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Abstract

Surface enhanced laser desorption/ionization-time of flight (SELDI-TOF) mass
spectrometry is a variant of the matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectrometry. It is used in many cases especially
for the analysis of protein profiling and for preliminary screening of biomark-
ers in complex samples. Unfortunately, these analyses are time consuming and
protein identification is generally strictly limited. SELDI-TOF analysis of mass
spectra (SELYMATRA) is a web application (WA) developed to reduce these lim-
itations by (i) automating the identification processes and (ii) introducing the
possibility to predict proteins in complex mixtures from cells and tissues. The
WA architectural pattern is the model-view-controller, commonly used in soft-
ware development. The WA compares the mass value between two mass spectra
(sample vs. control) to extract differences, and, according to the set parameters,
it queries a local database to predict most likely proteins based on their masses
and different expression amplification. The WA was validated in a cellular model
overexpressing a tagged NURRI1 receptor, being able to recognize the tagged pro-
tein in the profiling of transformed cells. A help page, including a description of
parameters for WA use, is available on the website.
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1 | INTRODUCTION

Comparisons of the protein profiling incellular systems
could give important information about the changes

Abbreviations: Avg, average; MALDI, matrix-assisted laser
desorption/ionization; MS, mass spectrometry; MSMS, tandem mass

in the protein expression after cell alterations such as
under oxidative stress or in cancer,'™ in order to bet-

spectrometry; MVC, model-view-controller; MW, molecular weight;

NURR]I, nuclear receptor related 1; pl, isoelectric point; Q, quadrupole;
SELDI, Surface enhanced laser desorption/ionization; TET, tetracycline;

TOF, time of flight; WA, web application.

ter understand the cell answer to these events, and
for the discovery of disease signals to be used as
diagnostic markers or targets for drugs.””’ In the last
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decades, several mass spectrometry (MS) instruments and
methodologies have been developed in order to improve
the results of protein profiling. Surface enhanced laser
desorption/ionization-time of flight (SELDI-TOF) mass
spectrometry is a variant of the matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry, especially used for the high-throughput
analysis of protein profiles in cell samples
the characterization of protein-based nanodevices.''> This
technique exploits active matrices to select/sort proteins
on the basis of their chemical-physical characteristics.'
Despite the high potential of this technique, the lack of
protein identification and the difficulty to analyze complex
spectra reduce the fields of SELDI-TOF application.'* In
particular, a large amount of data must be accumulated in
order to identify putative biomarkers, and often pretreat-
ment steps of samples become necessary to enhance differ-
ences and reduce the background noise in the MS spectra.
In addition, several other techniques are later necessary for
the identification of biomarkers and protein-protein inter-
actions, such as sequencing by tandem quadrupole-time
of flight mass spectrometry (MSMS-QTOF), immunopre-
cipitation, and Western blotting.”>"'® These limits made
it necessary to develop new strategies in order to improve
these methodologies.

The SELDI-TOF MS analysis process can be summa-
rized in the following phases: (i) spectra acquisition; (ii)
data preprocessing (baseline subtraction, normalization);
(iii) clusterization; (iv) statistical analysis. Bioinformatic
tools are crucial in the last phase, for the comparison
of protein peak patterns obtained from different samples.
One of the most common algorithms used for this pur-
pose is the classification and regression tree.!” Decision
trees are easy to use and interpret, but their application
is not suited to complex sets of data, where multidimen-
sional relationships between SELDI peaks are expected.
Alternatively, to methods based on decision trees, differ-
ent software have been employed for biostatistical cluster
analysis, based either on the classic linear regression algo-
rithm, such as the ProPeak Software package?” or the logis-
tic algorithm.?! Typically, these methods require a deep
knowledge of mathematics and statistics to be efficiently
used, limiting their accessibility to more experienced
users.

In this work, we present a new web application (WA),
named SELYMATRA, for the SELDI-TOF analysis of mass
spectra (http://140.164.61.25:5055/SELYMATRA). The WA
was developed with the aim of significantly reducing the
analysis time on large amounts of MS data, and at the
same time to obtain information on proteomic profiles so
far not obtainable. This WA is able to predict clusters of
proteins starting from the comparison among proteome
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FIGURE 1 Scheme of model-view-controller used for WA

design. The MVC model describes how the application represents
the data, including the database management (model), how the
information is displayed at the end-user (view), and how the
interface is managed and controlled by the user (controller)

profiles obtained by SELDI-TOF MS measurements. The
architectural pattern used to develop the WA is the model-
view-controller (MVC), extremely used in the development
of software systems (Figure 1). The WA expects a user to
upload a Microsoft Excel spreadsheet file format, which
is the only format whereby the application works, usually
generated by means of proprietary MS software, such as
SELDI-TOF software. The WA was validated using immor-
talized neuronal cells overexpressing a tagged NURRIL
receptor. Using our WA, we were able to recognize the
tagged protein in the profiling of transformed cells with
respect to the profiling of neuronal cells not expressing it.

2 | RESULTS AND DISCUSSION
The type of data treated by the application is strictly
related to the SELDI-TOF or MALDI-TOF MS technology
and their own software. Samples from different biological
sources can be used, such as plasma, serum, blood, etc.
The WA aims to carry out a particular pattern recognition
analysis, presently not included in any proprietary SELDI
software package. This is accomplished by looking for spe-
cific similarities between two mass spectra under different
washing and binding conditions, and in doing that, it yields
to a deeper data analysis, which significantly reduces the
duration of troublesome proteomic experiments (Figure 2).
Once a file is uploaded, the WA applies a method of data
analysis and processing, as follows:

1. Mass spectra comparison process;
2. Recognition process;
3. Protein ID matching process.
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FIGURE 2 Work-flow of experimental data production, preprocessing, and data elaboration. The process was described by three phases:

an experimental phase for the production of MS spectra; followed by a preprocessing of data for the generation of peak clusters; and a final
phase involving the WA, which compares the MS spectra clusters and performs the protein database searching and prediction

Through these three actions, the WA elaborates the data
to perform a key feature extraction among two mass spec-
tra and give differences as well as up- and downregu-
lation in protein expressions, respectively. According to
these results and to the characteristics of the experiment,
it queries a local database for the prediction of the pro-
teins that are most likely related to the previous results
(Figure 2).

2.1 | Mass spectra comparison and
recognition processes

The mass spectra comparison and recognition processes
are fully tunable by the choice and values of some param-
eters. Based on the user parameter selection, different

results may be obtained. Basically, each procedure is sep-
arately developed, but the underlying idea is quite sim-
ilar. That is to say, a math inequality is used for both
modeling procedure, by which a result set of values is
generated:

(Am/zangm/za\,g - om/z> * 6 < By, ,Bm/z

m
< <Am/zanA; . + Um/z) % 9, (€))]

av,

where Ay zavg and 0y, are the mean value and the stan-
dard deviation of the sample (A), respectively, & is a correc-
tion factor used for increasing or diminishing the search
range, and B,, /, is the current m/z value to find in the con-
trol sample (B).
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FIGURE 3
parameters used in SELYMATRA to recognize and predict proteins.

WA option panel. This panel contains all the

Almost all parameters are editable by users (for their complete
description, see Supplementary Table 2)

According to the user needs, four types of m/z can be
identified for any experiment (Figure 3 point 1):

* Found: A set of m/z,,, satisfying Equation (1),

* Missing: A set of m/z,,, not satisfying Equation (1)
or rather the complement ensemble to the found (A)
masses against all the (B) masses, formally expressed as

A=B-A={m/zyy€BAM[zye £A}. (2)

* Upgrade or downgrade: A set of m/z,,, satistying Equa-
tion (1) and the median intensity of mass variation con-
straint, expressed as

By, .Bm/z — Am/zangm/zavg
A

x100<1, (3
Am/[z,yg

m/ Zavg
where B/ a and Ay paye are the m/z,,, of the con-
trol sample (B) and the running sample (A), respectively
(which both satisfy Equation (1)) and 4 is an index of vari-
ation of the intensity median for distinguishing the affinity
among the relative intensities of two mass peaks.

2.2 | Protein ID matching process

The set of the identified masses alone, as obtained by the
mass spectra comparison and recognition process, is not

sufficient to predict the protein identities. Therefore, we
have built up a process to infer more information on such
masses, which helps in predicting the most likely protein
corresponding to a specific m/z value. In order to make
this possible, two further features were considered for each
mass of the result set:

* a dynamic amplification factor (depending on the m/z
value), used for the assessment of a molecular mass
(MW) error-range (Figure 3 point 2);

* a type of chip and binding/washing condition, for the
assessment of an isoelectric point (pI) range (Figure 3
point 3).

Both these features help in defining a confidence inter-
val that limits the protein matching process. ID matching
process is possible through the building, maintaining, and
tuning of a database of proteins, whose data have been
retrieved through java API provided by Uniprot database.?

A score parameter (Figure 3 point 4) was added in order
to set the threshold for the range of confidence used for the
identification/prediction of proteins. Lower values corre-
spond to a strict rule for the correspondence of masses to
assigned proteins. All these parameters are editable by the
user in order to allow the software to adapt to his/her own
experiments. The analysis button starts the processing of
data resulting in an output listing the predicted proteins.
In addition, two other buttons, activating a graphical report
of the predicted proteins ordered according to their func-
tions or their biological role, were implemented (Figure 3
point 5). This tool produces a histogram representation of
the data, allowing for a fast comparison between different
measurements of the same sample (Figure 4).

2.3 | Validation of SELYMATRA

The WA should be able to recognize rough patterns of pro-
teins related to the phenomena represented in the target
sample. An example was the identification, in the nuclei
of the Al cell line, of the transcription factor 3 X FLAG-
Nurrl,?* overexpressed in the expression cassette TET-ON.
We analyzed two different sample conditions for each sam-
ple (overexpressing or not the transcription factor 3 X
FLAG-Nurrl). The comparison of clustered files generated
by the ProteinChip Data Manager software was only able
to indicate a single MS peak in the range of masses (~71
to 72 KDa) of the transcription factor 3 X FLAG-Nurrl
(Figure 5).

As expected, SELYMATRA associated the single MS
peak at about 72 KDa to the 3 X FLAG-Nurrl ID, which
was present in the local database (Figure 5), demonstrat-
ing good confidence in the data analysis.



NARDONE ET AL.

Molecular function

asejeydsoyd uiajoid
Joye) Buiseajas apioapPnu-auluens
|3uueyd apuojyd
J03eAY

|auueyd uop

asebn

aseuabAxoouoly
a5e]0JpAH
aseajosdoj|eiap
352J3WO0S]

1031qIYuI SISAYIUAS U104
|2uueyd Wnisse304
uaboy

10)da03y

1031q1yu; aseajoud jolyL
u1a30.d |RJuawdolanaq
|auueyd uol pajeb-puebn
Jopej uonebuoiz
4031q1yul 35e33014
asepndadAxoqe)
35eUIY UI1210Jd-3UIU0AIYY/AULIAS
aseury

Jossaiday

uubajup

aseapnuopu3z
aseuabAxoiq

aseajoud auuas
asesajsuel)
asesajsuen|Ayiap
25033014

u13304d JOJOH

Jojeinbas unewosyd
10328} UOERIUL

3seuny ulaoid-auIsolAl
asesajsuen)|AsodA D
35NP2IOPIXO

403da23y pajdnod uiajosd-9
asek)

aseapny

asedl3H

auosadey)

aseweloy

auy03Ad

2523PNUOX3

Jadnpsues).

Biological Process

25

Lk

yodsuesy pidn
sisayjuAsolq uuAydiod
podsues) uosP3|3
Buueay

sisolap

sisayjuAsoiq pidn
abewep yNQ

S1503A00pu3

Ws1|0geIaw Aulue|oYIIeD)
uonepe]

Jiedas yNG
uonepeibap/sisauaboiq wnijD
yodsuen 1609-43
uonanpsuesy AJosuas
SISaYUASOIq UI3101d
SIsayjuAsolq aunueAjod
wsijoge3aw pe Aney
wsijogelaw pidijoydsoyd
uonedi|das yNG

353418 YIM0ID

uonejnbas uondudsuesy
Aemyjed Juawajdwo)
uonepeibap pidn

SISO}

xadwod aiod Jeapny
Buniids yNyw

Wodsuesy uoj
sisauaboinay

SISO109N

uonepeibap JaNIUSUR0INAN
sisayjuAsolq pidijoydsoyqd
UORRUIqWI0d3) YNA

3P 112D

SIS3YIUASOIq JWaH
Abeydony

sisoydody

yodsues wnpied
|3uueyd apuoyd
asuodsas Asojewweyuy
uonezjesaupuolg
Buissad0.d yNYW
|auueyd uoj

Aemyjed uonebnfuod |gn
yodsuesy

Aunwuw aandepy
uonenbas yImos
UOISIAIP 113D

uleyd Asojesidsay
IIDHW

|uueYD WNisseI04
yodsues ajeydsoyd
uoisaype |13
wsijoqelaw pidr
Alunwuwi 3jeuut
Aoueubaig

uonesnjew 33Ad03A3
yodsuen

Jila ol {1,

uondudsuel)
ws1|0geIaw 3UIPHSIH
|auueyd uoi pajeb-puebn
Jopej uonebuog
Ws}|0qeIaw uoqied-auQ
yodsuely uiajold
uone|nbas uonejsuest
Jodsuesy Jebng
s153uab0alsQ
uonedojsuel)

Bunuajis auab pajeipaw-yNy
uonenuaayiq

40308 UoRERIU]
Jodsues] wnisseoqd
Jodsues) yNyw

FIGURE 4 Graphical reports of predicted proteins. The predicted proteins can be grouped on the basis of their molecular function

and/or their involvement in the biological processes

sible to obtain key features identifying potential outliers or
features discerning the similarity between two mass spec-
tra. Based on this result, it has also been possible to pre-
dict sets of proteins, simply interfacing the WA to a pro-
teome database. As a consequence, SELYMATRA signifi-

cantly speeds up the data analysis and the processing of the

CONCLUSION

3

SELYMATRA web application provides the scientific com-

munity with a new SELDI-TOF analysis toolset that is able

to deliver further insight into complex clustered mass data.

Particularly, through ad hoc modeling procedures, it is pos-
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FIGURE 5 SELYMATRA WA validation using the transcription factor 3 X FLAG-Nurrl. Representation of cluster of peaks from the
preprocessing analysis of Al cell line expressing the transcription factor 3 X FLAG-Nurrl (in gray), compared to a standard Al cell line (in
black). In the insert table, the assignment of the single MS peak at about 72 kD to the 3 X FLAG-Nurrl by the SELYMATRA WA is reported

experimental results of protein expression in the differen-
tiation of dopaminergic cell line Al driven by 3 X FLAG-
Nurrl overexpression. In conclusion, this WA looks like a
worthy tool of interest for these applications in the biolog-
ical field.

4 | MATERIALS AND METHODS

4.1 | Cell culture and NURRI1 gene
overexpression

The dopaminergic cell line A1>* was infected with a couple
of lentiviruses overexpressing the cDNA for the transcrip-
tion factor NURR1 (LV-NURR1) under the control of an
inducible (Tet-On) promoter and the rtTA transactivator
(rtTA-LV). This procedure allows controlling the expres-
sion of Nurrl by the addition of doxycycline (Supplemen-
tary Figure 1). Cells expressing NURRI have been plated in
MEMF12 10% FBS and infected the following day with LV-
NURRI and rtTA-LV or with rtTA-LV alone, as a control,
and growth in presence of doxycycline for 48 h.

4.2 | Protein extraction

After 48 h of induction (approximately 72 h of culture), the
cells have been collected in ice-cold phosphate-buffered
saline in the presence of protease inhibitors, to avoid fur-
ther protein modification, like dephosphorylation, prote-
olysis, and so on. The cells used as a control were grown
in the absence of doxycycline in the medium. The cells
were lysed according to the Andrews et al. protocol in
order to separate the cytoplasm and the nuclear fractions
for the analysis to obtain separately the cytoplasm and
the nuclear extract.”” The protein concentration of nuclear

and cytoplasmic samples was determined by the Bradford
method,”® using bovine serum albumin as standard.

4.3 | ProteinChip preparation

The ProteinChip arrays were purchased from Bio-Rad
(BioRad Laboratories, Hercules, CA, USA). We performed
our analysis on the anion exchange (Q10) array with 100
mM Tris-HCI buffer pH 9.0 (low stringency condition)
and with 100 mM Tris-HCl buffer pH 7.0 (high stringency
condition); and on the cation exchange (CM10) array with
100 mM sodium acetate buffer pH 4 (low stringency con-
dition) and Hepes 50 mM pH 7 (high stringency condi-
tion). Samples were loaded in quadruplicate onto preequi-
librated spot surfaces of arrays; each sample corresponds to
5 ug of total proteins. After 30 min incubation at room tem-
perature, the unbound proteins were washed out in two
steps with the corresponding low and high stringency con-
dition buffer, and a final washing step using HPLC-grade
water has been applied once to remove salts. Finally, 1 uL of
saturated sinapinic acid (BioRad Laboratories) in 50% ace-
tonitrile (Aldrich, Sigma-Aldrich) and 0.5% trifluoroacetic
acid (Fluka, Sigma-Aldrich) was added twice to each spot
on the chip and allowed to dry.

4.4 | ProteinChip acquisition

The ProteinChips were analyzed using a linear TOF mass
spectrometer SELDI-TOF (BioRad Laboratories, USA),
with the following protocols. Protocol A: laser power
3000 nJ, matrix attenuation 2700, focus mass 12,500, sam-
ple rate 600 and 50% spot surface fired for ion profiling
between the mass/charge (m/z) range of 0-25,000. Pro-
tocol B: laser power 5000 nJ, matrix attenuation 2500,
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focus mass 30,000, sample rate 600 and 50% spot sur-
face fired for ion profiling between the mass/charge (m/z)
range of 25,000-50,000. We have used the ProteinChip
Data Manager 3.5 software (BioRad Laboratories), and the
spectra were externally calibrated with ProteinChip all-
in-one peptide standard (BioRad Laboratories). We have
processed the spectra through baseline subtraction and
smoothing. The mass has been aligned and normalized
using the total ion current within the m/z range of 3-30
kDa for the low mass proteins and 25-50 kDa for the high
mass proteins.

4.5 | Data preprocessing

The software ProteinChip Data Manager identifies the
peaks in the spectra and groups them into clusters. The
comparison between the clusters of peaks highlights, by
a scatter plot, the differences in intensity between them.
Furthermore, it is able to graphically depict any differ-
ences only between the cluster of peaks present in the
two samples but is not able to classify the cluster of peaks
with different intensity values and to detect the pres-
ence/absence of peaks between two samples. So cluster
data were exported in data-sheet format for importing in
WA.

4.6 | WA principles

SELYMATRA has been developed with the purpose of
helping researchers in the study of protein profiling in
complex mixtures from cells and tissues. Starting from the
comparison among two protein profiles, the SELYMATRA
WA detects the presence/absence of peaks between the two
samples and assigns the m/z values obtained from MS spec-
tra to the most probable corresponding protein. The pro-
tein prediction was carried out using the whole integrated
database of protein sequences from the mouse. In this way,
the WA makes it possible to easily study the changes in pro-
tein expression in altered cell and tissue samples. More-
over, it expects that the file given as input is not just a
single mass spectrum but that it is generated as an elab-
orated mass spectrum (got from two or more mass spectra)
obtained by a clustering analysis which may be carried out
through the ProteinChip Data Manager (BioRad Laborato-
ries) as well or by other alternative MS software. Of course,
we strongly suggest not skipping the clustering analysis
step because it is done with the purpose to minimize the
bias introduced by the experiment steps. If so, for each
given sample (more than one mass spectra) it will generate
a data sheet representing a spectrum cluster. Regardless of
how the clustered file is generated, it must contain some

specific fields, such as the type of chip and conditions used
for the sample (Supplementary Table 1). It is important to
point out that the real numeric fields taken into account by
the software are essentially three: m/z average, m/z STD,
and intensity median of the spectral clustering. Therefore,
theoretically, the application could work also with the lack
of the other fields, but, practically, for now, the file format
to give in input to the application has to be structured with
all fields listed in Supplementary Table 1.

4.7 | WA Implementation

The SELYMATRA web application takes the m/z val-
ues obtained by SELDI or MALDI-TOF from two sepa-
rate experiments as input and returns both the identified
(found or missing) m/z value and numeric scores and the
list of predicted corresponding proteins (Supplementary
Figure 2). The application has been realized to work with
the Microsoft Excel spreadsheet file format such as xls,
xlsx, etc. We used the MVC design, in which the commu-
nications between the client and the database are medi-
ated by the web application server (Figure 1). The server
is implemented using a combination of hypertext markup
language pages (HTML), and Java Server Pages (JSP) as
a rich component-based user interface. The mySQL soft-
ware is used for the relational database. Graphical output
of predicted proteins based on their function and a biologi-
cal pathway were also given. The Apache Tomcat, an open-
source implementation of the Java Servlet and JavaServer
Pages, is used for reporting the results in graphical output.
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