teins involved in oxidative phosphorylation and ubiquitone 
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metabolism (Figure 5, top panel) however, these pathways 
were far less signi.cant with the pre fractionation mix meth-
od. In addition, pre and post fractionation mix methods re-
vealed caveolin-1 regulated inXammation but cell adhesion 
was dramatically over represented in the pre fractionation 
mix method (Figure 5, bottom panel). �erefore, these re-
sults clearly demonstrate that diJerent conclusions are de-
rived when mixing pre or post fractionation.  

Speci.c quantitative diJerences in the mitochondria DRM 
proteins were observed between pre and post fractionation 
mixing set up (Table 2). �e post fractionation mix method 
highlighted a role for caveolin-1 in regulation of mitochon-
drial proteins and oxidative phosphorylation. Identi.cation 
of proteins annotated as mitochondrial proteins in the DRM 
have been reported in several proteomics studies, and a 
number of diJerent methods have been used to determine if 
these proteins were contaminants during biochemical frac-
tionation [21-23]. Foster et al. diJerentiated true DRM pro-
teins from contaminants using sensitivity to cholesterol dis-
ruption. In this scenario, only bona 'de DRM proteins are 
responsive to changes in cholesterol [20]. Follow up studies 
with this method found that the major mitochondrial pro-
teins reported in proteomics studies such as ATP synthase 
subunits and voltage-dependent anion selective channels 
(VDACs) were DRM contaminants [21]. In stark contrast, a 
recent study demonstrated the opposite result with certain 
mitochondrial proteins sensitive to cholesterol disruption 
[22]. Elegant studies using a+nity puri.cation of cell surface 
lipid raWs, a method optimized to exclude mitochondrial 
contamination, reported the presence of mitochondrial pro-
teins ATP synthase and cytochrome c oxidase [23]. �ere-
fore it remains highly controversial if mitochondrial proteins 
are true DRM proteins, a topic reviewed extensively else-
where [23, 24].  In our study, the observed consistent quanti-
tative diJerences in mitochondrial proteins points to a true 
caveolin-1 eJect.  Further support of this comes from recent 
studies showing that caveolin-1 participates in mitochondri-
al cholesterol regulation [25, 26]. In the absence of caveolin-
1, cholesterol was found to congregate in the membrane of 
mitochondria, aJecting the function of mitochondria [26].  
Importantly, this .nding would not have been revealed with-
out comparison of pre and post fractionation methods, and 
examination of relative DRM amounts in the cell types. 

4. Concluding Remarks 

Finally, our results indicate that careful consideration is 
needed when deciding on what step is best to combine SI-
LAC samples. �is will vary with each experimental model 
and we therefore recommend a preliminary examination of 
how experimental conditions aJect the organelle/s of inter-
est before proceeding with SILAC subcellular proteomics in 
order to make sure correct interpretation can be made.  

5. Supplementary material 

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/108/0. 

Supplementary Material includes Supplementary Table 1. 
SILAC ratios and p values for all proteins identi.ed. 
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Abstract 

Background 
Heaves is a complex, asthma-like respiratory disease that aNects many older horses. While environmental and genetic components to the 
disease have been proposed, the speciOc pathophysiology of heaves is still poorly understood. Using proteomic techniques, we compared the 
protein proOle of bronchoalveolar lavage ?uid (BALF) in the lungs of healthy horses and horses aNected with heaves.  
 
Methods 
Clinical signs of the disease were induced in heaves-aNected horses using an experimental hay exposure model.  Samples of BALF were col-
lected from all horses before and aSer the hay exposure trial. Mass spectrometry (LC-MS) was used to evaluate the diNerences in the global 
BALF peptide proOle between the control and heaves-aNected horses. Tandem mass spectrometry (LC-MS/MS) was used to identify diNeren-
tially expressed proteins in the two groups of horses. Ee identiOcation of two proteins was validated with Western blot assays. 
 
Results  
One hundred peptides were diNerentially expressed between healthy controls and heaves-aNected horses; 76 peptides were over-expressed in 
controls and 24 were over-expressed in heaves-aNected horses. Ee identiOcations of transferrin and secretoglobin were conOrmed with 
Western blot. 
 
Conclusions 
Eis study demonstrates that proteomics can be used to compare the protein proOles of BALF from healthy and diseased horses. Eese tech-
niques may prove helpful in determining the pathophysiology of complex diseases.  
 

Keywords: Bronchoalveolar lavage ?uid; Transferrin; Secretoglobin; Heaves. 

Abbreviations: 

BAL, bronchoalveolar lavage; BALF, bronchoalveolar lavage ?uid; BSA, bovine serum albumin; Cdyn, dynamic lung compliance; ΔPL, 
transpulmonary pressure; ΔPLmax, maximum change in transpulmonary pressure; LC-MS, liquid chromatography-mass spectrometry; LC-
MS/MS, liquid chromatography-mass spectrometry/mass spectrometry (tandem mass spectrometry); NHS, normal horse serum; PDP, Pur-
due Discovery Pipeline; PFT, pulmonary function testing; RL , total lung resistance; TBS, Tris-buNered saline. 
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 Ee prevalence of heaves has been reported to vary 
between 3-20% [1-3]. Heaves is an asthma-like disease of 
horses that typically manifests with clinical signs such as 
increased respiratory rate and eNort, productive cough, and 
exercise intolerance. Eis reaction appears to be an allergic 
response to the molds and dusts present in the hay, straw, 
and barn environment, and results from prolonged exposure 
to environments that contain high amount of aeroallergens 
[4]. A genetic predisposition for heaves is supported by 
several reports. In one report, the prevalence of heaves in 
two populations of Swiss warmblood horses was higher in 
oNsprings from two heaves-aNected stallions compared to 
control populations from non-heaves-aNected stallions.5 In 
this population of horses, an association was found between 
clinical signs of heaves and microsatellite markers near the 
gene for the IL-4 receptor in the descendants of one heaves-
aNected Swiss warmblood stallion, but not the second 
stallion, suggesting that this is a multifactorial, perhaps 
polygenic, disease [5]. 

 Since heaves is triggered by exposure to inhaled 
allergens, the analysis of bronchoalveolar lavage ?uid 
(BALF) would seem to be the most likely ?uid to yield 
potential biomarkers for disease. However, over 500 proteins 
have been identiOed in equine BALF making detection of 
diNerential protein expression using traditional methods 
(e.g. ELISA, Western blot) a daunting task [6]. In order to 
evaluate a larger number of proteins at once, we used 
proteomic techniques during the discovery phase of this 
experiment. Proteomics uses large-scale protein expression 
technologies for the identiOcation and quantiOcation of 
proteins that might be altered in response to various insults 
or diseases [7]. As a result, proteomics can be very valuable 
to investigate the pathophysiology of complex diseases.  

 Although the proteome of equine BALF has 
previously been reported in healthy horses [6], BALF 
proteome changes in heaves have not been reported. Our 
hypothesis was that the BALF of heaves-aNected horses 
would show diNerential protein expression, compared to the 
BALF of healthy horses. We chose to use LC-MS and LC-
MS/MS protocols as this approach allows for global 
evaluation of average relative peptide concentrations 
between groups of horses in the Orst step of analysis (LC-
MS) and identiOcation of highly expressed peptides in the 
second step of analysis (LC-MS/MS) [8,9]. Finally, we used 
Western blot techniques to conOrm the identity and 
expression pattern of two proteins identiOed with proteomic 
techniques. 

2. Material and Methods 

 Animals.  Horses with heaves (n = 8) were selected 
from a herd of horses owned by Purdue University College 
of Veterinary Medicine (PUCVM). Eese horses had been 
previously diagnosed with heaves based on maximum 

change in transpulmonary pressure (ΔPLmax) ≥ 15 cmH2O, 
reversible airway obstruction, and ≥ 25% neutrophils in 
BALF cytology during disease exacerbation [10]. Control 
horses (n = 8)  were recruited from the PUCVM teaching 
herd. Ee control horses were judged to be normal based on 
physical examination and no history of clinical signs at-
tributable to chronic respiratory disease when fed hay and 
housed indoors. Ee heaves-aNected horses were 4 females 
and 4 castrated males; 5 Quarter Horse-type breeds, 1 walk-
ing horse, 1 Arabian cross, and 1 Icelandic pony. Ee control 
horses were 7 females and 1 castrated male; 3 standardbreds, 
2 Quarter Horse-type breeds, 1 thoroughbred, 1 walking 
horse, and 1 Arabian. Ee Purdue University Animal Care 
and Use Committee approved all procedures. 

 All horses were maintained on pasture for at least two 
months before the beginning of this study. On Day 1, all 
horses were transported from the pasture to the laboratory 
and allowed at least 30 minutes of acclimatization. Ee eval-
uation included a complete physical examination, standard 
pulmonary function testing (PFT), and BAL. ASer the hors-
es recovered from sedation, they were returned to the pas-
ture for one week. Eis testing was repeated three times over 
two weeks to assess the stability of the measurements over 
time. ASer the third test, each pair of horses (one heaves-
aNected and one control) was stalled in a barn in adjacent 
stalls for a hay exposure trial. 

 Experimental Exposure.  All horses were fed moldy hay 
(0.2 kg/45 kg body weight) mixed with good quality hay (0.5 
kg/45 kg body weight) and pelleted feeda (0.3 kg/45 kg body 
weight), and were bedded on straw. A physical examination 
was performed and a clinical score based on severity of clini-
cal signs was calculated daily on each horse. Ee clinical 
score is based on the respiratory rate and eNort, presence of 
abnormal lung sounds, and degree of nasal discharge [11]. 
Horses were exposed to hay for up to 21 days, or until the 
clinical score of the heaves-aNected horse reached 10 (out of 
21 possible). When the heaves-aNected horse had a clinical 
score of ≥ 10, PFT was performed; when the heaves-aNected 
horse had a ΔPLmax ≥ 15 cmH2O, the tests performed at base-
line were repeated on the heaves-aNected horse and its con-
trol.  

 Pulmonary Function Evaluation.  Testing was per-
formed according to standard laboratory procedure, as pre-
viously described [12]. Horses were restrained in stocks 
without sedation to allow breath-by-breath measurement of 
esophageal and mask pressures as well as air?ow. Data anal-
ysis of ten representative breaths yielded total pulmonary 
resistance, dynamic compliance, and ΔPLmax. ASer 
completion of the PFT, horses were sedated with 
detomidineb (0.03 mg/kg) and butorphanolc (0.02 mg/kg) 
and BAL was performed as previously reported, using a 
?exible 2-meter videoendoscope [12].d Two diNerent 
segments of the same lung were infused with 250 mL sterile 
saline per site. Ee aspirated BALF was pooled, immediately 
placed on ice, and processed within 20 minutes of collection. 
An aliquot was prepared for cytological examination by 
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cytocentrifugation and stained with modiOed Wright’s stain. 
Total nucleated cell counts were determined by use of a 
hemacytometer. DiNerential cell counts were determined by 
examination of 200 leukocytes per slide. Ee clinical 
pathologist evaluating the BALF cytology was blinded to 
each horse’s group identity.  

 Sample Preparation for Proteomics Analysis.  Ee 
BALF was prepared for proteomic analysis according to 
standard laboratory procedures (details provided in 
Additional File 1). Brie?y, the BALF was Oltered through 
sterile gauze and centrifuged. Protein concentration of the 
supernatant was determined with a BCA Assaye and a 
volume equivalent to 100 µg of protein from each BALF 
sample was incubated with cold acetone at -20 oC to precipi-
tate proteins. Ee precipitate was lyophilized and digested 
with trypsin. Samples were processed in batches, and the 
peptide solutions were stored at -20 oC until mass spectro-
metric analysis.  

 LC-MS Analysis.  In this study, a two-step proteomic 
approach was used. In the Orst step, all available post-
exposure samples (heaves-aNected n = 5, control n = 6) were 
analyzed by a simple LC-MS technique for quantitative pur-
poses. Eis data was used to generate the average relative 
peptide concentrations within each group of horses (heaves-
aNected and controls), and to determine the fold change bet-
ween the two groups. In second step we performed MS/MS 
analysis on BALF samples from one heaves-aNected and one 
control horse.  

 Peptides from each BALF sample at the exposure 
testing period (control n = 6; heaves-aNected n = 5; 1 µg of 
peptides from each sample) were subjected to LC-MS 
analysis on a nanoLC-Chip system,f according to standard 
laboratory protocol (details in Additional File 1). BuNer A 
(5% ACN/0.01% TFA) was used to concentrate the peptides 
on the on-chip enrichment column and to separate the pep-
tides on the reversed phase analytical column. Ee column 
was eluted with a 55 minute gradient from 5%-35% buNer B 
(100% ACN/0.01% TFA), followed by a 10 minute gradient 
from 35%-100% buNer B. Ee column was re-equilibrated 
between each sample with isocratic ?ow of 5% buNer B. Ee 
system was controlled by ChemStation soSware.g  

 Data generated with LC-MS were analyzed with the 
Purdue Discovery Pipelineh (PDP). Average relative concen-
trations of each peak in the groups (heaves-aNected and con-
trols) and the relative fold change for each peak between 
groups were determined [13]. Ee raw data from the LC-MS 
were pre-processed before analysis to eliminate artifacts such 
as noise, peak broadening, instrument distortion, etc [13]. 
Ee mean intensity of each peak was calculated for each 
group (heaves-aNected n = 5 and control n = 6) and the fold 
change of each peptide between groups was calculated. 
When a peptide was absent in a group of horses, a placehol-
der value of “10” was used to facilitate statistical analysis. A 
peak had to be found in at least 7 of 11 BALF samples or in 
at least 1 of the BALF samples from one group (heaves-
aNected or control) to be considered in the analysis.  

 LC-MS/MS Analysis.  In a separate experiment, BALF 
samples from one heaves-aNected and one control horse 
from the exposure testing period were subjected to LC-MS/
MS (tandem MS) analysis on the same nanoLC-chip systemf 
according to standard laboratory procedure (details in Addi-
tional File 1). Assuming each peptide is present in every 
heaves-aNected and control horse, analyzing a single sample 
should be su_cient for identiOcation purposes. But because 
not every peptide was present in both groups of horses, we 
chose a single representative sample from each group for LC
-MS/MS analysis based on the LC-MS peak list of those sam-
ples to ensure that 1) most of the signiOcantly diNerent pep-
tide peaks were detected in that sample, and 2) the peptide 
peak of the regulated peptides were intense peaks. Automa-
ted MS/MS spectra were acquired during each run in the 
data-dependent acquisition mode, with the selection of the 
three most abundant precursor ions in each peak. Analysis 
of the data generated during tandem MS runs yielded identi-
Ocations of the parent proteins of the peptides detected (see 
Peak IdentiOcation, below).  

 Peak Identi&cation.  Files acquired during the tandem 
MS runs were uploaded to Spectrum Mill protein identiOca-
tion soSware.g Two databases were downloaded from NCBIi 
in 2009, the non-redundant equine protein database 
(downloaded 2/24/09; 29,374 proteins) and the non-
redundant mammalian database (downloaded 1/26/09; 
7,745,744 proteins). IdentiOcation of the peptides was per-
formed using Spectrum Mill to separately search the two 
NCBI protein databases. Ee search parameters were:  no 
more than two tryptic miscleavages allowed, cysteine sear-
ched as ethanol cysteine, variable oxidized methionine, 2.5 
Da peptide tolerance, and 0.7 Da mass tolerance. Only pepti-
des with a score of 5 or higher were considered true positi-
ves. Ee identiOcation data from Spectrum Mill analysis was 
matched with the concentration data from PDP analysis by 
merging the output Oles from the two data analyses for each 
horse into one Ole. A list of peptide identiOcations, with as-
sociated relative concentrations, was made for as many peaks 
as possible, based on m/z, retention time, and peptide char-
ge. Please see Additional File 1 for more details. 

 Western blot.  Western blots were performed according 
to the manufacturer’s recommendationsj on all baseline and 
exposure BALF samples (controls n = 8 for baselines 1, 2, 3 
and exposure; heaves-aNected n = 5 for baselines 1, 2, expo-
sure and n = 4 for baseline 3) with 2 µg of protein from each 
sample. Ten BALF samples were concentrated to achieve a 
protein concentration of approximately 0.2-0.3 μg/μL.k Ima-
geJ soSwarei was used to quantify the density of the bands 
from the protein of interest on each Western blot. (Details in 
Additional File 1) 

 Secretoglobin.  In order to validate the identiOcation of 
secretoglobin from the proteomics data, Western blot was 
performed on all baseline and exposure BALF samples. Two 
μg of protein from each sample was prepared as described 
above. Ee positive control protein was equine recombinant 
secretoglobin.l Ee primary antibody was monoclonal rabbit 
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anti-horse secretoglobin antiserum [14]l, at a dilution of 
1:1000. Ee secondary antibody was horseradish peroxidase-
conjugated goat anti-rabbit IgG,m at a dilution of 1:2000.  

 Transferrin.  In order to validate the identiOcation of 
transferrin from the proteomics data, Western blot was per-
formed on all baseline and exposure BALF samples. Two μg 
of protein from each sample was prepared as described abo-
ve. Ee positive control protein was human apo-transferrin.n 
Ee primary antibody was polyclonal sheep anti-horse trans-
ferrin,o at a dilution of 1:10,000. According to the manufac-
turer, this antibody is speciOc for equine transferrin. Ee 
secondary antibody was horseradish peroxidase-conjugated 
donkey anti-sheep IgG (H+L)m at a dilution of 1:100,000.  

 Statistical Analysis.  ASer 21 days in the exposure en-
vironment, three heaves-aNected horses had not reached a 
clinical score of ≥ 10 with a ΔPLmax of ≥ 15 cmH2O. Eese 
horses were not included in the rest of this study and compa-
risons were performed with two groups of horses:  controls 
(baseline n = 8, exposure n = 6) and heaves-aNected 
(baseline and exposure n = 5). Statistical analysis was perfor-
med with commercial soSware.p  All data were tested for 
normality with the Shapiro-Wilk W test; most of the data 
were not normally distributed. Ee Kruskal-Wallis ANOVA 
was used to assess for a change over the three baseline 
measurements within each group (control and heaves-
aNected horses). Ee variables of interest (clinical score, PFT, 
BAL) did not show changes over the three baseline measure-
ments therefore, measurements from each horse were ave-
raged, and the averaged values were used for comparison 
with the exposure measurements.   

 Because there is not a robust nonparametric test for 
evaluating changes due to disease, time, and their interacti-
on, factorial ANOVA was used to compare the clinical score, 
PFT, and BAL variables between the control and heaves-
aNected horses at the baseline and exposure measurements. 
When a statistically signiOcant diNerence was detected with 
the ANOVA (p ≤ 0.05), Tukey’s post-hoc test was used for 
pairwise comparisons.  

 Ee pairwise two-tailed t-test was used to evaluate the 
relative concentration diNerence of a peak (peptide) between 
sample (control and heaves-aNected horses) groups. To con-

trol the false discovery rate (FDR), a peptide with a q-value 
of ≤ 0.1 and a fold change of  ≥ 10 was considered as a pepti-
de with signiOcant concetnration diNerence between two 
sample groups. 

 Ee Western blot baseline measurements were also 
evaluated for a change over time within each group (control 
and heaves-aNected horses) with the Kruskal-Wallis ANO-
VA. Neither group showed a signiOcant diNerence over base-
line time points, therefore baseline measurements were ave-
raged for each horse, and the averaged values were used for 
comparison to the exposure measurements with the factorial 
ANOVA. Ee relationship between the density of the bands 
of secretoglobin and transferrin and the pulmonary function 
and BALF cytology variables were evaluated using the Spear-
man Rank correlation test. A p-value of ≤ 0.05 was conside-
red signiOcant. Data are presented as median [range]. 

3. Results 

 Animals.  Ee heaves-aNected horses were older (21 
[17-26] years) than the controls (15.5 [10-22] years; p = 
0.028). Eere was no signiOcant diNerence in heights or 
weights between the groups. 

 Experimental exposure.  Ee heaves-aNected horses 
responded to exposure within 3-7 days and showed a signiO-
cant increase in clinical score, compared to the control hors-
es (Table 1). ASer the experimental exposure to hay, the heaves-

aNected horses showed evidence of airway obstruction charac-
terized by increased ΔPLmax and RL and decreased Cdyn com-
pared to baseline values and to controls (Table 1). 

 Bronchoalveolar lavage.  ASer exposure, the percent-
age of neutrophils signiOcantly increased in both groups 
compared to baseline but the heaves-aNected horses had a 
signiOcantly higher percentage of neutrophils in BALF than 
the controls (Table 1). 

 Protein identi&cation.  A total of 2049 chromatograph-
ic peaks (peptides) were found in the LC-MS data; of which 
370 peptides were identiOed for a total of 250 unique pro-
teins with high conOdence (Additional File 2). Only 43 of 
these proteins have been identiOed in the horse previously 
[6]. Of the 370 identiOed peptides, 33 were diNerentially ex-

  Baseline Exposure 

  

Control, n = 8 

Heaves-aNected, 

n = 5 Control, n = 6 

Heaves-aNected, 

n = 5 

Clinical score 1.2 [0.7-1.7] 1.7 [1.0-2.0] 2.5 [1.0-3.0] 11.0 [7.0-13.0]*† 

ΔPLmax 6.6 [3.1-7.9] 4.3 [3.9-12.1] 6.3 [5.4-8.5] 26.6 [21.8-34.8]*† 

Cdyn 3.9 [2.0-6.7] 3.6 [1.0-5.7] 3.9 [1.3-5.5] 0.6 [0.4-1.0]*† 

RL 0.53 [0.19-1.09] 0.43 [0.18-1.20] 0.50 [0.41-0.73] 1.83[1.53-2.08]*† 

% neutrophils 3.3 (1.7-7.7) 17.0 (2.7-23.7) 23.0 (15.0-31.0)* 49.0 (30.5-70.0) *† 

Table 1. Summary of pulmonary function testing data before (Baseline = average of three baseline measurements) and aSer (Exposure) 
experimental exposure trial. Data displayed as median [range]. *signiOcantly diNerent from baseline data; †signiOcantly diNerent from con-
trols at same time point; p < 0.05. 

ΔPLmax = maximum change in transpulmonary pressure; Cdyn = dynamic lung compliance; RL = total lung resistance  
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pressed with 10 over-expressed in the heaves-aNected horses 
and 23 over-expressed in the control horses (Table 2). Five 
peptides were identiOed from secretoglobin precursor, cov-
ering 33% of the protein, including one peptide only present 
in the precursor protein (peptide KSPLCA, Additional File 
3). Eese peptides did not display diNerential expression 
between the heaves-aNected and control horses. Fourteen 
peptides from transferrin precursor protein were identiOed, 
covering 24.5% of the protein (Additional File 4); one pep-
tide was absent in the control horses (p = 0.0094) and one 
peptide was absent in heaves-aNected horses (p = 0.012). 

 Western blot.  Secretoglobin band density was not sig-
niOcantly diNerent between the heaves-aNected and control 
horses at any time point (Figure 1). Eere was a trend for 
secretoglobin band density during exposure to be lower than 
at baseline (p = 0.067). Transferrin band density was signiO-
cantly lower in heaves-aNected horses at exposure than con-
trol horses at baseline (Figure 2; p = 0.01). Secretoglobin 
band density was negatively correlated with BALF total nu-
cleated (r = -0.37, p = 0.0084) and neutrophil (r = -0.40, p = 
0.0048) cell counts and positively correlated with the percent 
of macrophages (r = 0.41, p = 0.0039; Additional File 5). 
Transferrin band density was inversely correlated with BALF 

neutrophil cell count (r = -0.32, p = 0.024) and positively 
associated with eosinophilic cell count (r = 0.32, p = 0.023; 
Additional File 5). 

4. Discussion 

 Ee primary Onding of this study was the identiOca-
tion of 190 peptides in BALF that were diNerentially ex-
pressed between control and heaves-aNected horses aSer 
induction of the disease by exposure to moldy hay. Eis dis-
ease model is commonly used to study the pathophysiology 
of heaves. Ee three horses that did not respond to the envi-
ronmental challenge within 21 days in this study had been 
previously diagnosed with heaves in our laboratory, and had 
previously responded to a moldy hay challenge. It is possible 
that these horses were not sensitive to the allergens present 
in the diNerent batch of moldy hay used in this study. Alter-
natively, the horses may have shown clinical signs if the ex-
posure trial had continued longer although, most studies 
report successful exacerbation of heaves aSer 1-14 days of 
exposure to moldy hay [16-19]. 

 Results from this study may have been confounded 
by factors such as age, gender, and breed diNerences between 
groups. Horses older than 7 years old are 6.6 times more 
likely to develop heaves than horses less than 4 years old but 
this likelihood does not change with increasing age. Horses 7
-10 years of age have a similar likelihood of developing 
heaves as horses 10-15 years of age or horses older than 15 
years of age [15]. Eerefore, the diNerences in protein ex-
pression in BALF between diseases and control horses are 
unlikely to be explained by the age diNerence between the 
control horses (15.1 [10-22] years) and the heaves-aNected 
horses (21 [17-26] years). Genders were not evenly distribut-
ed between groups, however, the risk of heaves is not signiO-
cantly diNerent between female and castrated horses as com-
pared to intact males [15]. Eree of the six breeds represent-
ed in the study horses were present in both heaves and con-
trol groups, however, two other breeds with an identiOed 
risk of heaves (Eoroughbred and Standardbred; [15]) were 
only represented in the control group. Eis imbalance may 
have partially in?uenced the diNerential expression of pro-
teins in BALF. Future studies will be needed to tease out the 
in?uence of horse signalment (e.g. age, gender, and breed) 
on diNerential expression of BALF proteins in horses with 
heaves. 

 Lung mechanics measurements at baseline conOrmed 
that none of the horses had detectable airway obstruction 
with this test, although one heaves-aNected horse did have 
airway neutrophilia. ASer experimental exposure, as ex-
pected, heaves-aNected horses showed signiOcant airway 
obstruction while the control horses did not. Both groups of 
horses showed evidence of airway in?ammation in BALF 
aSer the experimental exposure, with a greater increase of 
neutrophil percentage in the heaves-aNected horses. Alt-
hough the control horses showed no evidence of clinical 
signs of pulmonary disease and no airway obstruction, these 

Figure 1. Secretoglobin expression in bronchoalveolar lavage 
?uid from control and heaves-aNected horses before and aSer 
exposure to hay.  
Area under the curve (density) of transferrin expression on 
Western blot is displayed as median [Q1, Q3]. 

Figure 2. Transferrin expression in bronchoalveolar lavage ?uid 
from control and heaves-aNected horses before and aSer exposure 
to hay.  
Area under the curve (density) of transferrin expression on 
Western blot is displayed as median [Q1, Q3]. *signiOcantly 
diNerent from controls at baseline, p = 0.01.  
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horses did develop pulmonary in?ammation due to the ex-
perimental exposure, as reported in previous studies [20-22]. 

 Ee proteome of BALF in healthy horses has previ-
ously been reported [6]. Although both the current study 
and previous report used nanospray ionization, the equip-
ment, sample preparation, and MS techniques diNered be-
tween the studies. Both studies also used diNerent soSware 
for protein identiOcation, but the same database (NCBI) was 
utilized for identiOcations. Our study identiOed 250 unique 
proteins based on tandem MS performed on BALF from two 
animals, whereas the other study identiOed 582 unique pro-
teins based on tandem MS performed on two samples of 
pooled BALF (3 horses in each pool). Forty-three proteins 
were identiOed in both studies, including secretoglobin and 
transferrin. Further, this study was the Orst to use proteomic 
techniques to compare protein concentrations between 
groups of healthy and heaves-aNected horses. We were able 
to Ond 190 peptides and identify the parent proteins for 33 
peptides that are diNerentially expressed between heaves-
aNected and control horses. Secretoglobin and transferrin 
were chosen for validation in this study because previous 
research has implicated these proteins in in?ammatory air-
way disease in horses and humans [14, 23-30]. Eese pro-
teins were also selected because equine-speciOc reagents are 
available for both secretoglobin and transferrin, whereas 
equine-speciOc reagents are not available for many of the 
other proteins we identiOed in this experiment. 

 Ee lack of signiOcant diNerence in BALF secretoglo-
bin expression in both the proteomics data and the Western 
blot data between heaves-aNected and control horses aSer 
experimental exposure was surprising, as a study from an-
other laboratory found lower secretoglobin expression in 
heaves-aNected horses compared to control horses, both 
while the heaves-aNected horses were in remission from dis-
ease and aSer an experimental exposure trial [14]. Secreto-
globin mRNA expression was also found to be down-
regulated in horses with summer pasture-associated heaves 
[23]. Although there was no statistical diNerence (p = 0.067), 
we did see a tendency for secretoglobin expression to de-
crease with exposure, both in the heaves-aNected and control 
horses. Ee same Western blot reagents were used to detect 
equine secretoglobin in this study as in the study by Katavo-
los et al [14], so the diNerences in the results are likely due to 
factors outside the assay. Ee horses were exposed for a simi-
lar length of time in both studies. Based on comparison of 
airway neutrophilia, it appears that the experimental expo-
sure trial reported here, while su_cient to induce clinical 
signs in Ove heaves-aNected horses, did not elicit the same 
degree of pulmonary in?ammation as was seen in the study 
by Katavolos et al. If the exposure had elicited a stronger 
pulmonary in?ammatory response or been conducted for a 
longer period of time, we may have seen a statistically sig-
niOcant change in secretoglobin expression. Eere was a 
large amount of individual variation in secretoglobin expres-
sion, particularly at the exposure measurement. A power 
calculation showed that a minimum of 15 horses per group R
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would have been needed in order to achieve statistical sig-
niOcance between baseline and exposure secretoglobin levels 
(Type I error rate = 0.05 and power = 0.80).  

 Asthmatic people and heaves-aNected horses have a 
lower percentage of secretoglobin positive airway epithelium 
cells, visualized with immunohistochemistry, compared to 
controls [14, 26]. A recent study in heaves-aNected horses 
showed that BALF neutrophils have higher intracellular con-
centrations of secretoglobin than BALF neutrophils from 
control horses, and this diNerence is magniOed during exac-
erbation of clinical signs [27]. Ee same study also demon-
strated that secretoglobin causes a decrease in oxidative 
burst in peripheral neutrophils of healthy horses, while also 
causing an increase in phagocytosis capacity. Secretoglobin 
exerts anti-in?ammatory eNects by inactivating phospho-
lipase A2, decreasing pro-in?ammatory cytokine produc-
tion, and altering phagocyte function, and may also attenu-
ate the in?ammatory response to endotoxin [28]. Ee reason 
for marked airway in?ammation in heaves-aNected horses 
during exacerbation despite increased levels of secretoglobin 
within neutrophils is unclear, but it may be because secreto-
globin production by airway epithelium is exhausted and 
insu_cient to keep up with demand, or that secretoglobin 
eNects on neutrophils in horses with heaves are impaired.  

 Transferrin expression was signiOcantly higher in the 
control horses at baseline than in the heaves-aNected horses 
at exposure, and the tendency was for transferrin to decrease 
with exposure. Again, the pulmonary in?ammation seen in 
the control horses upon hay exposure in this study may have 
caused decreased transferrin expression, resulting in a lack 
of statistical diNerence in transferrin expression between 
heaves-aNected horses and controls. It is also possible that a 
longer exposure trial, or a more severe exposure, may have 
resulted in a stronger pulmonary in?ammatory response, 
and a signiOcant diNerence in transferrin expression between 
heaves-aNected and control horses. Transferrin expression 
also showed a large amount of individual variation and pow-
er calculation showed that a minimum of 7 horses per group 
would have been needed in order to achieve statistical sig-
niOcance between the secretoglobin levels in control and 
heaves-aNected horses aSer exposure to hay (Type I error 
rate = 0.05 and power = 0.80). 

 In humans with cystic Obrosis, no signiOcant diNer-
ence in BALF transferrin concentrations between aNected 
patients and healthy controls has been reported [29]. BALF 
transferrin was also evaluated in healthy people aSer expo-
sure to swine dust in a conOnement operation for three 
hours. Within 24 hours from the start of exposure to swine 
dust, BALF transferrin concentrations increased by 2.6 fold. 
Ee change in transferrin concentration was correlated with 
the total dust exposure levels [30]. Ee trend for a decrease 
in BALF transferrin expression in heaves-aNected horses 
aSer the experimental exposure trial seems to be in contrast 
to this study. In the study presented here, samples were not 
taken from the heaves-aNected horses in the experimental 
exposure until their clinical signs and lung function reached 

a certain level of severity. It is possible that if these horses 
had been tested earlier in the course of disease (more acute 
in?ammation) or later in the exposure (chronic in?amma-
tion), transferrin expression may have been diNerent. 

 We also found that secretoglobin and transferrin ex-
pression were stable over time in heaves-aNected horses that 
were in clinical remission from the disease and in healthy 
controls. Ee stability of BALF secretoglobin and transferrin 
may make these proteins potential targets for monitoring 
subclinical in?ammation, or response to environmental 
changes. 

 We performed proteomics on cell-free BALF super-
natant at one time point aSer experimental exposure. DiNer-
ent protein expression levels may have been obtained by 
evaluating the cellular fractions of BALF rather than the cell-
free supernatant, as secretoglobin has been found to be con-
centrated in BALF neutrophils in horses [27]. In addition, if 
repeated measurements had been performed during the ex-
posure trial, we would have been able to track the changes in 
secretoglobin and transferrin secretion. As clinical signs of 
heaves tend to worsen with prolonged environmental expo-
sure, it is likely that we would have found altered expression 
patterns for both secretoglobin and transferrin over time. 

5. Concluding Remarks 

 In this study, we demonstrated that proteomic 
techniques can be used for discovery of proteins in BALF of 
horses with heaves. Two proteins identiOed using mass 
spectrometry were conOrmed using Western blot. Many 
additional proteins identiOed with proteomics show 
diNerential expression between the control and heaves-
aNected horses. Since only one pulmonary disease was 
evaluated in this study, it is likely that just a fraction of the 
diNerentially expressed proteins identiOed here are speciOc 
biomarkers for heaves and that some of the diNerentially 
expressed proteins may be non-speciOc indicators of 
pulmonary in?ammation (e.g., immunoglobulins). Further 
validation, including conOrmation of the proteins’ identity 
using techniques such as Western blot, and investigation of 
protein expression in other pulmonary diseases must occur 
before a protein can be considered a biomarker for heaves.  
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A snake venom  uid contains varieties of proteins and 
peptides with di+erent biological activities including enzy-
matic, cytotoxic, neurotoxic, and hemagglutinic activities 
[1]. Some of the components found in a snake venom sam-
ple are of interests as tools for studying neurophysiology 
and/or as potential lead structures for new drug develop-
ment. Recently there were several reports that snake venoms 
were used in drug development for novel human disease 
therapeutics. 7ese included the antihypertensive drug cap-
topril, the molecule modeled from the venom of the Brazili-
an arrowhead viper (Bothrops jaracusa) [2]; the anticoagu-

lant Integrilin (epti;batide), one heptapeptide derived from 
a protein found in the venom of the American southeastern 
pygmy rattlesnake (Sistrurus miliarius barbouri) [3]; An-
crod, one compound isolated from the venom of the Malay-
sian pit viper (Agkistrodon rhodostoma) for treating heparin
-induced thrombocytopenia and stroke [4]; and al;meprase, 
one novel ;brinolytic metalloproteinase for thrombolysis 
derived from southern copperhead snake (Agkistrodon con-
tortrix) venom [5]. Due to the limits of the sensitivity and 
resolution of commonly used methods for protein separa-
tion, the complexity and diversity of components in snake 

*Corresponding author:  Dr. Jizu Yi, College of Chemistry and Chemical Engineering, Hunan Institute of Science and Technology, Yueyang, 414006, 
China, phone number:+86-730-8640122, fax: +86-730-8640122, e-mail adress: Jizu_Yi@Yahoo.com; Dr. Zhonghua Liu, College of Life Sciences, Hunan Nor-
mal University, Changsha, 410081, China, phone number: +86-731-88872556, fax: +86-731-88861304, e-mail adress: liuzh@hunnu.edu.cn 

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v2i2.114 

Electrophysiological and Proteomic Studies of Protobothrops mangshensis 
Venom Revealed Its High Bioactivities and Toxicities   

Yu Liu1,2,#, Xiaojuan Wang2,#,  Zhe Wu1, Ping Chen2,  Yang  Xiang1, Dongsong Nie1, Jianmin Yi1, Jizu Yi1,*, and Zhonghua Liu2,*  

1College of Chemistry and Chemical Engineering, Hunan Institute of Science and Technology, Yueyang, 414006, China; 2College of Life Sci-
ences, Hunan Normal University, Changsha, 410081, China; #7ose authors contributed equally to this study. 

Received: 28 November 2012 Accepted: 07 December 2012 Available Online: 20 December 2012  

Abstract 

Introduction 

Snake venoms contain rich components having medical and biotechnological values. 7e proteomic characterization of snake venom proteo-
me has thus potential bene;ts for basic research, clinical diagnosis, and development of new drugs for a variety of diseases. Protobothrops 
mangshensis is a monotypic genus of pit viper known only from Mountain Mang in Hunan Province of China, and represents the largest and the 
most spectacular snake among Asian venomous snakes. 7e venom of Protobothrops mangshensis exhibits a high coagulant activity on bo-
vine and human ;brinogen and human plasma, a high phosphodiesterase activity and an arginine ester hydrolytic activity. In this study, the 
Protobothrops mangshensis venom was analyzed by 2D-gel electrophoresis separation, subsequently by in-gel digestion, MS/MS identi;cation, 
and enzymatic activity analysis. Our results demonstrated that Protobothrops mangshensis venom comprised highly functional proteins and/
or enzymes, and each of these proteins displayed multiple isoforms separated in 2-DE. Approximately 59.4% of the identi;ed total 143 pro-
teins had enzymatic activities and 24.5% were involved ion channels, representing highly complex and extensive bioactivities of the snake 
venom. 7e identi;ed toxins included six protein families: serine proteinases, L-amino acid oxidase, phospholipases A2, C-type lectin-like 
proteins, cysteine-rich secretory proteins and metalloproteinase-disintegrin, and were correlated well with the clinical manifestations by 
Protobothrops mangshensis bite such as coagulopathy, oedema, hypotensive and tissue damaging e+ects. Electrophysiological studies showed 
that the snake venom inhibited tetrodotoxin-resistant (TTX-R) Na+ currents. All our results in this study provided the ;rst functional prote-
omics of Protobothrops mangshensis venom.  

Keywords: Snake venom; Venomics; Protein family; 2-D electrophoresis; Proteomics. 



Yu Liu et al., 2012 | Journal of Integrated Omics 

132-139: 133 

venom were usually underestimated. Many compounds with 
low abundance were oXen neglected. Two-dimensional poly-
acrylamide gel electrophoresis (2-DE) was one of eYcient 
methods for separating several hundred proteins based on 
the di+erences in their pIs and molecular masses. 7e immo-
bilized pH gradient (in the ;rst-dimensional) gel strip-based 
2-DE separation, followed by image analysis, in-gel diges-
tion, digested protein sample handling, and mass spectrome-
try (MS) analysis together with bioinformatic algorithms for 
searching sequences in databases, present currently a  typical 
proteomic method well suitable for global and detailed stud-
ies of the entire proteome from a certain cell type, or a tissue 
of an organism, or a body  uid such as a snake venom. 7e 
progress in MS technology has dramatically accelerated the 
application of proteomics during recent years. Venoms from 
various venomous animals have been analyzed using MS 
technologies such as MALDI-TOF and LC/ESI-Q-TOF [6–
10]. 7ese studies have demonstrated the advantages of us-
ing proteomic approaches in venom mapping [8–10], thera-
peutic target screening, and species’ classi;cation [11]. Pro-
tobothrops mangshensis was ;rstly discovered in the forests on 
Mount Mang at elevations from 700 to 1300 m, located at 
Pingkeng District, Yizhang County, Hunan Province of Chi-
na [12, 13]. To date, the known place where these snakes live 
was restricted to this mountain area ranging only a few tens 
of square kilometers [12, 13]. An adult Protobothrops mang-
shensis grows to body length of about 2.0 m, weight of about 2
-4 kg, and is known to prey mainly on rodents [12]. It was 
also named as Trimeresurus mangshanensis, Zhaoermia 
mangshanensis or Ermia mangshanensis [14, 15], but recently 
reclassi;ed as the genus Protobothrops based on its mito-
chondria gene analysis [16].  

7e crude venom from a Protobothrops mangshensis con-
tained a wide variety of proteins and peptides, and was high-
ly lethal to mice with an intraperitoneal LD50 of 4.2 mg/kg 
body weight [17]. 7e envenoming elicited coagulopathy, 
local hemorrhage, in ammation, edema, blood blisters, my-
onecrosis, and severe pain on human victims [17]. 7e treat-
ment of an envenomation by a snake bite was critically de-
pendent on the availability of e+ective antivenoms. Detailed 
knowledge of the identities and relative amounts of the 
di+erent toxins in the given venom was thus required for 
generating immunization protocols to elicit toxin-speci;c 
antibodies showing greater speci;city and e+ectiveness than 
conventional methods relying on the immunization of large 
mammals with whole venom. Here, we reported an electro-
physiological and proteomic study of the venom collected 
from Protobothrops mangshensis. Our results demonstrated 
that the venom contained a variety of enzymes and proteins 
including serine proteinases, L-amino acid oxidase, phos-
pholipases A2, C-type lectin-like proteins, cysteine-rich se-
cretory proteins, metalloproteinase-disintegrin, and more 
others. 7e venom toxin composition was correlated with 
the clinical manifestation of the Protobothrops mangshensis 
bite, explaining its pathological e+ects such as coagulopathy, 
oedema, as well as hypotensive and tissue damaging e+ects. 

Electrophysiological results showed that the venom fractions 
inhibited tetrodotoxin-resistant (TTX-R) Na+ currents, but 
not on tetrodotoxin-sensitive (TTX-S) Na+ currents. Togeth-
er, these results provided a detailed characterization of the 
venom proteome of the snake for a deeper understanding 
the biological e+ects of the venom, and served as a starting 
point for further structure-function studies of individual 
toxins. 

1. Materials and methods 

1.1 Chemicals 

Sephadex G-75, IPG (pH 3–10), DryStrips (3–10 linear), 
cover  uid, agarose, and colloidal Coomassie Brilliant Blue 

(CBB) were purchased from Amersham Pharmacia Biotech 
(Uppsala, Sweden). Dithiothreitol (DTT), iodoacetamide, 
trypsin, and tri uoroacetic acid (TFA) were obtained from 
Sigma (St. Louis, MO, USA). Acrylamide, bis-acrylamide, 
urea, thiourea, glycine, tris, α-Cyano-4-hydroxycinnamic 
acid (CHCA), and sodium dodecyl sulfate (SDS) were from 
of Amresco (Solon, OH, USA). Acetonitrile (ACN, chroma-
togram grade) and other chemicals (analytical grade) are 
from Sinopharm Group (Shanghai, China). Deionized water 
prepared with an Aquapro high-end water treatment solu-
tion provider system (Ever Young, China) was used for all 
bu+ers in this study. 

1.2 Snake venom 

Protobothrops mangshensis venom was collected from two 
adult female snakes maintained in Mangshan Institute of 
Snakes. 7e snakes were manually restrained and venom 
 uids were collected with an opened glass container. Ap-
proximately 2.0 ml of yellowish collected venom liquid was 
lyophilized immediately at cold temperature to minimize 
possible preanalytical variability during the sample handling 
[18, 19]. Total ~ 1200 mg  dry powder of the venom sample  
was obtained and stored at 4℃ until usage. 

1.3 Electrophysiological studies 

Whole cell sodium currents were recorded from rat dorsal 
root ganglion (DRG) cells at room temperature. Recording 
pipettes were made from borosilicate glass capillary tubing, 
and their resistances were 1-2 megaohms when ;lled with 
internal solution containing: 135.0 mM CsF, 10.0 mM NaCl 
in 5.0 mM HEPES at pH 7.0. External bath composition was: 
30 mM NaCl, 5.0 mM CsF, 25 mM D-glucose, 1.0 mM 
MgCl2, 1.8 mM CaCl2, 20.0 mM triethanolamine-chlorine, 
and 70 mM tetramethylammonium in 5.0 mM HEPES  (pH 
7.4). Ionic currents were ;ltered at 10 kHz and sampled at 3 
kHz on EPC-9 patch clamp ampli;er (HEKA Electronics). 
Linear capacitive and leakage currents were subtracted by 
using a P/4 protocol. Experimental data were acquired and 
analyzed by the soXware program pulse+ pulse;t 8.0 (HEKA 
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Electronics, Germany). 7e toxin dissolved in external solu-
tion until desired concentrations was applied onto the sur-
face of experimental cells by low pressure injection with a 
microinjector (IM-5, Narishige, Japan). 

1.4 Separation of venom proteins by two-dimensional gel elec-
trophoresis (2-DE) 

2-DE was performed according to the method described 
previously [20]. IEF was carried out on an IPGphor system 
(Amersham Pharmacia Biotech, USA). Venom protein sam-
ples (300 mg) pooled from protein fractions collected aXer 
gel-;ltration chromatography were ;rst mixed with a rehy-
dration solution containing 8 M urea, 2 M thiourea, 4.0 % 
CHAPS, 20 mM Tris-base, 18.0 mM DTT, and traces of bro-
mophenol blue in 0.5 % (v/v) IPG bu+er to give a total vol-
ume of 350 mL, and applied to IPG dry strips (pH 3-10, 
180×30×0.5 mm) for the rehydration up to 14 hrs. IEF was 
then carried out at step-n-hold conditions: 500 V for 1 h; 
1000 V for 1 h; and 8000 V for 6 hrs. at 50 Ma/strip. AXer 
focusing, the strips were soaked for 20 min in reduction so-
lution (6 M urea, 30 % glycerol, 2 % SDS, and 125 mM DTT) 
followed by 20 min in alkylation solution (6 M urea, 30 % 
glycerol, 2.0 % SDS, and 125 mM iodoacetamide). 7e sec-
ond dimensional separation with SDS-PAGE based on the 
molecular size di+erences was performed in 10 % polyacryla-
mide gels using a Protean II system (Bio-Rad, Hercules, CA, 
USA).  7e gels were then stained with CBB G250 and 
scanned using ProXPRESS 2D Proteomic Imaging System 
(Perkin-Elmer, Waltham, MA, USA). Protein spots were 
detected and analyzed using PDQuest soXware Version 6.1 
(Bio-Rad). 

1.5 In-gel protein digestion and MS analyses using ESI-Q-
TOF and MALDI-TOF-TOF MS 

7e CBB-stained protein spots were excised and digested 
in-gel with trypsin as described previously [21]. Peptide mix-
tures from in-gel digestion were extracted and analyzed by 
an ESI-Q-TOF MS/MS (Waters, Milford, MA, USA) with 
the nanoelectrospray for ionization as described previously 
[22]. We selected the candidate peptides for identi;cations 
based on the probability-based Mowse scores (total score) 
which exceeded their thresholds indicating a signi;cant (or 
extensive) homology (p < 0.05), and referred them as “hits” 
as de;ned by Matrix Science, Ltd. (London, UK). Proteins 
identi;ed with two or more peptides matched with a Mowse 
score greater than 40 of each were validated without further 
investigations. 7ose with at least two peptides matched with 
a score less than 40 and greater than 20 of each peptide were 
systematically checked manually to con;rm or cancel the 
MASCOT suggestion. For a protein identi;ed by only one 
matched peptide, the Mowse score of the MS/MS search 
must exceed 40, and the peptide sequence was checked man-
ually to con;rm the protein ID. 

Tandem mass spectra acquired on an ESI-Q-TOF mass 

spectrometer were interpreted de novo using masslynx 4.0 
soXware (Waters). Contiguous stretches of seven or more 
amino acid residues with a 100% con;dence call using the 
soXware’s default parameters were collected and matched to 
the NCBI non-redundant protein database using the protein 
BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/).  

7e tryptic digestion peptide mixture from a 2-DE gel spot 
without a matched result by ESI-Q-TOF MS/MS were load-
ed onto an AnchorChip target plate (Bruker-Daltonics, Ger-
many) according to previous report [23]. Peptide identi;ca-
tion was performed using a MALDI-TOF-TOF mass spec-
trometer (UltraFlex I, Bruker-Daltonics, Germany) equipped 
with a nitrogen laser (337 nm) and operated in re ector/
delay extraction mode for both peptide mass ;ngerprint 
(PMF) and MALDI-TOF-TOF MS methods.  7e MS spec-
tra were obtained by a fully automated mode through the 
 exControl soXware (Bruker-Daltonics). An accelerating 
voltage of 25 Kv was used for PMF. 7e peaks with S/N ≥ 5 
and resolution ≥2500 were selected for further TOF-TOF 
MS analysis from the same target. 7e acquired PMF MS 
and peptide TOF-TOF MS spectra were combined and 
searched using Mascot (Matrix Science) with peptide mass 
tolerance of 50 ppm, and MS/MS tolerance of 1.0 Da. 7e 
protein identi;cations were accepted when the total Mowse 
score of the “hit” exceeded the threshold signi;cance score 
more than 70 (p < 0.05).  

2. Results and Discussion 

2.1 E/ects of Protobothrops mangshensis venom on ion chan-
nel currents 

It was widely accepted that voltage-gated sodium channels 
(VGSCs), voltage-gated potassium channels (VGPCs), and 
voltage-gated calcium channels (VGCCs) existed in rat dor-
sal root ganglia (DRG) neurons. By whole-cell patch-clamp 
recording，we ;rst investigated the e+ects of the venom 
from Protobothrops mangshensis on voltage-gated Na+

，

K+ and Ca2+ channels in adult rat DRG neurons. We ob-
served that Protobothrops mangshensis venom had no evi-
dent e+ect on tetrodotoxin-sensitive (TTX-S) Na+ currents 
(Fig. 1A). However, it was able to inhibit tetrodotoxin-
resistant (TTX-R) Na+ currents and the inhibition was dose-
dependent (Fig. 1B). 7e venom had also no evident e+ect 
on delayed recti;er potassium current (Fig. 1C) and low 
voltage-activated calcium current (Fig. 1D), but a little e+ect 
on high voltage-activated calcium current (Fig. 1E). 7e re-
sults indicated that the venom components blocked e+ec-
tively on TTX-R sodium channels and less e+ectively on 
high voltage-activated calcium channels. To further con;rm 
this e+ect, we separated the venom by a gel-;ltration chro-
matography and collected the fractions (I, II, III and IV) for 
their individual tests (Fig. 2).  We observed that fractions I 
and II had no signi;cant e+ect on TTX-R sodium currents 
(Figs. 2B & 2C) and the inhibitory e+ects of fractions III and 
IV increased on TTX-R sodium currents (Figs. 2D &  2E). 
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7e results demonstrated that the TTX-R sodium channel 
blockers presented within the composition of the fractions 
III and IV.  

2.2 Proteomic pro0le of venom proteins of Protobothrops 
mangshensis 

Due to the limits in the detection sensitivity and resolution 
of commonly used methods for protein separation, the com-
plexity and diversity of snake venom proteins were tradition-
ally underestimated. Many protein components with low 
abundance were oXen omitted in previous investigations. 
Here, we used a proteomic strategy to obtain more compre-
hensive identi;cations of the snake venomome (or venom 
proteome). 7e venom was ;rst separated by 2-D gel electro-
phoresis (Fig. 3), followed by in-gel trypsin digestion, and 
MS as well as MS/MS analyses. 

Due to the absence of a snake venom database, the LC MS/

MS and MALDI TOF-TOF MS spectra were searched 
against the theoretical peptide MS of Metazoa proteins in 
NCBI and Swiss-Prot databases, with total 43 proteins being 
identi;ed from Swiss-Prot. Some spots from 2-DE displayed 
high-quality ESI-Q-TOF MS/MS spectra but resulted in no 
matched sequences. For those spots the spectra were subject-
ed to BLAST from NCBI, and 100 more proteins were iden-
ti;ed. We categorized the identi;ed proteins according to 
their functions on the basis of universal GO annotation 
terms, and found that 59.4 % of the total proteins were en-
zymes including types of proteinases, oxidases, phospho-
lipase, and son on; 24.5 % were ion channel proteins; 9.8 % 
behaved as cellular binding and structural proteins; 3.5 % 
were signal transport proteins, and only 2.8 % other proteins 
were unknown in their functions. 7e fact that the greatest 
percentage (~ 60 %) of the identi;ed proteins was enzymes 
and the second (~ 25 %) were associated with ion channels 
indicated that the biological activities of a venom  uid were 
extremely intensive and extensive. 

2.3. Variability, bioactivity and toxicity 

7e identi;ed toxins were found mainly belonged to the 
following six protein families: phospholipases A2, L-amino 
acid oxidases (LAAOs), C-type lectins, and cysteine-rich 
secretory proteins (CRISP), metalloproteinase-disintegrin, 
and serine proteases (see Supplementary material, Table 1). 
Speci;cally, among the identi;ed venom serine proteinases 
(VSP) included VSP 1 (spots # 61, 62, 63, 64, 70, 97, 98, 101), 
VSP 2 (spot 194), VSP 2A (spot 188), and VSP 2C (spots 67, 
68, 78, 79) (Fig. 3 and Supplementary material, Table 1) in 

Fig. 1. E+ects of Protobothrops mangshanensis crude venom on 
voltage-gated ion channels on rat DRG cells. (A) 7e TTX-S Na+ 
currents were elicited by 50 ms voltage steps to -10 mV from a Vh 
of - 80mV. 7e currents were almost una+ected by 100 mg/L ven-
om (n=4); (B) TTX-R sodium currents were elicited by depolariz-
ing the cell from a holding potential of – 80 mV to -10 mV. 7e 
duration of the test pulses was 50 ms. 10 mg/L venom caused a 
signi;cant decrease in peak current amplitude. 7e inhibition was 
dose-dependent. (C) 7e delayed recti;er K+ currents were elicited 
by a 30 ms depolarization to +30 mV from a Vh of - 80mV. 7e 
currents were almost una+ected by 1,000 mg/L venom. (D) Low 
voltage-activated currents were induced by a 150 ms depolarizing 
potential of -30 mV from a holding potential -90 mV, and current 
traces were not changed before and aXer the application of 1,000 
mg/L venom. (E) High voltage-activated currents were elicited by 
150 ms depolarizing voltage of 0 mV from a holding potential of 
40 mV, and current traces were slightly changed before and aXer 
the application of 1,000 mg/L venom.  

Fig. 2. E+ects of Protobothrops mangshanensis venom fractions 
aXer Gel ;ltration chromatography on TTX-R sodium currents. 
7e current traces were not changed before and aXer the applica-
tion of fractions ① (B) and ② (C), but decrease moderately aXer 
adding  fraction ③(D) and fraction④ (E). The results showed 
that the TTX-R sodium channel blockers present in these two frac-
tions.  
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addition to several other thrombin-like serine proteinases 
(see bellow), implying its high proteolytic activities of the 
snake venom  uid. 

Coagulopathy was one of the major toxic e+ects exerted by 
the photobothrops mangshanensis. 7e venom proteins re-
vealed by our proteomic analysis were in accordance with 
this clinically observed blood clotting disorders caused by a 
snake bite. Indeed, several thrombin-like proteases associat-
ed with blood clotting cascade were identi;ed, among which 
were pallabin (spot 56),  avoxobin (spot 65), mucro;brase-5 
(spots 67, 75, 81), halystase-like proteinase (spots 191, 193) 
and conortrixobin (Fig. 3 and Supplementary material, Table 
1). Furthermore, multiple isoforms of the thrombin-like 
serine proteases were separated by 2-DE and  many of these 
toxins  were found in the middle part of the gel (Fig. 3). As 
one representative of such thrombin-like serine proteinases, 
contortrixobin was isolated and identi;ed from multiple 
spots (# 63, 65, 66, 67, 68, and 70 on Fig. 3). 7e multiple 
isoforms of a single protein were observed commonly in this 
study, demonstrating the high variability of the Protoboth-
rops mangshensis venom proteins.  

In terms of its structure and functions, contortrixobin had 
strong homology with snake venom serine proteases acting 
on either ;brinogen or other blood coagulation components. 
7e interaction of contortrixobin with chromogenic sub-
strates indicated a higher speci;city for arginine than lysine 
in the primary subsite and a faster attack to ester than am-
ides [24]. Interestingly, contortrixobin preferentially released 
;brinopeptide B from human ;brinogen and activated blood 
coagulation Factors V and XIII with a rate 250-500-fold low-
er than human alpha-thrombin. However contortrixobin did 
not induce the aggregation of thrombocytes, the increase of 
intracytoplasmatic calcium ions in platelets, and the activa-
tion of Factor VIII [24].  

However, halystase-like proteinases (spots 191, 193 on Fig. 
3) were expected to have the activity similar to that of other 
thrombin-like snake venom serine proteases: to hydrolyze 
the ;brinogen chains at the sites di+erent from thrombin 
and kininogen producing bradykinin, which leaded to hypo-
tension. No coagulation e+ect on the human plasma by the 
identi;ed halystase-like proteases was expected [25].  

7e coagulation factor IX/factor X-binding proteins were 
also isolated and identi;ed (Fig. 3, spots 103, 104, 106, 107, 
108, 109, and 111). 7e coagulation factor IX/factor X-
binding protein (IX/X-bp) from the venom of Trimeresurus 
2avoviridis was reported to be a heterogeneous two-chain 
protein, and the structure of each chain was similar to that of 
the carbohydrate-recognition domain of C-type lectins. 7e 
analysis of the binding properties of IX/X-bp revealed that it 
bound to the gamma-carboxyglutamic acid (Gla)-containing 
domains of factors IX and X [26]. Here, we also identi;ed 
galactose-binding lectins (Fig. 3, spots 82, 83, 84, 85, and 86), 
which recognized the speci;c carbohydrate structures and 
agglutinated a variety of animal cells by binding to cell-
surface glycoproteins and glycolipids. A galactose-binding 
lectin was a calcium-dependent protein which showed a high 
hemagglutinating activity [27]. 

We also identi;ed zinc metalloproteinase-disintegrin jer-
donitin from the photobothrops mangshanensis venom (Fig. 
3, spots 44, 49, 52, 58, 73, 74) (also see Supplementary mate-
rial, Table 1). 7is protease inhibited ADP-induced human 
platelet aggregations and belonged to the class II of snake 
venom metalloproteinases (SVMPs) (P-II class). Di+erent 
from other P-II class SVMPs, the metalloproteinase and dis-
integrin domains of this natural protein were not separated.  
It has two additional cysteine residues located separately in 
the spacer domain and disintegrin domain. 7e cysteine 
residues probably formed a disul;de bond which bound the 
metalloproteinase and disintegrin domains together during 
posttranslational processes [28]. 

L-amino acid oxidase (LAAO) was another major compo-
nent of the Photobothrops mangshanensis venom. Eleven 
isoforms of this enzyme were detected aXer 2-DE and MS/
MS analysis of tryptic peptides (Fig. 3 and Supplementary 
material, Table 1). 7e proteins isolated from the spots 172, 
174, 175, 176, 177, 178, 180, 181, 183, 184 and 185 had close-
ly same molecular masses of approximately 58 kDa, a typical 
mass of  LAAO, but di+erent isoelectric points in the alka-
line region. Although the knowledge about the biological 
roles of LAAOs was limited, it was reported that these en-
zymes induced apoptosis, hemorrhagic e+ect and cytotoxici-
ty [29]. 7ese activities could be attributed to the high num-
ber of LAAO isoforms in the venom. With the similar mo-
lecular weight, these multiple isoforms of the LAAO, as well 
as other protein isoforms, were generated by either post-
translation modi;cations or in vivo mutual modi;cations by 
the intrinsic venom enzymes. 7is high protein/enzyme 
isoforms of the snake venom observed also with many other 
protein spots in 2-DE (Fig. 3) demonstrated not only the 
high biological variability but also the complex and multiple 

Fig. 3.  2-DE map of proteins from Photobothrops mangshanensis 
venom. Protein spots were visualized by CBB G 250 staining. 7e 
spots analyzed by MS were designated by numbers; their identi;-
cations were listed in Table 1.  
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functionalities of the venom proteins. 
Phospholipase A2s (PLA2s), as another example, were also 

multifunctional enzymes that exerted multiple pharmacolog-
ical activities: presynaptic/postsynaptic neurotoxicity, myo-
toxicity, cardiotoxicity, antiplatelet, convulsant, hypotensive 
and oedema-inducing e+ects [30]. Seven PLA2s were found 
in the pooled Protobothrops mangshanensis, including an 
acidic E6-PLA2, another acidic R6E7-PLA2, two basic N6-
PLA2s, two basic R6-PLA2s, and one R49-PLA2 homolog in 
the previous report [31]. However only R49-PLA2 without 
enzymatic activities was isolated and characterized from an 
individual male Protobothrops mangshanensis specimen 
[32]. In this study, several PLA2 components were also iden-
ti;ed (Spots 195, 197, 198, 199, 200 in Fig. 3 and see Supple-
mentary material, Table 1). We also did not detect any PLA2 
enzymatic activity in this Photobothrops mangshanensis 
venom sample. 7e amino acid sequences from Photoboth-
rops mangshanensis toxin and other R49-PLA2 or K49-PLA2 
homologs were aligned with each of 121 or 122 a.a. residues 
including seven conserved cysteine residues which could 
cross-linked the proteins by inter or intra molecular disul;de 
bonds. With the sequence identity of ＞80%, they were high-
ly expected structurally  similar to each other. Since Asp48 
was responsible for direct binding to the active site calcium 
ion, the PLA2s with basic substitutions at this position could 
not bind calcium ion which was necessary for its hydrolytic 
activities. Notably, the R49-PLA2s were found only in Proto-
bothrops venoms, and thus could serve as venom markers of 
this genus. Furthermore, the R49-PLA2s were functionally 
identical to the K49-PLA2 subfamily. R49-PLA2 from Photo-
bothrops mangshanensis could bind membrane and induced 
edema and myonecrosis in mice [32], thus contributed sig-
ni;cantly to the symptom elicited by Photobothrops mang-
shanensis envenoming. Given the fact that R49-PLA2s are 
especially rich in Photobothrops mangshanensis venom, 
certain anti-in ammatory drugs can be potential therapeutic 
agents in treating the snake bite. 

Among many other identi;ed proteins, Tri in, as one of 

cysteine-rich secretory proteins (CRISPs), was also detected 
and identi;ed from multiple spots: 57, 86, 87, 88, 89 and 90 
(Figs. 3 & 4). CRISPs were found in the venoms of a wide 
variety of snake species [33], such as ablomin from Japanese 
Mamushi snake (Gloydius blomho4, formerly Agkistrodon 
blomho4) [34], latisemin from Erabu sea snake (Laticauda 
semifasciata) [33], ophanin from King Cobra (Ophiophagus 
hannah) [35], piscivorin from Eastern Cottonmouth 
(Agkistrodon piscivorus) [35] and tri in from Habu snake 
(Trimeresurus 2avoviridis) [36], with each of these proteins  
named aXer the snake specie in which it was discovered. It 
was reported that tri in reduced high potassium-induced 
smooth muscle contraction and blocked the L-type calcium 
channels [34], another reason that venoms were toxic.  

3. Conclusions 

In this study, we provided both electrophysiological and 
proteomic investigations to the toxicities and protein con-
tents of Protobothrops mangshensis venom. Among the 
total of 143 proteins identi;ed by MS/MS analysis of the 
tryptic peptides of the protein spots from 2-DE separation, ~ 
59.4% proteins were various enzymes and ~24.5% were ion 
channel proteins. Many enzymes were found and identi;ed 
to be with multiple isoforms observed in 2-DE. 7ese results 
demonstrated a great variability of the snake venom proteins 
and enzymes, and correlated with high biological activities of 
the snake venom  uid, contributing to its extremely complex 
and highly toxic properties. Although many of the bioactivi-
ties of the identi;ed proteins were based on similarity com-
parison of protein sequences and phylogenetic analysis, 
these results together with the electrophysiological study 
provided the ;rst functional proteomics of Protobothrops 
mangshensis venom. 

4. Supplementary material 

 Supplementary data and information is available at: 

Fig. 4. Typical tandem ESI-MS spectra of two trypsin-digested peptides of Tri in from Protobothrops mangshanensis venom. 7e identi;-
cation of the Tri in (spot # 57 in Fig. 3) was con;rmed with acquired fragment spectra of two peptides: (A) CPASCFCQNK (FM:1270.39) 
from 636.20 (M/z) and (B) SVNPTASNMLK (FM: 1160.57) from 581.29 (M/z), with both peptides doubly charged. Only corresponding y-
ion and b-ion were indicated.  
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http://www.jiomics.com/index.php/jio/rt/suppFiles/114/0 
 
 Supplementary material includes Table 1 showing the list 

of the snake venom proteins identi;ed by MS analysis. 
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